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Abstract 

Batteries and fuel cells have already shown high potential across a diverse range of 

applications such as automotive power trains, space propulsion and medical implants. 

However, further developments are still required with regards to reliability, efficiency and 

safety. For that, multimodal and complementary characterisation methods that combine 

common investigation tools may allow one technique, e.g. X-ray, to overcome the drawbacks 

of another, e.g. neutron, and vice versa. For instance, recent developments in innovative 

neutron imaging techniques, which is highly sensitive to lithium and hydrogen, are able to 

compliment X-ray methods that cannot easily detect such light elements, closing the gaps in 

information. This thesis utilises the latest neutron and X-ray techniques to examine 

commercial and lab-made lithium metal, Li-ion battery and fuel cells.  

Four-dimensional (4D) high-resolved neutron and X-ray computed tomography (CT) allow 

the quantitative determination of the lithium transport inside commercial Li/SOCl2 cells, and 

the detection of the electrolyte consumption and degradation processes which affect the cell 

capacity. High throughput X-ray CT has enabled the identification of mechanical degradation 

processes in commercial Li/MnO2 Li-ion primary batteries. Complementary neutron CT has 

identified the lithium diffusion process and electrode wetting by electrolyte. Virtual 

electrode unrolling techniques provide a deeper view inside the electrode layers and detect 

minor fluctuations which are difficult to observe using conventional three-dimensional (3D) 

rendering tools. High-speed operando CT has shown temporal resolved water evolution in 

the electrode flow-fields and the membrane electrode assembly of polymer electrolyte fuel 

cells in 3D for the first time. This allow a quantitative comparison between different 

operation modes and cell designs by the water management. 4D neutron Bragg edge imaging 

has shown their potential to characterise the different lithiation phases spatially resolved in 

novel directional ice templated graphite electrodes. Finally, 3D Bragg Ptychography is utilised 

to visualise the nano-metre layered crystal structure of small graphite flakes used as active 

electrode material in Li-ion batteries.  
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Impact Statement 

With increasing environmental problems, such as the climate change and air quality 

exacerbated by conventional energy sources such as coal and gas powerplants, or the oil 

powered transportation, a change in the energy supply towards green renewable energy is 

needed. To maintain temperature increase at a tolerable level the search and use of new 

environmentally friendly energy sources for stationary and portable applications is of high 

priority. 

Lithium batteries and fuel cells have already shown their high potential with applications 

as diverse as automotive power trains, space propulsion and medical implants. However, 

further developments are required to improve the reliability, efficiency and safety, which 

require innovative multimodal and complementary characterisation methods. X-ray imaging 

and diffraction have drawbacks such as they are unable to detect lithium or hydrogen and 

struggle when samples are large and contain metallic components. With new innovative 

techniques and recent developments as in neutron imaging, which is highly sensitive to 

lithium and hydrogen and show a large penetration deep into the most metals, these missing 

gaps can be closed. 

This thesis seeks to develop and use the latest developments in the field of neutron 

tomography and neutron and X-ray Bragg diffraction imaging techniques to provide insight 

into the working of lithium battery cells, electrodes and polymer electrolyte fuel cells. The 

direct impact to the research community would be to improve the fundamental 

understanding of the dynamic lithium diffusion processes and its complications during dis-

/charge and the water management in fuel cells. Thereby, the biggest improvement is 

provided by the novel 4D neutron imaging techniques which provides unprecedented 

temporally resolved neutron computed tomography studies, where the dynamic lithium 

transport inside battery cells and the water evolution and movement in polymer electrolyte 

fuel cells can be tracked. These advancements allow for the combination of neutron and X-

ray computed tomography which provides valuable complementary understanding, such as 

the mechanical and structural changes from the X-rays and the electrochemistry from the 

neutrons. With the combination of new virtual analysis tools, such as virtual electrode 

‘unrolling’ techniques, a new and powerful way of information procurement is established. 

The combination of complementary imaging techniques and advanced analysis tools is not 

only limited to battery and fuel cells, but is opened to all other research materials and topics. 
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The true chemical lithiation state in Li-ion battery electrodes is not provided by the contrast 

change in normal imaging techniques. In this thesis, pioneering work on Bragg edge imaging 

and Bragg-ptychography will be the basis for a deeper insight into the chemical 

transformation processes. 

Ultimately the research presented in that thesis has led to a high impact publication and 

several talks at international conferences. Further publications and talks based on the 

provided results will follow soon and are expected to have a high impact on the research in 

the field of batteries and fuel cells and beyond, as well as for the wider community of neutron 

and X-ray scientists. Moreover, we have disseminated results, for example via The Faraday 

Institution to other stakeholders, including industry. Academic collaborations for the 

development on neutron and X-ray imaging techniques include Helmholtz Zentrum Berlin 

(HZB, Germany), ISIS Neutron and Muon Source (UK), Institut Laue-Langevin (ILL, France) and 

Diamond Light Source (DLS, UK) and for the manufacturing of directional ice templated Li-ion 

electrodes The University of Oxford.  
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1 Introduction 

This section will discuss the motivation for using new neutron and X-ray imaging methods 

to investigate inter alia the lithium diffusion process inside lithium batteries, the chemical 

lithiation phases in Li-ion graphite electrodes and the 4-dimensional (4D) water evolution 

inside polymer electrolyte fuel cells (PEFC). The scientific background will provide the context 

for this work and the objectives and structure of the thesis. 

1.1 Motivation 

The supply of energy is more important than ever before. Our existence depends on a 

constant supply with a growing demand due to the steadily growing world population and 

the rising requirements of each individual. In todays globalised economy, we rely on mobile 

communications and air travel; all of which depends on the supply of fossil fuels which are 

unevenly globally distributed and of finite supply. The dependency on fossil fuel has 

problematic consequences, in particular: (1) the high production of greenhouse gases, 

sulphur dioxide and nitrogen oxide which are acidifying our water and change our climate 

with serious consequences, and (2) vulnerability of nations to fossil fuel imports. 

The search for sustainable alternatives has started and the installation and upgrade of wind 

and solar energy has been widely promoted and subsidised. A transformation in mobility, 

triggered from increasing oil prices and the air pollution, towards alternative propulsion 

technologies is inevitable. Without a serious change, the consequences are incalculable and 

range from wars over fossil fuel to natural disasters like spring tides, hurricanes and 

desertification with millions of victims. 

Lithium batteries and fuel cells, or a combination of both, can replace the internal 

combustion engine of vehicles or serve as efficient stationary large scale energy storage 

facilities to store electrical energy produced by CO2-free, renewable energy sources such as 

solar fields, wind turbines and tidal power plants as well as addressing intermittency of 

supply.1 Especially in the mobility sector, the purchase price, power, weight and the 

durability of the systems are of particular interest. Rechargeable Li-ion battery technology 

has become an indispensable mobile power source for mobile phones and laptops due to the 

high energy density and electrochemical potential2 but for the breakthrough in electric 

vehicles, the demands on charging speed and the driving distance are high3. The promising 

polymer electrolyte fuel cell (PEFC) also shows drawbacks before it becomes a widespread 
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solution, for which it is important to find a cost efficient alternative to the limited platinum 

which is used as catalyst4 as well as improve operating performance. 

1.2 Scientific Background 

Within the context of high energy density energy conversion and storage systems, lithium 

batteries and PEFCs are the most promising candidates to enable further technological 

progress with applications as diverse as automotive power trains, large energy storage 

systems, space propulsion and medical implants.  

In the case of lithium batteries all of these applications demand high capacity and high 

charge/discharge rates in a wide range of conditions, as well as a high cycle life. Improving 

our fundamental understanding of the processes occurring inside the battery and its 

constituent electrodes can aid in the improvement and optimisation of life-time and capacity, 

as well as the development of new materials. Electrode degradation processes are of 

particular interest due to their effect upon power capabilities, conductivity, and columbic 

efficiency. To study such phenomena, which happen at the microscopic scale, advanced 

imaging methods can yield deeper insight, these include: absorption and phase contrast X-

ray computed tomography (CT), X-ray diffraction CT (XRD-CT), transmission or scanning 

electron microscopy (TEM, SEM) and focused ion beam scanning electron microscopy (FIB-

SEM). However, each technique presents limitations, such as: spatial resolution; destruction 

of the sample during investigation; low sensitivity to lithium, limitation to 2-dimensions (2D); 

or the need for investigation under vacuum, prohibiting in-situ studies. 

Neutron imaging represents a good alternative to the listed investigation techniques and 

satisfies many of these demands. For example, neutrons offer an alternative way to provide 

locally resolved information of the dis-/charging process by the high attenuation coefficient 

of the Li-ions compared with the low absorption coefficient of copper and aluminium which 

are used as current collectors in Li-ion batteries. However, owing to the lower temporal and 

spatial resolution of neutron imaging, these techniques have been less widely adopted. 

Recent developments in neutron imaging techniques show an enormous increase in the 

imaging speed5,6 and spatial resolution down to a few micrometres7 which makes neutron 

micro-CT a powerful tool for investigating lithium batteries. The high sensitivity to lithium 

allows the 3-dimensions (3D) tracking of the lithium diffusion8 and can provide information 

about irregularities in the diffusion process especially under high dis-/charge conditions to 

aid in optimising the cell design. In combination with complementary X-ray micro-CT, which 
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is more sensitive to metallic elements, it becomes a more powerful investigation tool for 

lithium battery research. 

X-ray and neutron diffraction techniques are common investigation tools for stress and 

strain in engineering components. The positions of the diffraction peaks are indicative for a 

material and are related to the atomic structure and the lattice spacing, known as d-spacing. 

Stress and strain are detected by the shift and peak broadening of the diffraction peaks. 

Beside the lattice transformation, as a result of temperature or mechanical influence, 

chemical transformations, such as lithium intercalation in a graphite anode, can be detected 

as well providing information of the chemical state of charge (SoC) and stress in the 

electrode. Such diffraction studies typically yield information from a few defined regions of 

the sample averaged over a larger volume. Novel, neutron Bragg edge imaging (BEI) 

techniques can overcome these drawbacks and supply information of the lithium inter-

/deintercalation and degradation mechanisms spatially resolved over the whole cell. These 

techniques use a number of monochromatic neutron images of the sample and plot the 

intensity over the measured neutron energy, which can also be done for a region of interest. 

The data shows Bragg edges instead of diffraction peaks which contain the same information. 

The first radiographic studies of Li-ion batteries show the feasibility to investigate the 

chemical lithiation states of the graphite anode at different SoC by the d-spacings of the 

different lithiation phases; graphite, LiC12 and LiC6 
9,10. The recent extension of Bragg edge 

radiography to 4D Bragg edge tomography (BET), 3D spatially and 1-dimension (1D) energy 

resolved,11 makes the Bragg edge technique a promising tool for analysis Li-ion electrodes 

and batteries. 

Apart from the major advantages BEI has in the detection of the local lithiation states in Li-

ion battery electrodes, the spatial resolution is limited to a few tens of micrometre and allows 

only a limited view of the microstructure in respect to degradation processes. In the context 

of multiscale imaging, recent developments in imaging have combined X-ray Bragg coherent 

diffraction imaging, ptychography (Pty) and tomography to achieve a 3D image with a spatial 

resolution in the nanometre range 12,13. This so-called 3D Bragg ptychography (B-Pty) uses a 

highly monochromatic coherent X-ray beam which is focused on the sample. A diffracted 

Bragg exiting beam, is detected by a detector positioned under the Bragg condition. By 

rocking the sample, far-field diffraction patterns are displayed with intensity and phase 

information. A 3D image can then be reconstructed from the measured intensity distribution 

using iterative algorithms. During lithiation the d-spacing changes for every phase which 
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result in a change of the Bragg angle. From the different Bragg angles, separated B-Pty 

tomographies can be reconstructed with the local information of the lithiation phase with 

nanometre resolution. 

The use of the latest developments in neutron imaging and neutron and X-ray diffraction 

imaging techniques are promising for providing a deep insight into the structural and 

electrochemical changes in lithium batteries which in turn helps to get a deeper 

understanding of degradation processes. 

Alongside the lithium battery, the fuel cell, is a further promising candidate to power 

future. electric vehicles or serve as local energy system. Of the different variants, the 

hydrogen powered PEFC is the most promising due to their superior operational conditions 

such as the low operation temperature, simple mechanical design and their high voltage and 

power density14. The hydrogen is provided to the anode flow field and guided through the 

proton exchange membrane where the hydrogen atoms lose their electrons and diffuse 

through the membrane while the electrons flow through an external circuit. On the cathode 

side, the protons and electrons reunite with oxygen to produce water where the majority is 

evacuated via the cathode flow field channels. The water management in fuel cells is crucial 

for optimal performance and high power output. Neutron radiography is widely used for 

visualising and studying the local water distribution and evolution in fuel cells 15,16 due to the 

high sensitivity to the hydrogen in water. As a result of the low neutron flux on the most 

neutron imaging beamlines, only ex situ neutron tomography is performed for most 

investigations17,18. However, recent upgrades of new higher flux neutron imaging beamlines 

and the development of more efficient detector systems, has contributed to the reduction 

of acquisition time5,6. Finally, 4D, (3D spatially and temporally resolved), studies are now 

becoming conceivable for neutron techniques. 

1.3 Thesis Objectives and Structure 

In this thesis, novel 4D neutron tomography techniques are developed and applied to 

investigate the discharge processes in different lithium batteries combined with 

complementary X-ray tomography and a new virtual electrode ‘unrolling’ technique. Further, 

high speed operando neutron tomography is utilised to study the water evolution in 

miniaturised single serpentine PEFC’s during the start up under various conditions. In a 

second part, novel neutron BET and B-Pty is utilised to visualise the chemical lithiation states 

in directional ice templated (DIT) graphite and natural graphite single crystalline flakes. 
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The work begins with a comprehensive review about lithium and Li-ion batteries and 

electrode chemistries, and provides an overview of neutron and X-ray imaging studies which 

are already established in this field. A short review on PEFC’s and neutron imaging studies to 

investigate the water management is also given. The methodology section introduces the 

fundamental theory of neutrons and X-rays, and their imaging techniques and the image 

reconstruction. The results section is divided in sections related to firstly time resolved 

imaging and secondly diffraction imaging using both neutron and X-ray imaging techniques 

such as explained above. Finally, a summary and conclusion discuss the studies and results. 

In conclusion, a short outlook and future work section is provided. 

The principal aim of this thesis is to showcase the new advances of neutron imaging 

techniques made in recent years, and to develop and apply the techniques to get a new 

insight into lithium diffusion and degradation processes in lithium batteries during dis-

/charging, and the water evolution in fuel cells. Further, preliminary studies using neutron 

BET and X-ray B-Pty provide an insight into the power of the Bragg-scattering, diffraction 

imaging techniques for investigating chemical lithiation phases 3D. In concert, the tools and 

techniques presented shed new light into a range of phenomena associated with the 

performance and degradation of electrochemical devices, providing a new toolbox for 

widespread application.  
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2 Literature Review 

This chapter will provide an overview of relevant lithium primary and Li-ion battery 

chemistries and cell designs and the functionality of polymer electrolyte fuel cells (PEFC) 

which are investigated within the scope of this thesis. The section starts with an introduction 

in lithium batteries in general and split after in a lithium primary and a Li-ion battery section. 

The following two sections review the research on lithium batteries which is made by using 

neutron and X-ray imaging with the focus on neutron imaging. After that a shorter section 

introduces in the principle of PEFC’s followed by a review of PEFC research using neutron 

imaging techniques. 

2.1 Batteries 

2.1.1 Brief History of Lithium-Batteries 

Li-ion chemistries are the state-of-the-art for energy storage in future innovations in 

electro mobility, space technology and portable devices like laptops and mobile 

communications. Li-ion batteries combine several major advantages such as using Li+ ions as 

working ions, which combines light weight of 6.941(2) g mol-1 (0.5326 g m-3) with the most 

negative standard reduction potential of -3.0401 V at 298.15 K of all of the elements of the 

electrochemical series 19. This combination makes it favourable for high energy density 

storage batteries. 

The first experiments with lithium as an electrode material in batteries are dated back to 

the beginning of the twentieth century. However, extensive research on Li-ion techniques 

started in the 1950s in response to military and space applications where a high power and 

energy density in combination with light weight are required. The first commercialisation of 

lithium-primary cells followed in the 1970s with a patent of Li-sulphur dioxide in 1969 which 

today has been widely replaced by lithium thionyl chloride (SOCl2). Later commercialisation 

used solid positive electrode materials e.g. carbon monofluoride (CFx, 1973) and manganese 

dioxide (MnO2, 1976). 20 

Likewise, at the beginning of the 1970s, the first experiments on reversible inorganic 

compounds, like alkali metals, as energy storage media were made. Later the reaction was 

identified as intercalation and is one of the key innovations in rechargeable Li-ion techniques. 

In 1972, Exxon started the first project using lithium titanium disulphide (LiTiS2) as a positive 
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intercalation electrode and lithium-metal as a negative electrode. But lithium failed as a 

practical anode material for long-term operation with an acceptable number of 

charge/discharge cycles, as it proved hazardous by growth of dendritic lithium. Later, 

Goodenough et al. worked on metal oxide electrodes including the very promising LiCoO2 

(LCO) which, compared with LiTiS2, allowed twice as high voltages and current densities 21. 

However, only after a second insertion material as negative electrode, was demonstrated by 

Murphy et al. 22 and Lazzari et al. 23, was the dendrite problem solved. The so-called Li-ion or 

rocking-chair technology was born. However, it took almost 10 years to find a suitable 

negative insertion compound and useable electrolyte including adequate safety, material 

cost and performance. After the discovery of low-voltage lithium intercalated carbon as the 

negative electrode material, Sony Corporation commercialised the first rocking-chair battery 

in June 1991 with graphite/LCO chemistry 24. Driven by the high price of the transition metals, 

thermal stability, higher cycle life, higher power density, higher energy density and desire for 

improved safety, further positive intercalation electrodes were developed, such as LiMn2O4 

(LMO) in 1986 and LiMPO4 (M = Fe, Mn, etc.) in 1997 25. Nowadays, the most widely used 

intercalation cathode materials are LCO, LMO, LiNixMnyCozO2 (NMC), LiFePO4 (LFP), and 

LiNi0.8Co0.15Al0.05O2 (NCA) whereby NMC and NCA, are the dominant chemistries because of 

their higher energy density up to 272 mAh g-1 25. 

With a capacity of more than 250 mAh g-1 insertion-oxide cathodes have reached a limit. 

Also, the electrochemical-stability window of the current available electrolytes makes a 

voltage increase beyond 4.3 V problematic. The capacity of graphite is also limited to about 

370 mAh g-1. In contrast, conversion reaction materials, such as the lithium-sulphur 

chemistry with a theoretical capacity of 1,672 mAh g-1,26,27 are promising candidates for the 

post Li-ion era. But also composite electrodes, as the silicon/graphite anode with a 

theoretical capacity of pure silicon of 4,200 mAh g-1,28,29 are promising. 

2.1.2 Lithium Primary Batteries 

2.1.2.1 Introduction in Lithium Primary Batteries 

Primary Batteries in General 

Primary batteries are a convenient power source for a large number of different 

applications, from small portable electronics up to big scale emergency backup devices. In 

contrast to secondary batteries they are not rechargeable but are easy to use, simple, have 
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a good shelf life, reasonable energy and power density with acceptable cost, and require little 

maintenance. 

Until 1940, zinc-carbon was the only widely used primary battery. During World War II and 

thereafter, new battery chemistries were developed, and significant improvements in 

capacity were made. The capacity was improved from about 50 Wh kg-1 to more than 

400 Wh kg-1 nowadays. The shelf life increased from under one year to 10 years for modern 

lithium primary batteries. The operating temperature window was also increased from 0 °C 

to less than -40 °C and extended to more than +70 °C. Between the 1970’s and 90’s significant 

developments were made. Improvements were pushed by new requirements for electronics 

and demands for portable devices for military and aerospace. 

Primary batteries show a preferably flat or slightly sloped discharge profile. In Figure 1 the 

discharge profiles of the main commercially used primary batteries are displayed. The 

capacity of all battery types are normalised to 100 % of discharge capacity. The common zinc-

carbon and alkaline-manganese dioxide have a sloping profile. The newer lithium-manganese 

dioxide shows a slightly sloped discharge-curve and the lithium-thionyl chloride the preferred 

flat discharge-profile. These batteries are available in various designs. The major battery 

types are cylindrical, flat/prismatic or button sized. 

The major increase in specific capacity, cell potential and specific energy was made by using 

metallic lithium as the active anode material. The specific energy was almost twice that of 

conventional aqueous primary batteries (see Figure 1). Further, the lithium-based batteries 

exhibit a superior shelf life. Nowadays, there is an increasing focus on Li-metal anode 

batteries due to its highest gravimetric energy density, standard potential, high discharge-

rates and specific capacity. 

30 
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Figure 1: Discharge profiles of various primary batteries: The normalised discharge profiles of various primary 
battery chemistries with discharge rates between 30 and 100 hours. Reproduced from Linden and Reddy30, with 
permission from McGraw-Hill. 

Lithium Primary Batteries in General 

Serious developments in high energy primary batteries started in the 1960s, with a focus 

on non-aqueous lithium-metal anode batteries. Non-aqueous electrolytes are needed 

because of the high reactivity of lithium with water in electrolyte solutions. Typically used 

organic solvents are acetonitrile, propylene carbonate or dimethoxyethane and inorganic 

solvents such as thionyl chloride. For sufficient ionic conductivity compatible salt solvents are 

added. Some of the lithium cells also use solid-state and molten-salt electrolytes. Lithium 

primary batteries typically use lithium as the anode material but use different cathode 

materials and can differ in the design. Common cathode materials are sulphur dioxide (SO2), 

manganese dioxide (MnO2), iron disulphide (FeS2) and CFx. 

Lithium primary cells are preferred for their many advantages over conventional (aqueous) 

primary batteries: This includes30: 

i. high voltage up to 4 V 

ii. high specific energy and energy density up to 400 Wh l-1 
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iii. operation over a wide temperature range of less than -50 °C up to more than 

100 °C 

iv. good power density 

v. flat discharge characteristic 

vi. superior shelf life 

Lithium metal is an outstanding candidate for battery anodes due to the high standard 

potential and electrochemical equivalence. Additionally, lithium is preferred to the other 

alkali metals because of its superior mechanical characteristics, lower reactivity, good 

electrical conductivity and it is the lightest of all the metallic elements. Table 1 shows the 

main element specific properties of natural lithium. While discharging the lithium anode is 

oxidised to form lithium ions with the release of an electron (Li ® Li+ +e-). 

Table 1: Properties of Lithium.19,30 

Atomic Weight 6.941(2) u 

Melting Point 180.5 °C 

Boiling Point 1342 °C 

Density 0.534 g cm-3 (20 °C) 

Standard Potential -3.0401 V (25 °C) 

Valence 1 

Specific Head 3.582 J kg-1K-1 

Specific Resistance 9.35×106 Ωcm (20 °C) 

Electrochemical equivalent 3.86 Ah g-1 

Eligible cathode materials have to fulfil a range of critical requirements: they should have 

a high energy density, be compatible with the electrolyte and achieve a high cell voltage for 

good battery performance. Furthermore, a sufficient electrical conductivity is required. 

Normally such materials are rare and a mix with conducting binder is used, such as carbon, 

and a conducting network is formed for electrical conductivity. 

As mentioned above, lithium-metal batteries require a nonaqueous electrolyte due to the 

high reactivity with water. Commonly used solvents are polar organic liquids for lithium 

primary cells, except for the SOCl2 and the sulphuryl chloride (SO2Cl2) types. These 

compounds serve as both the solvent and the active cathode. To provide a good ionic 

conductivity a lithium salt is mixed with the solvent, such as LiClO4, LiBr or LiAlCl4. A stable 
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electrolyte solution doesn’t react with the active electrode materials. It is recognised that for 

a maximum conductive electrolyte a 1-Molar solute concentration is required. 

Lithium primary batteries can be classified in three categories due to the electrolyte and 

cathode material: 

Soluble-Cathode Cells: These kind of cells use gaseous or liquid cathode materials, which 

are dissolved in an organic electrolyte solvent, such as sulphur dioxide SO2, or serve as 

electrolyte and active cathode material, such as thionyl chloride SOCl2 or SO2Cl2. The material 

forms a passivation layer on the lithium surface from reaction products from electrode 

materials. The passivation layer prevents self-discharge and enables a high shelf life. On the 

other hand, it causes a voltage delay to break down the layer. This battery type has potentials 

up to 3.9 V and a high temperature range. They are available for low-rate cells, as bobbin 

construction, or as high-rate cells, in the spirally wound structure. 

Solid-Cathode Cells: These types use mostly solid cathode materials. In contrast to the 

previous cell type they are not pressurised and don’t need hermetic sealing. But they have a 

poor temperature performance and a lower high-rate performance. Mostly they operate at 

about 3 V and show a sloped discharged profile. MnO2 was one of the first commercialised 

and remains the most popular. 

Solid-Electrolyte Cells: The last class has an extremely long storage life of over 20 years. 

But operates just on low-rates in the micro-ampere range. They are mostly used in memory 

backup systems or in pacemakers. 

30 

2.1.2.2 Lithium – Thionyl Chloride Batteries (Li/SOCl2) 

The Thionyl Chloride primary battery has one of the highest cell voltages with 3.6 V in 

normal operation and a high specific energy and energy density of about 590 Wh kg-1 and 

1100 Wh l-1 at low-rate. This battery type belongs to the class of soluble-cathode cells. The 

first scientific publications describing metallic lithium in SOCl2 electrolyte appeared in 1972-

1974. Auborn et. al.31 studied thionyl chloride with different lithium salts and concentrations. 

They obtained the best conductivity with LiAlCl4 solutions in SOCl2	at 1.73M at room 
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temperature. Behl et. al. studied the same mixture at 1.5M and found that the system was 

superior in performance to other lithium cells 32. 

Chemical Reaction 

A SOCl2 cell consists of three parts, the lithium anode, a porous carbon cathode, and a 

nonaqueous SOCl2:LiAlCl4 electrolyte. The SOCl2 is the solvent and the LiAlCl4 is the 

electrolyte salt. The thionyl chloride is working as the electrolyte and the active cathode, and 

LiAlCl4 is used as the standard salt due to its high ionic conductivity. 

Figure 2 shows a schematic model of a typical Li/SOCl2 cell. Lithium foil is used as the anode 

material. The separator is typically a nonwoven glass or polyethylene sheet. The cathode 

consists of a highly porous carbon such as carbon black with a Teflon binder. The last two are 

soaked with electrolyte. While discharging, the lithium anode is oxidised: 

 𝐿𝑖 → 𝐿𝑖! + 𝑒"	 Equation 1 

The cathode reaction is split in two separate reactions. The first one involves the formation 

of SO and the second the formation of SO2 33: 

 𝑆𝑂𝐶𝑙# + 2𝑒" → 𝑆𝑂 + 2𝐶𝑙"	 Equation 2 

 2𝑆𝑂 → 𝑆𝑂# + 𝑆 Equation 3 

The overall discharge reaction is: 

 4𝐿𝑖 +	2𝑆𝑂𝐶𝑙# → 4𝐿𝑖𝐶𝑙 + 𝑆 + 𝑆𝑂#	 Equation 4 

For cell operations at -20 °C or below it’s possible that lithium sulphur oxyacid salt Li2SO3 is 

produced 34: 

 8𝐿𝑖 +	3𝑆𝑂𝐶𝐿# → 𝐿𝑖#𝑆𝑂$ + 2𝑆 + 6𝐿𝑖𝐶𝑙	 Equation 5 

The formed sulphur and generated sulphur dioxide gas are soluble in the excess thionyl 

chloride electrolyte. During formation, a pressure builds up as result of the evolution of 

sulphur dioxide gas. However, the generated lithium chloride is not soluble and precipitates 

within the porous carbon cathode after formation. At the end of the discharge, sulphur may 

precipitate within the porous carbon, too. The precipitation of insoluble reaction products 
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results in blocking of the cathode and is one of the factors which limits the cells capacity. At 

the end of the discharge cycle the amount of soluble thionyl chloride decreases, whereby the 

cell will undergo an increase of pressure due to the rise of sulphur dioxide gas. The amount 

of soluble thionyl chloride is not sufficient to dissolve all of the gas. 

 
Figure 2: Schematic model of the design of a Lithium/Thionyl Chloride battery cell. Reproduced from Jain et al.35 
with permission from the  Journal of The Electrochemical Society. 

On the lithium surface, a two-layered protection film occurs immediately after the first 

contact between lithium and the thionyl chloride electrolyte. The first layer is a thin 150-

500 Å thick insulating film of LiCl and is formed by the reaction between lithium and the 

electrolyte. The secondary micrometre-thick porous film grows by a dissolution-precipitation 

mechanism and consists of small LiCl crystals 36. The passivation layer is contributing to the 

outstanding shelf life of the battery but can cause a voltage delay during the start of 

discharging. The voltage recovery appears to occur due to the mechanical disruption of the 

layer during dissolution of Li-ions from the anode. The thickness of the passivation layer 

grows with the time and temperature as shown by Dey et al.33. Figure 3 depicts the time 

dependent voltage-delay of lithium specimens in a 1.8M SOCl2:LiAlCl4 solution, stored for 

different times at 55 °C. The delay was measured against a lithium counter electrode at 

19 mA. Bailey 37 examined the open circuit potential (OCP) of thionyl chloride cells and found 

an increase of the potential for undischarged cells. During a storage time of over six months 

at 71 °C the OCP increased from 3.64 V to 3.76 V. The rise in potential is due to the higher 

potential of the in situ generated S2Cl2 and SO2, which have a higher reduction potential. 
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Some commercial batteries have special treatments or electrolyte additives to overcome or 

reduce the voltage-delay. E.g. a variation of the electrolyte salt concentration can affect the 

delay tremendously. 

 
Figure 3: Voltage delay of Li/SOCl2 after various storage times: Voltage-delays of lithium specimens, stored for 
155, 267, 406 and 590 hours at 55 °C in a 1.8M SOCl2:LiAlCl4 solution at a current of 19 mA measured against a 
lithium counter electrode. Reproduced from Dey33 with permission from Electrochimica Acta. 

Thionyl chloride batteries can be designed for different discharge rates. Dey 38 found that the 

concentration of the electrolyte salt has an important effect on the energy density of D-sized 

cells. Based on his work he recommends different LiAlCl4 salt solutions for a maximum of 

usable energy: 0.5M solution for low-rate cells, 1.0M for medium-rate cells and 1.8M for 

high-rate cells. The salt concentration is also crucial for the operation at low or high 

temperatures, for low temperatures a lower salt concentration and for high temperatures a 

higher concentration provides a better performance of the cell, respectively. Further 

improvements can be made by adding electrolyte additives such as halogen additives. 

There are different battery designs, which are used for low- or high-rate applications. The 

typical configurations are the cylindrical bobbin cells, for low-rate, and the spiral wound cells, 

for medium- to high-rate discharge. 

2.1.2.3 Lithium – Manganese Dioxide Batteries (Li/MnO2) 

The manganese dioxide battery and its derivatives represent a complex group of 

compounds with diverse electrochemical properties which has been reviewed by Thackeray 

et al.39,40. This group involves various compounds useable for secondary and primary battery 

positive electrodes, such as LiMn2O4 used as cathode material in Li-ion batteries, and g-MnO2 

used in lithium primary batteries. For non-rechargeable lithium batteries, the heat-treated 
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electrolytic manganese dioxide (HEMD) developed by Ikeda et al.41 in 1975 is the most 

prominent commercial cathode compound. Today it is the most used and commercially 

successful material for lithium primary batteries. It is used in many portable applications, 

such as digital cameras, toys and personal devices. The manganese dioxide primary battery 

has a number of advantages which includes low cost of the material, non-toxic, a high specific 

energy above 200 mAh g-1 at a high normal voltage of ~3 V with slow self-discharge of under 

1 % per year. Manganese primary batteries are characterised to operate in good 

performance over a wide temperature range (-40 °C ≤ T ≤ 70 °C). 

Chemical Reaction 

For rechargeable batteries, there exist a number of manganese dioxide systems, such as 

the spinel LixMn2O4 42,43, which is also used as cathode in Li-ion batteries (see section 2.1.3.2), 

the layered Li2MnO3 44 and a-MnO2 45,46. 

Among several forms of MnO2, the g-MnO2 is the most electrochemically active form and 

used for lithium primary batteries. It consists of pyrolusite (b-MnO2) and ramsdellite. They 

are tetravalent with an orthorhombic crystal structure (Mn4+O2) 39. g-MnO2 can be 

synthesised chemically (chemically synthesised manganese dioxide - CMD) or electrolytically 

(electrolytically synthesised manganese dioxide - EMD). EMD is the preferred form due to its 

higher cell capacity but it is more expensive. The CMD occludes less water after synthesis. 

However, the occluded water can be removed almost entirely by heat-treating to about 

300 °C 41,47, which results in an increase of capacity and it improves the discharge 

characteristics. 

The discharge process is characterised by Li-ion intercalation into the lattice of the crystal 

structure of the manganese dioxide. The intercalation mechanism can be divided in three 

different stages of MnO2-reduction by insertion of Li-ions. 

This is considered as a three step discharge process 48: 

1) The first discharge step is a homogenous reaction, whereby Li-ions intercalate into the 

hexagonal closely packed oxygen lattice of the manganese dioxide. This reaction occurs 

between 0 and 10 % depth of discharge (DOD) and it is evidenced by the sloped curve at the 

beginning of discharge. 
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 𝑥𝐿𝑖 +	𝑀𝑛𝑂# →	𝐿𝑖%𝑀𝑛𝑂#				; 				(0 ≤ 𝑥 ≤ 0.1)	 Equation 6 

2) The second discharge step is a heterogeneous reaction with a slow solid-state 

transformation. The crystal structure changes from the initial hexagonal close-packed 

configuration to a cubic closed-packed structure. This is characterised by the flat discharge-

profile. 

 0.3𝐿𝑖 +	𝐿𝑖&.(𝑀𝑛𝑂# →	𝐿𝑖&.)𝑀𝑛𝑂#	 Equation 7 

3) The third and last discharge step involves the homogenous insertion of Li-ions into the 

new crystal structure. 

 𝑦𝐿𝑖 + 𝐿𝑖&.)𝑀𝑛𝑂# → 𝐿𝑖*!&.)𝑀𝑛𝑂#				; 				(𝑦 < 0.6)	 Equation 8 

The overall reaction of the discharge process of manganese dioxide is a reduction from the 

tetravalent to the trivalent state due to the intercalation of Li-ions in the MnO2 lattice. 

 𝑥𝐿𝑖 +	𝑀𝑛+,𝑂# →	𝐿𝑖%𝑀𝑛+++𝑂#	 Equation 9 

The above discharge mechanism for the reduction of MnIV to MnIII is confirmed by several 

reports about the multistep discharge process 49,50. A new battery operates typically in a 

voltage range from 3.0 V to 3.3 V. There are a few different cell designs available, such as 

coin cells and bobbin-type cylindrical cells for low-drain applications and spirally wound 

cylindrical cells and foil cells for middle- to high-rate operations. Only the middle/high-rate 

spirally wound cylindrical design will be discussed and examined in this thesis. 

Spirally wound cylindrical cells 

The spirally wound cell is designed for high-current pulse and continued operation. Figure 

4 illustrates the cell design. The anode and cathode are wound together with a microporous 

polypropylene separator between the electrodes. All of them are soaked with an ion-

conducting electrolyte, such as a 1M mixed organic solvent of propylene carbonate and 1,2-

dimethoxyethane of a 1:1 ratio 41. With this design a high electrode surface area is achieved 

to maximize the rate capability. The anode is a flat foil of lithium and the cathode is a mixture 

of manganese dioxide with a conductive agent and binder, pasted on a supporting grid 

structure. It should be mentioned that manganese dioxide undergoes a volume expansion 

during discharging which leads to degradation mechanisms such as delamination of the 
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electrode from the current collector and electrode cracking 51. This can result in a significant 

loss of performance. 

High-rate cells contain a safety vent to relieve internal pressure and prevent thermal 

runaway. Usually, spirally wound cells contain an additional resettable positive temperature 

coefficient (PTC) device. 

v  

Figure 4: Schematic illustration of a spirally wound cylindrical Li-MnO2 primary battery: Reproduced from Linden 
and Reddy30, with permission from McGraw-Hill. 

The open-circuit voltage of such a cell is typically 3.1 V to 3.3 V after pre-discharge. The 

normal voltage is about 3.0 V and during discharging the operation voltage ranges from 3.1 V 

to 2.0 V. Most of the capacity is expended at the cut-off voltage of 2.0 V. 

Figure 5 shows the discharge behaviour of a CR123A-sized Li/MnO2 battery at different 

constant discharge currents and temperatures. For low-rate discharges the profile is flat and 

changes to a sloped profile for high-rates. Further, the capacity and the energy decrease with 

the reduction of the temperature and show a slightly sloped to strongly bended discharge 

profile for low temperatures. Lithium manganese dioxide batteries deliver a good 

performance in the lower-rate and a higher percentage of its capacity at relatively high 

discharge rates compared to conventional aqueous primary batteries. 30 
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Figure 5: Discharge characteristics of a CR123A spirally wound cylindrical lithium metal manganese dioxide 
primary battery cell: a) shows the discharge at -30 mA (solid lines) and -125 mA (broken lines) and b) at -0.5 A 
(solid lines) and -1.0 A (broken lines) of a CR123A Li/MnO2 primary cell at various temperatures. Reproduced from 
Linden and Reddy30, with permission from McGraw-Hill. 

. 

2.1.3 Lithium-ion Batteries 

Li-ion technology is the key-technology for today’s portable electronics such as mobile 

phones, laptops and entertainment products with an impressive growth in sales to about 

75 % of all rechargeable batteries worldwide in 201552. One of the primary factors of success 

is their high electrical energy density compared with other rechargeable batteries. The high 

voltage of up to 4.1 V, lightweight design, cycling without memory effects combined with a 

long lifespan, make Li-ion batteries the first choice for powering future electric vehicles (EV). 

By replacing the majority of conventional combustion engines, Li-ion technology will help to 

reduce greenhouse gases significantly53. Furthermore, the high-energy density of Li-ion 

batteries will also allow their use as a stationary Energy Storage System which is capable of 

effectively equalizing fluctuations and compensating for mismatches of power generation 

and consumption e.g. from renewable energy sources such as wind-turbines, photovoltaic, 

geo-thermal and others. But with the strong demand of Li-ion batteries comes a shortage of 

lithium and the availability of some of the transition metals could also pose a serious problem 

in the future54. 

This section gives an introduction to the main working principles of a Li-ion battery cells. 

An overview of the main battery components follows, including details of their chemistry 

with advantages and disadvantages and the state-of-the-art in research and development. 

Afterwards, an outline of the main Li-ion battery designs and safety mechanisms is given. 

a) b)



 54 

2.1.3.1 Operating Principle of Lithium-Ion Batteries 

A Li-ion battery consists of four main components: the negative and positive electrode, 

which store Li-ions; an ion-conducting electrolyte; and an ion permeable separator. Li-ion 

cells work by a chemical reaction which is called intercalation. During intercalation Li-ions are 

inserted into the crystal structure of the host lattice of an electrode. In the reverse direction, 

known as the de-intercalation process, the ions are removed from the host lattice. Most 

commonly, the anode (negative) is composed of carbon or graphite, the cathode consists of 

a metal oxide and the electrolyte is made of a non-aqueous Li-ion salt solvent. Figure 6 

depicts the operation process of a Li-ion cell during discharging and charging. In the charged 

state, each lithium atom is intercalated inside the anode lattice. During the discharging 

process the Li-atoms de-intercalate the graphite anode by losing an electron. The Li-ions are 

dissolved in the electrolyte and pass through the semipermeable separator to the cathode, 

where they are inserted. At the same time, the electrons move in an external circuit in the 

same direction as the Li-ions. During charging, an external power source applies an electrical 

potential which force the Li-ions to pass in the reverse direction. 55 

 
Figure 6: Schematically view of the discharge and charge process of a Li-ion cell. 

The following half-reactions represent the intercalation reactions separately for both 

electrodes for the charging process (cc) from left to right and the discharging (dc) process 

from right to left. The cathode half-reaction shows the reaction for a modern metal-oxide 

(MO2) electrode. 30 

Anode half-reaction: 

 𝐶-	+	x𝐿𝑖! + 𝑥𝑒"	
../0.
=⎯⎯?	𝐿𝑖%𝐶-	 Equation 10 

Cathode half-reaction: 
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 𝐿𝑖𝑀𝑂# 	
../0.
=⎯⎯? 𝐿𝑖("%𝑀𝑂# + x𝐿𝑖! + 𝑥𝑒"	 Equation 11 

From the half-reactions results the overall-reaction for a complete Li-ion cell.  

Overall-reaction: 

 𝐶-	+𝐿𝑖𝑀𝑂# 	
../0.
=⎯⎯?	𝐿𝑖%𝐶- + 𝐿𝑖("%𝑀𝑂#	 Equation 12 

The main battery components are described in more detail in the following section. 

2.1.3.2 Li-ion Battery – Components 

Cathode – Positive Electrode 

In a Li-ion battery the positive electrode works as a host network, which can store Li+ guest 

ions. The Li-ions are inserted into the guest lattice and are removed reversibly. The network 

compound used is either of a metal chalcogenide, a transition metal-oxide or a polyanion 

compound. Typically, transition metal-oxides are the preferred cathode material due to their 

high voltage versus Li/Li+ and reversible specific capacity. The main intercalation compounds 

can be classified by their four crystal structures: i) layered, ii) spinel, iii) olivine and iv) 

tavorite. Although the first three structures are already used in commercial Li-ion batteries, 

the fourth is a subject of research and generally more by theoretical methods such as 

evaluation by simulation. Figure 7 shows the three different crystal structures of the most 

used cathode compounds of their class. 25,56 A more comprehensive introduction to cathode 

compounds for Li-ion batteries is given by Julien et. al. 25. 

Layered structure: The first commercialised cathode material was LiCoO2 (LCO), 

which was developed by Goodenough in 1980 21. In June 1991 Sony Corporation was the first 

company which commercialised this battery type in the portable telephone HP-211 57. The 

LiCoO2 compound is the most successful of the transition metal-oxide compounds. It consists 

of an alternating octahedral structure and forms a hexagonal layered symmetry where Li-ion 

transport occurs in two-dimensions between the layers (Figure 7 left). LCO is an attractive 

cathode material, because of its good cyclability, low self-discharge and the high theoretical 

gravimetric and volumetric capacities (274 mAh g-1). But limitations like the low thermal 

stability, fast capacity fade at high c-rates and the high cost of cobalt has forced research to 

find other useable cathode compounds. 
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Figure 7: Crystal structure of the layered (left), the spinel (middle) and the olivine frameworks of the lithium-
insertion compounds. Reproduced from Julien et al.25 with permission from Inorganics. 

Due to the high cost of cobalt, the element was replaced by nickel which has a similar 

theoretical capacity. But Ni2+ has the tendency to substitute Li+ during de-lithiation and 

blocking lithium diffusion 58. Improvements of the chemistry are made by aluminium, 

manganese and cobalt doping which result in two new layered structured cathode materials. 

LiNi0.8Co0.15Al0.05 (NCA) is relatively widespread e.g. as energy storage in Tesla EVs. The most 

significant benefits are coming from the high usable capacity of about 200 mAh g-1 and the 

high cycle-life. On the other hand, capacity fade processes occur in the elevated temperature 

range of about 40-70 °C where electrode cracking starts and SEI layer growth begins. The 

second successful nickel doping result was LiNi0.33Mn0.33Co0.33O2 (NMC), which shows a 

slightly higher usable specific capacity and operating voltage as LCO and a good cycle stability 

even at an elevated temperature. Table 2 gives an overview of the main characteristics of 

the most used, commercialised Li-ion cathode compounds and Figure 8 depicts some 

discharge profiles of the main used cathode compounds versus Li/Li+. 56 

Spinel structure: The most used representative of the spinel group is LiMn2O4	(LMO). 

Benefits of this chemistry arise from the high abundance, the low cost and the environmental 

friendliness of manganese. In this structure Li-ions occupy tetrahedral sites and Mn is located 

in octahedral sites. Lithium diffusion occurs in three-dimensions through vacancies in the 

crystal structure. Drawbacks include insufficient cycle life based on Mn dissolution, 

irreversible side reactions, etc.. 39 
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Table 2: Commercial used intercalation cathode compounds with their theoretical/experimental gravimetric 
and volumetric capacities, average potential and crystal structure. Reproduced from Nitta et al.56 with 
permission from Materials Today. 

compound specific capacity [mAh g-1] 
(theoretical/experimental) 

Volumetric capacity 
[mAh cm-3] 
(theoretical/experimental) 

average 
voltage 
[V] 

Crystal 
structure 

LiCoO2(LCO) 274/148 1363/550 3.8 layered 

LiNi0.33Mn0.33Co0.33O2 
(NMC) 280/160 1333/600 3.7 layered 

LiNi0.8Co0.15Al0.05O2 
(NCA) 279/199 1284/700 3.7 layered 

LiMn2O4 (LMO) 148/120 596 4.1 spinel 

LiFePO4 (LFP) 170/165 589 3.4 olivine 

 
Figure 8: Typical discharge profiles of intercalation cathodes vs. Li/Li+. Reproduced from Nitta et al.56, with 
permission from Materials Today. 

Olivine structure: In 1996, Goodenough developed a second cathode compound for 

Li-ion batteries 59. This electrode of LiFePO4 (LFP) has an olivine crystal structure and belongs 

to the group of the polyanion compounds. The main disadvantages are low average voltage 

and the poor ionic conductivity. But most beneficial is the high thermal stability, power 

consistency and safety in comparison to their metal-oxide counterparts which are presented 

here. It should be noted that these efforts are mostly dependent upon the quality of the 

crystal structure and the conductivity increase by cation doping with e.g. Nb 60. 	

Batteries can be optimised for different applications e.g. for EVs manufacturers may want 

to increase the vehicle’s range. For this purpose, batteries are tailored with relatively thick 

electrodes, which provide a higher capacity but with a concomitant loss of power. On the 

contrary, the electrodes of a hybrid electrical vehicles (HEV) are tailored to be thin and highly 
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porous to maximise the power density and fast charge-discharge rates. A model for battery 

optimisation is given by Newman 61. 

Anode – Negative Electrode 

To find a sufficient anode material for the Li-ion battery was a serious challenge. Lithium-

metal as a counter electrode was preferable with regard to its high negative potential but 

dendrite formation, which can cause short circuiting, prevented its commercialisation. The 

carbon anode enabled Sony’s commercialisation of the first Li-ion battery in June of 1991. 

Anode compounds for Li-ion batteries can be divided into two different materials. Firstly, 

the intercalation anodes and secondly, the conversion-based anodes. The intercalation 

anodes are either a carbon or lithium titanium oxide. The conversion electrodes are materials 

such as silicon, tin or gallium. These compounds have volume expansions of 200-300 % which 

significantly affects the cycle ability and performance of the battery. Silicon has received the 

most attention due to the high volumetric and gravimetric capacity, abundance, low cost and 

chemical stability. 62 An overview of several anode materials and their properties is given in 

Table 3. However, the attention of this review is on the graphitic and carbon intercalation 

compounds. 

Table 3: Properties of intercalation and conversion anode materials. Reproduced from Zhang63 with permission 
from the Journal of Power Sources. 

Material Li C Li4Ti5O12 Si Sn 

Density [g cm-3] 0.53 2.25 3.5 2.33 7.29 

Lithiation phase Li LiC6 Li7Ti5O12 Li4.4Si Li4.4Sn 

Theoretical specific capacity [mAh g-1] 3862 372 175 4200 994 

Theoretical charge density [mAh cm-3] 2047 837 613 9786 7246 

Volume change [%] 100 12 1 320 260 

Potential vs. Li [~V] 0 0.05 1.6 0.4 0.6 

There are a great number of different carbon materials, but most negative electrodes are 

composed of either graphite or hard carbon 64. The graphitic fundamental structure consists 

of hexagonally linked carbon atoms which form graphene sheets that are stacked one on top 

of the other. The graphene layers are shifted with respect to each other in an ABAB stacking 

sequence (Figure 9 c)). During the charging process Li-ions intercalate between the graphene 
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layers and change the stacking sequence of the graphite lattice. The lithium intercalation can 

be divided into the following four states: 

 𝐶	 → 	𝐿𝑖𝐶#) →	𝐿𝑖𝐶(1 →	𝐿𝑖𝐶(# →	𝐿𝑖𝐶-	 Equation 13 

During lithium insertion the crystallographic structure changes subsequently to a AaAa 

stacking sequence for the fully lithiated LiC6 state 65, which results in a volume increase of 

about 10 %. Stress and strain from the volume expansion can result in serious degradation 

and capacity loss. Figure 9 show the different graphitic structures for pure graphite, LiC6, LiC12 

and the top view of the ab-plane from LiC6 and LiC12. Further information’s about the lattice 

spacing’s are shown in Table 4. 

 
Figure 9: Atomic structure of pure and lithiated graphite: (a shows the fully lithiated graphite LiC6 and b) the 
partly lithiated LiC12. c) visualises the top view along the c-axis of an ABAB-structured graphite and d) of LiC6 and 
LiC12 with a AA-structure. Reproduced from Qian et al.66 with permission from The Journal of Physical Chemistry 
Letters. 

Table 4: Crystallographic information of graphite, LiC12 and LiC6. Reproduced from Wang et al.65 with permission 
from Scientific Reports. 

phase space group a0 [Å] c0 [Å] stacking 
sequence 

graphite P63/mmc 2.460 6.729 ABABAB… 

LiC12 P6/mmm 4.290 7.066 AAaAAa … 

LiC6 P6/mmm 4.031 3.680 AaAaAa … 

Commercial carbon anodes can be divided into graphitic carbon and hard carbon. The main 

difference is the bigger size of the graphite grains of the former, which results in a charge 

capacity close to the theoretical 372 mAh g-1. Lithium intercalation occurs at the edge 

a)

c)

b)

d)
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planes67 ,perpendicular to the c-axis and parallel to the basal plane, which is also preferred 

for forming a passivation layer called the solid electrolyte interface (SEI). This SEI formation 

causes irreversible capacity loss. In practice, coating with thin layers of amorphous carbon 

helps to supress the formation. 56 The performance of the graphite electrode depends on the 

defects in the crystal structure and how well the lithium ions can occupy the lattice. In 

practice, the crystal is more disordered. Consequently, the capacity of commercial Li-ion 

batteries is typically between 300 and 350 mAh g-1. 30 

Lithium titanium oxide (Li4TiO12 / LTO) is the second commercialised intercalation negative 

electrode. This electrode has a much higher equilibrium potential (ca. 1.55 V vs. Li/Li+) than 

the carbon electrode but has a superior thermal stability 68 and a cycle life in the tens of 

thousands. LTO has a high rate performance which makes it the perfect material for high 

power applications 69. 

Electrolyte 

The electrolyte is the link between the two electrodes, which enables the Li-ion transport 

and avoids the transfer of electrons. The typical electrolyte for Li-ion batteries is composed 

of a nonaqueous liquid solvent and a lithium salt. Although gel and solid electrolytes also 

exist, but they are not favourable due to their poor diffusion, low conductivity and reduced 

mechanical, chemical and thermal stability 70. 

The current electrolyte systems of choice are a mixture of alkyl carbonates including 

ethylene carbonates for sufficient negative electrode passivation. Typically, LIPF6 is used as 

lithium salt dissolved in a binary or ternary mixture of ethylene carbonate (EC) in a 

combination with a linear carbonate such as dimethyl carbonate (DMC), diethyl carbonate 

(DEC) or ethyl methyl carbonate (EMC). The choice for such a combination is based on the 

following: 

i. LiPF6 salt passivates and protects the aluminium current collector of the 

cathode 

ii. EC supplies a high ionic conductivity 

iii. Linear carbonates decrease the viscosity of the electrolyte and ensure a good 

penetration of the separator 

iv. Additionally, linear carbonates forming a stabile SEI protection layer on the 

graphite surface 
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It was found that EMC is the most stable linear carbonate towards the cathode, lithium and 

lithium intercalated in graphite. For room temperatures, a combination of 1M LiPF6 3:7 EC-

EMC is recommended for Li-ion batteries. 71 

During the first cycles the electrodes produce an irreversible capacity loss and form on their 

surface a SEI passivation layer. This passivation layer is the product of a reaction between the 

lithium salt and the anode. During cycling the SEI grows continuously until the electrolyte is 

no longer reduced by the electrode potential. At elevated temperatures the SEI layer 

decomposes and continues the reaction between electrode and electrolyte. Additionally, 

standard used electrolytes, like presented above, are unstable at high and low voltages 

(1.5 V ≤ U ≤ 4.5 V, vs. Li/Li+). 72 

Separator 

The separator is the last essential component of a working Li-ion battery. The separator is 

placed between the positive and negative electrode and soaked with electrolyte. If the 

separator is working properly it enables free Li-ion transport but prevents electron 

conduction through it. Additionally, it avoids the physical contact between the electrodes. 

Common separator materials can be divided into: (i), microporous polymer membranes, (ii) 

non-woven fabric mats and (iii) inorganic woven mats. For commercial Li-ion batteries are 

microporous separators consisting of either polyethylene (PE) - polypropylene (PP) 

multilayer structure or a PE-PP blend, with increased safety conditions, are common. An 

overview on the separator requirements are given in the following 73: 

Chemical stability: The separator material has to be chemically stabile due to the electrode 

and electrolyte chemistry without losing any mechanical stability and be chemical resistance. 

Mechanical stability: The separator membrane has to be strong and flexible enough to 

withstand tension and winding during manufacturing. Furthermore, the separator should 

resist mechanical stress during operation, internal collapse, pressure and puncture from 

dendrite growth. 

Thickness, porosity and permeability: For high power and energy batteries a low thickness 

is required in combination with good mechanical strength and safety. Additionally, a highly 

porous separator flooded with electrolyte enables a high ion conductivity. However, the 

membrane has to prevent diffusion of electrode components and their conducting additives. 
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Therefore, the pore size has to be small enough to allow good ion transport but block the 

diffusion of unwanted particles. Further, the separator shouldn’t restrain the electrical 

performance of the battery. Commonly, in the presence of a separator the cell resistance is 

increased by a factor of 4-5. 

Thermal shrinking and shutdown: Particularly for safety issues the separator membrane 

should be stable in dimension and be stable against thermal shrinking. In practice, PE shrinks 

by 10 % exposed for 10 minutes at a temperature of 120 °C. Further the separator layer 

should enable a battery shutdown at elevated temperatures. The shutdown should prevent 

thermal runaway. For commonly used PE-PP bilayer separators the shutdown occurs at ca. 

130 °C but the separator will melt at ca. 165 °C. 

2.1.4 Ice-templated / Freeze-casted Li-ion Electrodes 

The electrodes of modern Li-ion batteries, which are used for e.g. HEVs or EVs, are tailored 

for a high-power output and/or energy density. Therefore, the electrode thicknesses are very 

thin down to 20 µm or thick up to 100 µm and show a high porosity for short path ways and 

a fast Li-ion diffusion inside the electrodes74. However, thicker electrodes, of several 100 µm 

thickness, minimise the volume of inactive battery components such as current collectors 

and separators and are more cost-effective for high energy density Li-ion batteries. But thick 

electrodes exhibit restriction in the lithium diffusion, caused by the randomly oriented, 

tortuous porosity network, which influences negative the maximal electrode capacity. The 

maximum electrical capacity of an electrode during a (dis)charge cycle can be increased when 

all of the active cell components are sufficient supplied of lithium. In order to increase the 

usable capacity and gain the power output of thick Li-ion electrodes the so-called ice-

templating (or freeze-casting) technique shows significant improvements due to an increase 

of the Li-ion supply all over the electrode. Unlike the fabrication of standard electrodes ice-

templating needs no calendering or pressing of the electrode. To improve the Li-ion diffusion 

in the thick electrodes ice-templating is used to form a micro-porous channel system of an 

e.g. cellular, laminar or coral-like geometry75,76 of a certain pore size which is flooded by 

electrolyte. In the manufacturing process, a homogeneously mixed, aqueous electrode 

suspension containing active electrode particles, e.g. LCO, electrical conducting carbon black 

and a binder such as sodium carboxymethyl cellulose is rapidly and directional frozen. Figure 

10 a), shows a schematic illustration of a device where the electrode suspension can be 

rapidly frozen from the lower direction using a copper cooling finger which is cooled by liquid 

nitrogen from the lower end. During the cooling process ice dendrites growing from the 
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lower copper side predominantly in the vertical upwards direction with forming smaller 

secondary dendrites perpendicular, illustrated in Figure 10 b) from (i) to (iii) for LCO. Here, 

the formatted ice-crystalline structures act as an electrolyte channel template in the frozen 

dispersion. After the freezing process the ice is removed by direct sublimation from the solid 

to the gas phase. In the described case the ca. 900 µm thick LCO cathode (Figure 10 c)) shows 

a coral-like structed pore system with a higher areal and gravimetric capacity and rate 

capability as scalable slurry casted electrodes, due to the good electrical conductivity and 

directional aligned micro-pore structure through the electrode. The pore size and structure 

can be modified by the mixture of the electrode suspension, the cooling rate, direction and 

maximal temperature.75 

 
Figure 10: a) shows the schema of a typical device for making directional ice-templated electrodes using liquid 
nitrogen for cooling. The ice dendrites growing through the electrode suspension is shown in b) (i) to (iii) for an 
LCO cathode and c) shows a ca. 900 µm thick directional ice-templated LCO electrode. Reproduced from Huang 
et al.75 with permission from The Royal Society of Chemistry. 

The use of the ice-templating techniques is also transferable to other active Li-ion battery 

electrode chemistries such as LFP76, NCA77 and composite electrodes as described by Stolze 

et al.78 

2.1.5 Safety Mechanisms and Design of Li-ion Batteries Safety Mechanisms 

Safety mechanisms 

Li-ion batteries are energy storage devices that contain a high amount of energy. Battery 

accidents caused e.g. by external short circuiting or crushing, elevated temperatures, 

overcharging, etc. can lead to catastrophic accidents. Such accidents can have disastrous 
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consequences. Enhanced safety is needed especially for large battery packs e.g. used in HEVs 

and EVs. The accident of the on-board backup power system of a parked Boing 787 

Dreamliner on the 07th January 2013, has shown the consequences of a failed Li-ion battery 

pack. Williared et.al. 79 gives a detailed overview about the issues of Li-ion batteries on the 

787 Dreamliner. 

Before a Li-ion battery is certified for use, a number of safety tests have to be passed: there 

are several techniques implemented to demonstrate success in testing and to improve 

safety. Below are the main safety components for Li-ion batteries listed, together with a short 

description. A more comprehensive summary is given by Balakrishnan et.al. 80: 

Safety vents 

Safety vents open as a response to a sudden internal pressure increase and allow gas to 

escape. The mechanism prevents the rupture of the cell casing by releasing the high pressure. 

Circuit breaker 

Fuses with thermal resistance characteristics are implemented to interrupt the current 

flow as a result of an abnormally high temperature or discharge current. This safety device 

interrupts the circuit permanently. Additionally, the fuse can break under normal operation 

conditions such as pulse discharge, which constitutes a normal operation mode. Thermal 

fuses open if a pre-set temperature is reached to prevent thermal runaway. Other circuit 

breakers are magnetic switches, bimetallic thermostats or electronic protection circuits. 

Positive thermal coefficient devices (PTC’s) 

PTC’s are a form of self-resetting fuse-like devices. Based on the material the resistance of 

the PTC increases rapidly with a rise in temperature, caused by large current flows, as during 

external short circuiting. The fall in current limits the heat generation in the cell. Is the cell 

cooling down the resistance of the PTC drops and enables a higher current flow. 

Shutdown separators 

Modern separators are microporous PE and PP, biaxially drawn PE’s or multiaxially drawn 

PP/PE/PP’s. In addition to their conventional characteristics like chemical and mechanical 
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stability, these separators are able to protect the cell during cell abuse. For example, if the 

cell temperature increases, caused by overcharging, the PE layer starts melting and closes 

their microporous structure. Consequently, ionic transport through the membrane is blocked 

and a current flow is interrupted. This mechanism is called ‘separator shutdown’. 

Electrolytes 

Common alkyl carbonate-based electrolytes react vigorously at higher temperatures with 

lithiated and delithiated cathode materials. Additionally, their electrochemical window is 

limited to ca. 4.5 V and they are highly flammable. There are a number of electrolyte 

additives which are able to increase the safety of Li-ion batteries. For example, electrolyte 

additives can help to protect electrodes at elevated temperatures by creating a sufficiently 

protective SEI layer on their surface. Redox shuttles protect the cell against overcharging or 

shutdown additives, releasing gas at a set potential and activating a current interrupter 

devise. 

Cell design 

The cell design of a Li-ion battery plays a crucial rule in terms of the application, safety and 

manufacturing. The interior of a typical Li-ion battery has a sandwich like structure. On one 

side the cathode material is coated with a binder onto the aluminium current collector and 

on the other side the anode material is coated onto the copper current collector. Both 

electrodes are separated by the separator membrane and soaked with electrolyte. In the 

manufacturing process the electrode mixtures are normally spread onto the current 

collecting materials. Dependent on the cell design the ‘electrode-sandwich’ is rolled for 

cylindrical cells or cut and stacked for pouch or prismatic cells. The typical Li-ion battery types 

are the cylindrical, pouch, prismatic and coin cell. The most common shapes are the 

cylindrical and the pouch cell design. 30 

Cylindrical Cell 

The cylindrical cell type is widely used for primary and secondary batteries. The great 

advantage lies in the properties of this cell type. The cell has good manufacturability and 

mechanical stability due to high internal pressure without deformation. This cell type 

includes safety mechanisms such as PTC’s, pressure release mechanisms (safety vents) and 
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circuit breakers. Cylindrical cells are taller than they are wide. The standard cylindrical Li-ion 

battery type is the 18650, which is 18 mm in diameter and 65 mm high. The cell capacity has 

steadily been increased since their initial production 57 and varies today in the range from 1 

to over 3 Ah. Figure 11 a) shows a schematic drawing of the cylindrical cell design for a 

standard Li-ion battery. 30 

 
Figure 11: Schematic drawings of a) a cylindrical cell with safety vent and b) a pouch cell. Reproduced from 
Tarascon et al.24 with permission from Nature. 

Pouch Cell 

The pouch cell type design is a very common design which is used for many different Li-ion 

battery chemistries and also for Li-Polymer batteries. This battery works like a normal Li-ion 

battery but using a polymer electrolyte instead of a liquid one. The polymer electrolyte is 

usually made by a dissolved polymer matrix into a solvent together with a non-aqueous 

lithium salt electrolyte (also known as gel electrolyte). This battery chemistry and cell type 

was first introduced by researchers from Bellcore81. The main advantages of the pouch cell 

type are the high shape flexibility, great scalability and high packing efficiency. Such cells are 

used for most portable devices like mobile phones and laptops. Larger cells in the 40 Ah range 

are used in energy storage systems. A schematic design of a pouch cell is shown in Figure 11 

b). 30 

2.2 X-ray Imaging on Lithium Batteries 

X-ray imaging has made big contributions in the last century and has become a standard 

imaging tool for inter alia engineering, material science and medicine. With a voxel resolution 

ranging from a few micrometres down to tens of nanometres in tomographies 82 and an 

imaging speed of multiple time scales from kHz to µHz83 for radiographies, it is well suited for 
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a large number of investigations. Advancements in lab-based X-ray computed tomography 

(CT) instruments have become competitive to synchrotron facilities in terms of spatial 

resolution which offers the technique to a wider community. The non-destructive nature of 

X-rays allow for 4-dimensional (4D) measurements, 3-dimension (3D) spatially resolved and 

1-dimension (1D) in time, which makes X-ray imaging superior to other imaging techniques 

such as focused ion beam scanning electron microscopy (FIB-SEM) where the sample is 

damaged during data collection84. X-rays interact with the electron cloud of the elements or 

atoms, where the incident photon is absorbed or scattered by electrons. The interaction of 

X-rays increases with the atomic number of the elements and shows a high contrast for heavy 

elements, such as metals; this makes X-rays well suited for characterising the dynamic 

structural changes of electrochemical devises such as lithium batteries. The ability of 

multiscale imaging allows the study from the full device size down to the level of single 

particles. Presented here, is a short overview of recent developments in X-ray CT to 

characterise lithium and Li-ion batteries. 

X-ray imaging includes various imaging techniques which can mainly classified by three 

forms of interaction of X-rays with the sample: X-ray absorption, X-ray diffraction (XRD) and 

X-ray fluorescence (XRF). Where XRD and XRF show discrete intensity patterns corresponding 

to the crystallographic and material properties; the intensity pattern of absorption X-ray 

imaging data are a function of the attenuation of the X-ray intensity integrated along the 

beam path through the sample. In the case of absorption imaging the full region of interest 

(ROI) can be illuminated whereas XRD and XRF characterisation are performed only in the 

form of single-point probing or raster-collection. In this thesis XRD and XRF imaging is not 

used as characterisation tool and shall therefore not be further considered herein. However, 

a comprehensive review is given by Heenan et al.82. 

The first successful 3D X-ray reconstructions of the microstructure of a porous graphite 

negative electrode harvested from a 18650 Li-ion battery cell are reported from Shearing et 

al.85. They show the advantage of non-destructive X-ray CT for characterising Li-ion battery 

electrode structures. Further, early stage work from Liu et al.86 combines FIB-SEM and X-ray 

imaging techniques to investigate the 3D morphology of LCO and LCO/NMC composite Li-ion 

cathodes. The spatial variation of structural parameters, such as the oxide volume fractions, 

surface areas and particle size distribution could be measured and compared between un-

/cycled electrodes which showed small changes.  



 68 

Particularly challenging is the visualisation of the carbon binder domains, due to the similar 

X-ray attenuation coefficient of the electrode materials. Daemi et al.87 demonstrated the use 

of X-ray nano CT to determine the ensemble tortuosity factor for Li-ion battery electrodes. 

The complex multiphase chemistry of lithium-sulphur batteries can be analysed by using in 

situ synchrotron X-ray CT; Tan et al.88 visualised the microstructural evolution of the sulphur 

cathode to detect the kinetics of the sulphur phase change in 4D. 

X-ray phase contrast can be used for detecting even structures with similar attenuation 

coefficients. Eastwood et al.89 demonstrated the useful application of in-line phase contrast 

and Zernike phase contrast at the micro and nano level using synchrotron and X-ray lab 

scanners to characterise the porosity, the tortuosity and the morphology of graphite 

electrodes. Similarly, Taiwo et al.90 overlay absorption and phase contrast images to enhance 

the image contrast. 

Due to the non-destructive nature of X-rays the time dependent tracking of e.g. 

degradation mechanisms during dis-/charging of electrodes or battery failure is possible. 

Such as shown by Taiwo et al.91 who used operando X-ray CT to conduct and extended cycling 

study on silicon during lithiation to detect degradation effects. Finegan et al.51 used high-

speed operando CT to study the strain and material displacement inside the MnO2 cathode 

using digital volume correlation. Additionally, cell failure high speed radio- and tomography, 

with frames rates of several thousand per second, plays an important role for improving cell 

safety 92–94. 

Conclusion 

X-ray imaging is the perfect investigation tool to investigate the electrode morphology or 

structural changes during dis-/charging of cells or only cell components from the micro- to 

the nanometre length scale. The available high X-ray flux on modern synchrotron sources 

enable the detection of dynamic processes such as electrode degradation and even cell 

failure which occur in fractions of a second. But due to the low sensitivity of X-rays for light 

elements such as, the lithium hydrogen, it remains difficult to analyse the influence of these 

elements and components. 
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2.3 Neutron Imaging on Lithium Batteries 

Neutron imaging is a complementary non-destructive technique to X-ray imaging. Unlike 

X-rays, neutrons provide a high imaging contrast also for light elements, such as hydrogen 

and lithium and show no systematic correlation between cross-section and atomic number. 

The next sections provide a comprehensive review of neutron imaging on lithium batteries. 

2.3.1 Neutron Imaging on Lithium Batteries 

The high neutron absorption cross-section of natural lithium and his both stable isotopes, 
6Li and 7Li, make neutron imaging a unique probe for investigations of lithium batteries. Due 

to this fact, the lithium transfer/diffusion between the anode and cathode can be imaged 

and quantified by the contrast change of the image. 

Neutron imaging began shortly after the discovery of the neutron. Kallmann and Kuhn did 

the first neutron radiographies by photographic detection in the 1930s 95. Nevertheless, an 

increasing rate of developments in neutron imaging techniques started some years ago. 

Especially, new digital imaging systems supported sufficient data collection and analysis and 

enabled 3D reconstruction of samples. Further information about neutron imaging 

techniques can be found in section 3.1.5. 

There are just a few publications about neutron imaging of lithium batteries. The first work 

on lithium conducting materials can be dated back at the end of the 1990s. In 1996, Kamata 

et al. 96 published the first work about the visualisation of the movement of Li-ions in 

conducting spinel-type oxide Li1.33Ti1.67O4. They prepared two samples, one with 99.93 % of 
7Li and a second one with natural lithium containing 7Li and the higher absorbing 6Li. Both 

samples were placed in an electric furnace and a DC-current was applied to the samples at 

900 °C for 2 hours. The first sample was working as cathode and the second as anode. After 

the electrolysis, the samples were irradiated for 18 minutes by neutrons and the transmitted 

beam was detected by a photo film via neutron-photon conversion by neutron capture of 

155Gd + 1n ® 156Gd + g. The images have shown the diffusion of 6Li from the second into 

the first sample. One year later, the same group 97 published the first radiographies of 

charged and discharged commercial lithium batteries. Figure 12 shows the grey level of a 

charged and discharged CR1/3 1H (Fujitsu) cell. The small peaks in the grey level plot of the 

pristine cell indicates the non-lithiated MnO2 cathode. These peaks are due to a higher 

neutron transmission. After discharging, lithium is transferred into the cathode and the 
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cross-section between both electrodes is equalised. This work demonstrates the possibility 

to use neutron radiography techniques for investigations of the lithium transfer in lithium 

batteries. 

 
Figure 12: First neutron radiographies of charged and discharged CR1/3 1H (Fujitsu). Reproduced from Kamata 
et al.97 with permission from the Journal of Power Sources. 

Further neutron imaging experiments on lithium batteries can be classified in three 

different imaging techniques, namely: neutron radiography, tomography and energy 

selective neutron imaging also known as Bragg edge imaging (BEI) for crystalline samples. 

The image contrast of the first both are related to the neutron absorption of the sample and 

the contrast of the last one is related to the coherent elastic scattering of the neutrons by 

the crystal lattice of the sample. The spatial resolution of the images varies in a wide range 

from 350 µm for tomography down to 13.5 µm for radiography. The exposure time for a 

single radiography varies as well, from seconds to minutes for a single radiography to hours 

for a set of BEI. 

In the following, a short summary of the work on neutron imaging on lithium battery is 

given. The publications are divided in the three different groups. 

Neutron radiography of lithium batteries 

The earliest works related to lithium diffusion in lithium conducting materials are from 

Takai et al.. In their work from 1999 98, they demonstrated the possibility of measuring the 

diffusion coefficient of lithium between different Li1.33Ti1.67O4 electrodes. One electrode was 

enriched with 7Li and the second one with normal lithium similar to the work of Kamata et. 

al.96. The diffusion annealing was carried out by different times and temperatures. They 

demonstrated the neutron radiography method to be effective for measuring the diffusion 
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coefficient of lithium in solids by the change of the image contrast. In their work from 2005 
99, they used La2/3-xLi3xTiO3 consisting of 7Li with various x values as diffusion samples. 6LiNO3 

was smeared onto one face and annealed at 150 °C for 30 minutes. After that, neutron 

radiography was performed. This step was repeated several times. The 6Li diffusion inside 

the sample was recorded due to the change of image contrast. In this way, the lithium 

diffusion was measured for several temperatures in the range from 150 to 400 °C. The 

change of contrast is related to the lithium diffusion. They found out that the diffusion 

coefficient decreases with the lithium content x of the sample. 

Siegel et. al. 100,101 used high resolution neutron radiography to visualise the neutron 

intercalation and volume expansion of the graphite anode of LFP/Graphite pouch cells with 

capacities of 68 mAh and 120 mAh. For image capture they used a micro-channel plate (MCP) 

detector. The battery was positioned at the front of the detector with the optical axis parallel 

to the plane of the battery electrodes as shown in Figure 13 a). In this way the anode and 

cathode were well separated in the neutron radiography. During charge and discharging 

several images were recorded with a spatial resolution of ca. 18 µm and 13.5 µm and a pixel 

size of 5 µm. For low c-rates 2 min exposure time were used and for high c-rates exposure 

times between 20 s – 45 s with stroboscopic time averaging. Figure 13 b) shows the 

charge/discharge images at different SoC. They found that the lithium concentration in the 

electrodes are changing due to the SoC. Additional, the measurements allow quantitative 

assessments of the change of lithium concentration. Furthermore, a 2 % volume expansion 

is observed in the data due to material swelling during charging. 

Similar experiments were done by Zhou et. al. 102 on a lab made lithium metal/Graphite 

cell. The cell consisted of a 700 µm	lithium-metal plate sandwiched between two thick 

graphite electrodes with a thin separator on each side. They used a cooled charge-coupled 

device (CCD)/scintillator imaging system with 75 µm spatial resolution. The cell discharge was 

imaged with 60 s exposure time. They found that the intensity changes with discharge 

progress are due to reduced transmission with gradually increased lithium concentration 

during lithiation. In addition, at later times in the discharge process, the lithium penetrated 

deeper towards the bulk of the graphite electrodes. 
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Figure 13: a) Neutron radiography setup from Siegel et. al. with L/D = 3000 and b) images from different SoC 
during charge and discharging of an LFP/Graphite pouch cell. Reproduced from Siegel et al.100 with permission 
from the Journal of The Electrochemical Society 

Lanz et. al. 103 performed neutron radiographies on two prismatic LCO cells. One cell was 

fresh and the other one pre-charged in argon. Both batteries were positioned in the front of 

a zinc sulphide doped 6Li scintillator CCD camera system with 50 µm spatial resolution. The 

batteries were imaged every 10 to 20 min with 30 s exposure time during charging to 4.1 V 

at a 1C-rate and additionally maintained at 4.1 V for 2.4 h. Discharging was done at 1C to 3 V. 

It was found that an excess of electrolyte initially present in the cell was consumed after first 

cell charging and SEI formation. Further, during the first charge-discharge cycle a 

displacement of such excess electrolyte owing to volume changes of the electrodes. 

Additionally, gas evolution was obtained during the first charging cycle. 

Several authors studied the gas evolution in Li-ion batteries. Michalak et. al. 104,105 used a 

polychromatic cold neutron beam in combination with a CCD camera system with a 

resolution of 68 µm. They used pouch cells with different anode-cathode combinations such 

as LiNi0.5Mn1.5O4/Graphite, LiNi0.5Mn1.5O4/LTO, LFP/LTO and LFP/Graphite. The pouch cell 

plane was positioned perpendicular to the neutron beam. An exposure time of 7 s during 

charging and discharging was chosen. Gas evolution was detected by increasing white spots 

at the neutron radiographies. The gas volume could be calculated by the difference of the 

image contrast, before cycling and after, using Lambert-Beer’s attenuation law. Thereby, the 

white spots where defined as electrolyte free and with the known electrolyte thickness from 
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the pristine state the gas volume could be calculated. These calculations were compared with 

additional gas pressure measurements, these values are bigger by a factor of ca. 1.5. 

Additional gas analysis studies were performed by Goers et. al. on LMO/Graphite 106 cells 

with different PVDF-based gel-type electrolytes. They used a coin cell like test cell with the 

electrode plane perpendicular to the beam. The cell was positioned in the front of a 240 µm 

thick zinc sulphide doped 6Li scintillator CCD camera system. Images were made every 20 min 

with an exposure time of 20 s during charging up to 4.3 V and keeping the voltage constant. 

Like before, gas generation was identified by white spot evolution. They found an extremely 

high gas evolution for a LiClO4:EC:PC (1M:2:3) solution, covering 60 % of the electrode 

surface. 

Further, Same et. al. 107 performed overcharging on a lab-made coin shaped Graphite/NCA 

Li-ion cell with surface perpendicular to the neutron beam. Images were performed with 45 s 

acquisition time each and averaging of two images with a spatial resolution of about 100 µm. 

Overcharging was performed to 4.3 V and afterwards to 4.8 V. They found a solid lithium 

deposit formed on the graphite electrode. 

Neutron tomography of lithium batteries 

Neutron tomographies of lithium batteries are very rare in the literature, one reason might 

be the high attenuation of lithium and its large amount in commercial batteries. Additionally, 

most of the Li-ion batteries contain cobalt with an absorption cross-section similar to lithium. 

Consequently, long exposure times are required to achieve an adequate signal to noise ratio 

(SNR).  

The first published lithium battery tomography was done by Kardjilov et. al. 108 in 2005. The 

tomography was made in the frame of industrial applications in conjunction with neutron 

radiography and tomography. They imaged a flat lithium-iodine (Li-I) battery, which is 

typically used in pacemaker devices. As camera setup a LiZnS scintillator in combination with 

a 12-bit CCD camera with 1280 x 1024 pixels was used. The pixel size was 26 µm with a spatial 

resolution of 100 µm. 200 projections at 180 ° were made for the reconstruction. To 

minimise noise 50 images with 0.3 s exposure time per projection step were recorded and 

integrated. Figure 14 a) shows the cross-section of the pristine Li-I battery and b) after 
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discharging by a 200 kΩ resistor. The lithium distribution is changed from smooth lithium 

plates to a random distribution separated in Figure 14 c). 

 
Figure 14: a) and b) show the cross-section of a neutron tomography of a lithium-Iodine battery in the charged 
and discharged state. Bright arears indicates high absorbing lithium. c) separated lithium from b) after 
discharging. Reproduced from Kardjilov et al.108 with permission from Nuclear Instruments and Methods in 
Physics Research Section A. 

Later Riley et. al.109 studied the transport in cylindrical AA-sized lithium primary batteries 

at 1 A and 0.1 A discharge rates by using 180 °-tomography. As camera system a 150 µm thick 

ZnS scintillator doped with LiF in combination with an EMCCD at -80 °C with a spatial 

resolution of 154 µm was used. For the tomography reconstruction 360 projections with 3.5 s 

exposure time were collected. After reconstruction beam hardening artefacts were observed 

and corrected. They found a change in image contrast after discharging but no significant 

difference between the different discharge rates. 

Butler et. al.110 used golden ratio scanning for tomographies of a prismatic LCO polymer 

cell. They made a number of tomograms during discharging. For every projection step one 

image with 12 s exposure time was made by a CCD camera. They demonstrated the 

successful use of the golden ratio for neutron tomography, but the tomographies show no 

significant results, which could be a result of the poor spatial resolution of about 350 µm. 

More successful experiments were done by Senyshyn et. al. 111. They showed the lithium 

transport in an 18650 LCO Li-ion battery by the change of contrast at three different SoC. 

Figure 15 a) displays the various cross-sections of the reconstructed battery and b) the 

structural contrast change after charging to 3.0 V, 4.0 V and 4.2 V. They found a well resolved 

cathode-anode structure in the discharged state and a more homogenous lithium 

distribution in the charged states due to the lithium transport. The study was done by a pixel 

resolution of 100 µm and 600 projections with 60 s exposure time each. 
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Figure 15: a) shows the reconstruct 18650 Li-ion battery from Senyshyn et. al.111 with different cuts of the 
tomography and b) displays the inner structural changes at different SoC. Image c) and d) show complimentary 
neutron and X-ray tomograms of a AA-sized lithium battery, published by LaManna et al.112. Reproduced from 
Senyshyn et al.111 and LaManna et al.112 with permission from the Journal of Power Sources and the Proceedings 
of SPIE. 

Figure 15 c) and d) show complementary neutron and X-ray tomographies of AA-sized 

lithium battery published by LaManna et. al. 112. The study shows the power of a neutron 

imaging beamline in combination with an X-ray gun in perpendicular position to the neutron 

beam for simultaneous imaging studies. X-ray images show metal parts, such as the steel 

casing, current collectors or the safety vent of the battery, whereas neutrons show lighter 

elements, such as the electrolyte and the lithium distribution in the electrodes. 

Neutron Bragg edge imaging of Li-ion batteries 

The BEI technique observes the transmission spectra as a function of neutron wavelength. 

Like neutron diffraction, neutrons are coherently elastically scattered, dependent on the 

crystal structure of the sample and the neutron wavelength due to Braggs law. Scattered 

neutrons are indicated by a sharp increase in transmission. This energy selective imaging 

technique gives information about the crystal structure of the sample combined with a high 

spatial resolution. A more comprehensive description of the BEI techniques is given in section 

3.1.5.3. 

Butler et. al. 110 conducted a Bragg edge experiment on a commercial LCO prismatic cell 

using a monochromatic beam. They focused on the single Bragg edge of LiC6 (002) with 

energy steps from 3.0 Å to 4.0 Å with a 0.1 Å step size. However, the results of the charged 

and discharged state were difficult to compare. 



 76 

 
Figure 16: Graphs show the transmission contrast of a LixNi0.8Co0.2O2 Li-ion battery due to the state of charge. 
Reproduced from Kino et al.10 with permission from Solid State Ionics. 

Successful experiments on an 18650 Li-ion battery were performed by Kino et al. 9,10 on the 

pulsed neutron source JSNS in Japan. They used a fast micro-pixel chamber-type (µPIC) two-

dimensional neutron detector, which detects neutrons by He-3 reactions. The detector has 

a spatial resolution of 100 µm and a temporal resolution of 1 µs. The fast temporal imaging 

separates neutron wavelength by the time of arriving on the detector, calculated from the 

time of flight-signal (ToF) generated from the source pulse. A more comprehensive 

description can be found in section 3.1. Figure 16 shows the plot of the image contrast as a 

function of wavelength for three different states of charge of the studied LixNi0.8Co0.2O2 Li-

ion battery. The lithium intercalation into the graphite anode and the de-intercalation of the 

cathode could be found due to the shift of the Bragg edges. Additionally, the iron of the 

battery casing and the copper and aluminium current collectors are clearly visible. The Bragg 

edge signals are very small, as a consequence of the strong absorption by the battery. 
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Conclusion 

Neutron imaging of lithium batteries is a challenge even for established neutron imaging 

facilities. The high absorption cross-section of lithium and cobalt and the incoherent cross-

section of hydrogen of the electrolyte results in a long exposure time and a poor SNR. 

Further, the spatial resolution of common neutron detectors shows a poor separation 

between the battery components, e.g. electrodes and current collectors. Standard neutron 

detector systems are based on neutron to light conversion via a scintillator (CCD, sCMOS, …) 

or reaction of He-3 gas (MCP, µPIC, …). However, the publications show a wide field of 

applications for neutron imaging techniques and provide a good complementary analysis to 

common X-ray imaging techniques. 

2.4 Fuel Cells 

2.4.1 Fuel Cells in general 

Beside the lithium and Li-ion battery technology as promising future energy storage 

devices, fuel cell technology has received similar attention to power future EVs, HEVs and 

work as stationary energy storage/conversion devices. In contrast to lithium batteries a fuel 

cell cannot reach a discharged state or need to be recharged that’s because fuel cells convert 

a fuel to electrical energy and do not store energy. The fuel cell converts a fuel by a chemical 

reaction directly into electrical chemical energy and produces water as it’s by-product 113. In 

comparison to other energy generation systems the fuel cell offers a number of advantages 

such as a high energy conversion efficiency, scalability, zero emission, modularity and quick 

installation. 

The German chemist Christian Friedrich Schönbein did the first scientific research on the 

phenomena of the fuel cell in 1938. However, the principle behind the fuel cell was 

discovered by Sir William Grove in 1839, but due to the high cost fuel cells were not been 

used significantly until the 1960’s under the auspices of The Gemini Space Program. A 

detailed description of the history of the fuel cells can be found in the review of Andújar et 

al.14. 

A fuel cell converts chemical energy by a chemical reaction directly into electricity, 

producing heat and water as side products. Simplified, a fuel cell consists of two electrodes 

separated by an electrolyte layer. The hydrogen containing fuel is provided on the anode side 



 78 

and the oxidant is provided on the cathode side. On the anode side the hydrogen fuel is split 

into positive ions and negative electrons whereby only the positive ions are transmitted by 

the electrolyte layer. The electrolyte layer works as an insulator for electrons which want to 

recombine on the cathode side with the positive ions to become stable. Therefore, the 

electrons have to travel through an external circuit to the cathode membrane side and which 

generates an electrical current flow. The negative and positive ions recombine with the 

oxidant on the cathode and form a depleted oxidant. 114 

Fuel cells can be typically classified in six major different types. By name the fuel cell types 

are; the polymer electrolyte fuel cell (PEFC), the alkaline fuel cell (AFC), the phosphoric acid 

fuel cell (PAFC), the molten carbonate fuel cell (MCFC), solid oxide fuel cell (SOFC) and the 

direct methanol fuel cell (DMFC). Of all the fuel cell types the hydrogen powered PEFC is the 

most promising candidate due to its easy handling, the high power density, zero emission 

and the quick start up. Further, the low operation temperature below 100 °C, in comparison 

to 600 to 1000 °C which are needed to run a MCFC or SOFC, makes it suitable for applications 

as EVs or other portable devices. A more comprehensive overview of the fuel cell types can 

be found by Kirubakaran et al.115. In the following only the hydrogen powered PEFC will be 

described because only that type is used in this work. 

2.4.2 Principle of a Polymer Electrolyte Fuel Cell 

The fuel cell in general is a galvanic cell which transforms the chemical energy of a fuel and 

an oxidant during a reaction into thermal and electrical energy. For sustained operation, a 

continuous fuel supply is required to maintain the redox reaction. Whereby the oxidation 

and reduction processes are locally separated, on the anode and cathode side, thus the 

electrical energy is provided to an external device. 

A standard PEFC utilises hydrogen and the oxygen provided by air. The typical operation 

temperature ranges between 20 to 100 °C which makes the PEFC to the preferred fuel cell 

type for transportation and commercial application due to the fact that the PEFC needs no 

preheating before starting up.  

A PEFC membrane electrode assembly (MEA) usually consists of symmetrically arranged 

layers surrounding the polymeric electrolyte membrane (PEM) which is sandwiched by two 

gas diffusion electrodes (GDEs). The PEM transports the protons from the anode to the 

cathode and is fabricated in a thin layer (<50µm) to minimise the resistance to proton 
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conductivity. A typical material for PEMs is Nafion which shows a good hydration what 

facilitates the proton transport 116. The GDEs are composed of a catalyst layer (CL) next to 

the membrane and a microporous layer (MPL) and a gas diffusion layer (GDL) such as 

schematically shown in Figure 17. A gasket (not shown in Figure 17) surrounds the MEA and 

on each side a bipolar plate with gas flow channels (flow fields) are compress the inner 

assemble 117. 

The few tens of microns thin CL typically consists of platinum-on-carbon nanoparticles and 

is the location where the electrochemical reaction occurs 118. The MPL and GDL are 

electrically conductive which allow the electrical connection between anode and cathode 

side via the bipolar plates. The microstructural network allows the reactants and products to 

permeate through. The MPL is made out of carbon black with fine nanostructures which 

supports the liquid transport. The GDL is about 100 to 300 µm thick and made out of woven 

or bonded carbon fibres 119. The bipolar plates are made out of a good electrical conducting 

material such as carbon or a metal and are the current collectors of the cell. Gas flow 

channels support the distribution of the reactants and support the removal of the products 
117. 

During cell operation hydrogen (H2) flow through the anode channels and diffuse inside the 

GDL and MPL. On the CL the hydrogen molecules are split into hydrogen atoms and are 

oxidised whereby every atom delivers one electron and hydrogen ion (proton). The positive 

charged protons diffuse through the PEM to the CL on the cathode side. At the same time 

the electrons flow through an external circuit to the cathode side. Through the cathode flow 

channels oxygen, usually by an air flow, is provided which flow through the GDL and MPL, on 

the cathode side, to the CL. There, the oxygen molecules (O2) are split and react via a redox 

reaction with the, through the PEM diffused, protons and the, over the external circuit 

flowed, electrons to water (H2O). 
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Figure 17: Schematic illustration of the operation principle of a PEFC. 

The provided hydrogen and oxygen gas (air) amount is higher than the reacted amount. 

The ratio between the provided and reacted gas is the stoichiometric ratio. The chemical 

reactions on the anode and cathode side and the overall reaction is given below. 

Anode 2	𝐻# → 4	𝐻! + 4	𝑒"	 Equation 14 

Cathode 𝑂# + 4	𝐻! + 4	𝑒" → 2	𝐻#𝑂	 Equation 15 

Overall Reaction 2	𝐻! + 2	𝑒" + 0.5	𝑂# 	→ 𝐻#𝑂	 Equation 16 

The single water molecules condensate partly and accumulate to liquid water droplets. 

During the cell operation the water amount increases and diffuses in the channels of the 

bipolar plates and is removed by the gas flow. The increasing amount of water humidifies the 

membrane and results in a diffusion to the anode side (electro-osmosis). 

A key element for a good PEFC performance and durability is the water management. The 

right balance of hydration of the membrane ensures good ion conductivity and prevents the 

membrane from drying out. Too much water can reduce the cell performance and results in 

dis-function and failures. Flow fields are the most influential component to manage the water 

distribution of the reactants over the active PEFC area and remove the evolved water during 

the oxidation process. The flow field influences the lifespan and performance of a fuel cell 
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significantly. A number of different flow field designs are developed which are influence the 

gas distribution on the anode and cathode cell side for a good gas maintains of the MEA and 

the remove of the water which is build up. The most widely used designs are the serpentine 

and parallel flow field designs 120. More modern designs are inspired by the nature (bio-

inspired) such as the lung-inspired flow fields 121–123. 

2.4.3 Fuel Cell – Polarisation Curve 

Ideally the produced maximal potential of a fuel cell would be realised at all operating 

currents without a potential drop. But in reality, the maximal potential is only reached under 

open circuit conditions which is close to the theoretical potential of ca. 1.1 V for a PEFC under 

optimal conditions. With increasing current, the potential drops off, such as every power 

supply with an internal resistance. The potential decrease of a fuel cell is known as 

polarisation and is shown in Figure 18. The polarisation curve characterises the fuel cell as a 

function of potential over current. The curve shows the efficiency of the cell which in turn 

depends of many factors such as the cell components and the operation conditions such as 

temperature or pressure. The curve shows three main types of polarisation which are the 

activation polarisation, ohmic/resistance polarisation and concentration polarisation. The 

best performance of a cell is in the ohmic region of the polarisation. 114 

 
Figure 18: Fuel cell characterisation by the polarisation curve. 

2.5 Neutron Imaging on Polymer Electrolyte Fuel Cells 

Neutron imaging is complementary to X-ray imaging and shows a high sensitivity for 

hydrogen containing materials, such as water, which are mostly transparent for X-rays. That 

fact makes neutrons the ideal probe for investigating the water evolution and management 
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inside PEFCs. The water management in fuel cells is complex and spans different length scales 

of spatial resolution from a few micro-metres in the pores of the GDLs to the sub-millimetre 

range in the channels of the flow fields. For a better understanding of the complex two-phase 

flow phenomena in situ neutron visualisation provides a helpful platform. In addition to the 

high contrast for water, neutrons have a good penetration deep through the fuel cell 

structural material such as the bipolar endplates which are mainly made out of graphite, steel 

or aluminium. 

Since the first research with neutron imaging on fuel cells at the end of the 1990s/beginning 

2000s 124 neutron imaging is mainly used to investigate four different aspects of the water 

management; different flow field geometries 125–127, materials 128,129, operating conditions 
130,131 and degradation 132. Whereby the active cell area, from the investigated cells, varies 

from a few to hundreds of square centimetres. Caused by the dynamic nature of the water 

evolution and diffusion processes, most of the neutron imaging studies were realised in 

radiography mode due to the long exposure time. 

The next section provides a brief overview of the neutron imaging of PEFCs. 

Neutron radiography on PEFCs 

As described above, neutron imaging is used to visualise and study the water management 

in PEFCs due to their high sensitivity to water and good transmission through the fuel cell 

components. Owing to the fact that neutron images need a long exposure time for single 

radiographies, the imaging studies are mainly related to 2-dimention (2D) in situ studies 

imaged in- and through-plane. 

The first in situ neutron imaging study on the water management in PEFCs with serpentine 

and parallel flow fields are made by Geiger et al.133. They studied the gas/liquid two-phase 

flow in hydrogen PEFCs and DMFCs. Neutron imaging is used to characterise the cells and 

detect water droplets and their accumulation in the flow fields and the blocking of the 

channels which prevents the supply of air. The active area of the investigated cells were 

100 cm2 and are two different cell types with similar ‘conventional’ design, and 1.5 mm 

channel width and 0.8 mm deep, were used. The first type was built with conventional 

components aluminium endplates, gold-coated copper as current collectors and flow fields 

made out of graphite. The second type was optimised for a better neutron transmission 
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whereby just the flow fields are replaced by a gold-coated aluminium version. The neutron 

imaging was made on the ‘NEUTRA’ radiography facility at the Paul Scherrer Institut (PSI, 

Switzerland). In the case of the PEFCs, the water distribution was imaged with an imaging 

plate technique with a pixel size of 500 µm and an exposure time of 20 s. The water 

distribution was imaged during the cell start-up and shutdown with the conditions given the 

caption of Figure 19. Liquid water was mainly observed in the anodic flow channels and after 

shutdown more liquid water was detected in the lower flow field part. The image exposure 

time could be decreased because of the optimised cell. 

In recent years, neutron radiography studies have been optimised by using CCD or sCMOS 

camera systems which allow a flexible image ratio without long delay times between, higher 

image resolution and allow 2D operando studies as described in the next section. 

 
Figure 19: First in situ neutron radiographies of a PEFC: Water condensation during start-up and shutdown. Bright 
areas indicate gas filled channels and dark water. Cell conditions: a) U = 0.53 V, s =48 A, TCell = 30 °C, b) = 0.57 V, 
s =53 A, TCell = 43 °C, c) U = 0.58 V, s =54 A, TCell = 48 °C, and d) OCP, TCell = 26 °C. Reproduced from Geiger et al.133 
with permission from Fuel Cells. 

Boillat et al.134 investigated the water distribution profile across a 400 to 600 µm thick MEA 

imaged in-plane. The imaging of the MEA requires a high resolution neutron setup. The price 

of higher spatial resolution comes with an increase of exposure time which could be reduced 

by an increase of the spatial resolution in the horizontal direction by utilising a slit as aperture 

for the beam collimation. With that aperture, a beam collimation in the vertical plane of L/D 

of ca. 350 and horizontally of 3000 could be achieved by a reasonable exposure times of 2 to 

5 minutes. Further, by tilting the detector around the vertical axis, a horizontal pixel size of 

2.5 µm could be reached. The investigated PEFC was optimised for neutron imaging with 4 

parallel channels and an active area of 0.5 x 1.0 cm2. On the ICON beamline (PSI, Switzerland) 

a study shows the first anisotropic high resolved images across a MEA structure during 

operation. Under the different operation conditions a strong separation of the water content 
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under the ribs and channels could be observed. Further a correlation between a decrease of 

performance and a higher water content in the cathode diffusion layer was found. 

The effect of cell compression and the effect on the water dynamics of a parallel flow field 

PEFC was studied by Kulkarni et al.135. The cell was investigated under a compression of 25 

and 35 % with neutron radiography in-plane and through-plane. The images were collected 

on the CONRAD imaging beamline at the Helmholtz Zentrum Berlin (HZB) with a sCMOS 

camera system and a pixel size of 15.2 µm with an exposure time of 5 s per radiography. 

During operation the cell was rotated to image in the in- and through-plane position. The 

water thickness could be quantitatively determined by using the Beer-Lambert law. Figure 

20 shows neutron images of the PEFC in operation and the calculated water thickness at the 

two different compressions. The study showed that the compression has just a marginal 

effect in the activation region but a notable effect in the water dynamics in the ohmic and 

mass transport region. 

 
Figure 20: Neutron images of a PEFC at different cell compressions imaged in- and through plane with j = 1 A cm-

1: a) in-plane radiographies at t = 300 s b) liquid water thickness profile in in-plane c) through-plane radiographies 
at t = 300 s. Reproduced from Kulkarni et al.135 with permission from the Journal of Power Sources. 

The spatial resolution and pixel size of fuel cell radiography varies between ca. 100 and 2 µm 

today and depends strongly on the purpose of the imaging experiments. Whereas for studies 

of the dynamic water distribution in the flow fields a lower spatial resolution is sufficient, a 

good temporal resolution is required, and consequently higher pixel size is used. In contrast 

for the imaging of the thin MEA components a high resolution is necessary to resolve the 
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single segments, but the temporal resolution will be decreased due to the higher beam 

collimation and reduced neutron flux which results in exposure times up to minutes. 

Neutron tomography on PEFCs 

Due to the fact that neutron tomographies require total exposure times of hours rather 

than minutes for a sufficient resolved tomography only a few articles show 3D studies of fuel 

cells. In total only four tomography studies on PEFCs could be found which are showing 

obvious limitations in the spatial and time resolution and the imaging contrast. 

The first tomographies on a PEFC are made by Manke et al.136 on the CONRAD/V7 imaging 

beamline of the Hahn-Meitner Institute Berlin (HMI). They studied two different fuel cell 

stacks with a different number of cells with neutron radiography and tomography. The spatial 

resolution was about 300 µm with a total exposure time per tomography of 5 hours. For each 

tomogram 600 projections with 30 s exposure time per projections were taken. Out of the 

results they concluded that quasi-in situ neutron tomography is an excellent tool to analyse 

the water distribution in an operating fuel cell stack. The separation of the water 

accumulation in single cells of a stack and the differentiation into an anode and cathode 

section is possible and allow a true insight into the water management. The back-diffusion 

between cathode to anode is reduced at higher currents and a more equilibrated distribution 

is observed at thinner MEAs. 

Santamaria et al.18 combined neutron radiography and tomography on a single serpentine 

PEFC during cooling the cell to sub-zero conditions. The cell was run at steady state power at 

80 °C before the cell was shut down and a purged process was started with a N2 flow for 60 s. 

After the purge process, all gas lines were closed and the cell cooled down to -5 °C during 

radiographic imaging. At the frozen state the cell was tomographic imaged. The tomogram 

contained 180 projections collected over 180 ° during 3 hours of exposure. The reconstructed 

volume has a pixel size of 100 µm and covers the whole 9.6 cm2 active area. The imaging was 

done at the University of California, Davis, McClellan Nuclear Radiation Center. In the 2D 

images the transformation from water to ice was visualised and the tomography results show 

where ice forms within the flow field and which regions are subject to blockages. 

Two further articles show neutron tomographies whereby Lange et al.137 uses the 

reconstruction algorithm DIRECTT to demonstrate the successful reconstruction of a limited 
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angle computed tomography on a big fuel cell stack and shows that the algorithm separates 

the anode and cathode successful. Markötter et al.17 analysed the water distribution during 

36 h after switching off a PEFC stack with 5 h tomograms (related to the work of Manke et 

al.136). They found that even after stopping all supply and control of the fuel cell, considerable 

transport processes take place from the GDL to the flow channels. 

All tomography studies on fuel cells show significant limitations in spatial and temporal 

resolution which prevent the use of neutron tomography for the visualisation of the dynamic 

water evolution and diffusion processes in PEFCs. 

Conclusion 

Neutron imaging on PEFCs has come to a standard investigation tool to study dynamic 

water evolution and management processes during cell operation. The spatial resolution in 

radiographic imagining in- and through plane varies between 100 µm to 2.5 µm pixel size, for 

investigating the single components of the MEA, and the single exposure times lie between 

a few seconds for lower spatial resolution and minutes for highly resolved images. Due to the 

long exposure times per radiography tomographic investigations are rare which may mainly 

cause by the long exposure times of several hours which allow only quasi-in situ studies.  

A more comprehensive overview of the state of art and future trends of neutron imaging 

on fuel cells can be found by Boillat et al.138. 

2.6 Conclusion 

Lithium metal and Li-ion batteries have the highest energy storage capacity and energy 

density of all batteries and are applicable in a large number of devices. For example, lithium 

primary batteries are used in emergency backup devices because of their good shelf life, 

simple use and acceptable costs. Further, Li-ion batteries have a good cyclability without any 

memory effects and can achieve more than thousands of charge and discharge cycles. This 

battery type is used in many transportable devices, such as mobile phones, tablets, laptops, 

HEVs and EVs. 

Standard investigation techniques using e.g. electron or X-ray beams are widely applied to 

analyse new battery cells or separate battery components. These techniques are often 

limited to surface examinations or unable to detect light elements such as lithium or the 
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hydrogen in the battery electrolyte. New unconventional investigation methods such as 

neutron imaging can help to overcome the drawbacks of standard research tools. 

The review has shown that neutron imaging is able to detect the lithium content in the 

battery electrodes and is able to image the lithium transport during battery cycling. But, 

neutron imaging of lithium batteries is limited by the high attenuation of lithium, the 

hydrogen in the electrolyte and the cobalt used in the cathode of Li-ion batteries. These three 

elements attenuate the neutron beam significantly and lead to long exposure times and a 

poor SNR. Additionally, state-of-the-art neutron imaging instruments using camera systems 

for lithium battery investigations with about 25 µm pixel size and provide a spatial resolution 

of ca. 50 µm, which make it impossible to detect < 100 µm broad electrodes inside Li-ion 

batteries. Nevertheless, this technique provides a good opportunity to image the lithium 

transport and electrolyte content in commercial lithium batteries. 

In contrast to neutron imaging of lithium battery cells, neutron imaging on fuel cells has 

been established as a standard investigation tool in recent years. The high sensitivity of 

neutrons to hydrogen allow the study of the water evolution and management in PEFCs. The 

studies comprise the imaging of the dynamic water evolution and diffusion processes in the 

flow field channels and high spatial but lower temporal resolved in the MEA. The main part 

of the studies using in- and through-plane radiography and only a hand full of articles 

describe the use of neutron tomography as investigation tool which may be due to the pour 

spatial resolution of a few 100 µm and exposure times of several hours per tomogram. 

Finally it should be mentioned that the used 3D Bragg ptychography (B-Pty) technique 

utilised for the imaging on a small single crystalline graphite flake before lithiation presented 

in section 8 is not reviewed. That is due to the fact that B-Pty studies are very rare and not 

used on lithium battery materials until now. A description of the technique is given in the 

Methodology section 3.  
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3 Methodology 

3.1 Neutrons 

In this chapter the basics of neutrons, neutron production for research and the neutron 

diffraction and imaging techniques are reviewed. This work is based on the discovery of 

neutrons by Chadwick in 1932. 139,140 

3.1.1 Fundamental Properties of Neutrons 

In modern research and materials analysis, neutrons play a crucial role that derives mainly 

from a few properties which are both comparable and different from X-rays. In contrast to 

X-rays, neutrons are particles with a mass mn and a magnetic moment µn. In addition, 

neutrons are also different from electron-beams, because of their neutral electrical charge 

(q), but both have a spin of ½. 

Table 5: Principal properties of neutrons. 141,142 

Mass mn 1.675×10-27 kg 

Electrical charge q 0 

Spin S ½ 

Magnetic moment µn 
-1.913×µN 

(nuclear magneton) 

Half-life t 885.8 ± 0.9 s 

Wavelength l 
(thermal neutrons 2,200 m s-1) 1.798 Å 

Energy E 
(thermal neutrons 2,200 m s-1) 

25.30 meV 

The zero-net charge of a neutron makes it a unique probe for diffraction, scattering and 

imaging studies for bulk measurements of large samples, where a good penetration depth is 

required. X-rays interact with the electron cloud of an atom or crystal where the incident 

photon is absorbed or scattered by an electron. Instead, neutrons interact strongly with the 

atomic core of an atom, which is illustrated in Figure 21. Further, the interaction cross-

section increases with the atomic number for X-rays. For neutrons, such a strong correlation 

doesn’t exist. Moreover, neutrons are also able to distinguish between different isotopes 

such as the high attenuating hydrogen (1H) and the almost transparent deuterium (2D). 

Consequently, neutrons are complementary for some elements or compounds which are 

transparent for X-rays, such as water and lithium, or highly absorbing, such as lead or other 
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metals. Further, the high isotope dependency of the neutron cross-section allows 

complementary neutron imaging by exchange of one or more isotopes by a different isotope 

in the experiment e.g. highly absorbing water by transparent heavy water in a fuel cell 

experiment. Further, the neutron cross-section varies with the energy of the incident 

neutron, like X-rays. Figure 22 shows the comparison of the mass attenuation coefficient for 

100 keV X-rays and thermal neutrons (2,200 m s-1) which are typical energies for imaging. 142–

144 

 
Figure 21: Image (a) shows the main interaction of X-rays with the electron cloud and (b) shows the interaction 
of incident neutrons with the nucleus. 

 

 
Figure 22: Comparison of the mass attenuation coefficient of X-rays with an energy of 100 keV and thermal 
neutrons (2,200 m s-1) with the elements (natural isotope mixture) and selected isotopes. 
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In contrast to X-rays, which are photons, neutrons are particles with a mass. But according 

to the wave-particle duality neutrons can be treated as wave and/or particle. Zeilinger et 

al.145 proved the approach by studying the Fraunhofer diffraction by using a double slit in 

1988. This is quite important, because in the neutron production and detection process, 

neutrons are considered as a particle and e.g. in neutron diffraction the results are 

interpreted by assuming the neutrons as a wave. 142 

According to the wave-particle duality it is possible to associate every free neutron with a 

wavelength l, which can be calculated by the De-Broglie equation (Equation 17). The 

wavelength is related to the Planck constant h divided by the neutron mass mn and the 

neutron velocity nn. 

 𝜆 = 	
ℎ

𝑚2𝑣2
 

Equation 17 

Usually, wavelengths are in the range of Å (10-10 m). The velocity of the neutron can be 

calculated from the kinetic energy of the particle (Equation 18). Additionally, every neutron 

is also related to a temperature T by the Boltzmann constant kb = 1.38×10-23 J K-1 = 8.617×10-

5 eV K-1. 146 

 𝐸 =	
1
2
𝑚2𝑣2# =	𝑘3𝑇 Equation 18 

The half-life t of a free neutron is t = 885.8 ± 0.9 s. After that, the neutron decays into a 

proton, an electron and an electron antineutrino. 146,147 

 𝑛& 	→ 	𝑝! +	𝛽" +	�̅�4 Equation 19 

3.1.2 Interactions of Neutrons 

Neutron scattering on a fixed nucleus 

Neutrons interact in two ways. Firstly, via nuclear interaction with the nucleus of a sample 

and secondly via magnetic interaction with the magnetic moment of the sample. In the 

following the magnetic interaction will be ignored because the magnetic properties are not 

part of this thesis. 
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In contrast to X-rays, neutrons do not interact with the electron cloud, but with the nucleus 

of a sample. The wavelengths which are used for imaging or diffraction experiments are 5 

orders of magnitude larger than the diameter of the nuclear potential of the nucleus (~1×10-

14). The strength of the interaction depends on the depth of the potential well, V. This 

potential is a result of the nuclear configuration in the nucleus and is not a smooth function 

of the number of protons or neutrons. The energy is in the order of MeV and much bigger 

compared with the kinetic energy of the neutrons. 144 

The scattering process of a neutron on a nucleus is a quantum-mechanical process. To 

describe this process, we treat the neutrons as a wave (wave-particle duality). As a 

simplification, we use the wave vector k for calculations. This vector points along the 

propagation direction of the neutrons and is related to the energy of the neutron. 

 𝑘 = 	 O𝑘P⃗ O = 	
2𝜋
𝜆
=
2𝜋𝑚2𝑣2

ℎ
 Equation 20 

The scattering of neutrons is described in terms of a cross section s (1 barn = 10-28 m2) 

which is equivalent to the effective area, presented by the potential of the nucleus, and the 

passing neutron. For a single fixed nucleus, the scattering is isotropic. Figure 23 shows the 

scattering of an incident plan wave with the wave function YI = eikx where the propagation 

of 𝑘P⃗  is parallel to the x-axis. The amplitude of the neutron wave scattered by the nucleus 

depends on the strength of interaction between nucleus and neutron. The scattered 

spherical wave function for an isotropic scattering process with the scattering centre in the 

origin of the coordinate system is than Yf = -b/r×eikr. The 1/r takes care of the inverse square 

law and the constant b is the scattering length of the nucleus and is a measure of the strength 

of the interaction. 148 
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Figure 23: Scattering of a plane neutron wave by a point scatterer P. 

In our specification, the nucleus is fixed and the scattering will occur without any energy 

transfer between the neutron and the nucleus. Because the neutron energy is unchanged by 

the collision, the length of the scattered wavevector kf is the same as the incident ki (see 

Figure 24 a)). The scattering cross section s is than given by Equation 21. Whereby b is 

uncorrelated with the number of the element and different for every isotope. 148 

 𝜎 = 4𝜋𝑏# Equation 21 

 

 
Figure 24: The scattering triangles show (a) the elastic scattering where the deflected neutron neither gain or 
loss energy and (b) the inelastic scattering where the neutron gains or losses energy by the interaction with the 
nucleus. 
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events preserve the phase of the incident wave. Dependent on the neutron energy, or rather 

the wavevector 𝑘P⃗ , the scattered intensity will be higher in certain directions. This is the case 

in a crystalline or a polycrystalline sample where the atoms are periodically oriented in the 

crystal lattices. The coherent scattering effect of an infinite crystal is described by Bragg’s law 

formulated by W. L. Bragg and his father W. H. Bragg in 1933 149,150. (see Bragg-Scattering) 

All scattering effects where the wave packets are not interfering are called incoherent. The 

total scattering is the sum of all single individual scattering events in this case. Incoherent 

scattering can occur if the distance between the crystal layers are too big, the atoms are 

disordered from the ideal lattice sites, from thermal fluctuations, a variation of different 

elements in the target, different isotopes or a different spin orientation of the nucleus. 

If the target is a mixture of different elements which consists of isotopes with different 

scattering properties, one component of the scattering is “isotope incoherence”. Another 

scattering effect results from the relative orientation between the spin of the neutron and 

the nucleus. That can be parallel or antiparallel and is described by two different spin 

dependent scattering lengths 𝑏! and 𝑏" and is called “spin incoherence”. The total scattering 

by a target is always a mixture of coherent and incoherent scattering effects. Following, the 

total scattering length and the total scattering cross-section is the addition of coherent and 

incoherent scattering effects. 144 

 𝑏 = 	𝑏.56 +	𝑏72.56	; 	𝜎 = 	𝜎.56 +	𝜎72.56 Equation 22 

Values for scattering length and cross-section for thermal neutrons are given by Sears 151. 

Unlike the scattering on a fixed nucleus the momentum �⃗� = 	ℏ𝑘P⃗  and the energy E of a 

neutron can be increased or reduced after scattering. This result, inter alia, from the phonon 

oscillation and vibrational waves in the crystal. According to the law of conservation of 

energy, no energy can be lost during a collision of a neutron with a nucleus. But energy can 

be transferred between the neutron and the nucleus. It results in momentum transfer: 

 ℏ𝑄P⃗ = 	ℏ(𝑘P⃗ − 𝑘8PPP⃗ ) Equation 23 

whereby 𝑄P⃗ = 	∆𝑘P⃗  is the scattering vector. ℏ = 	 6
#9

 is the Planck’s constant,	𝑘P⃗  the incident and 

𝑘8PPP⃗  the scattered wave vector. Figure 24 b) visualises the different scattering effects. In case 
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a) the neutron is scattered from the nucleus elastically without an energy transfer (O𝑘P⃗ O =

O𝑘8PPP⃗ O). Case b) shows a momentum transfer between the neutron and the nucleus. The 

neutron loss (O𝑘P⃗ O > O𝑘8PPP⃗ O) energy or gain (O𝑘P⃗ O < O𝑘8PPP⃗ O) energy. In both cases a) and b) a phase 

correlation between the incident and scattered neutron exist. This kind of scattering is called 

elastic and inelastic coherent scattering and results in interference effects. 

The incoherent scattering can be divided in an elastic and inelastic part as well. The 

elastically scattered part appears as unwanted background in scattering experiments. The 

inelastic incoherent results from interaction of a neutron with the same atom at different 

points and times. This scattering effect contains information of diffusion processes in a 

crystal. 148 

Bragg-Scattering 

As mentioned in the above, the basic concept of diffraction was formulated by W. L. Bragg 

and W. H. Bragg who described the relationship between the wavelength of radiation, l, the 

distance between the atomic lattice planes in a crystal, dhkl, and the scattering angle, 2Qhkl. 

 𝜆 = 2𝑑6:;sin	(Θ6:;) Equation 24 

The radiation is elastically, coherently scattered by the crystal lattice planes (hkl). Figure 25 

shows a schematic illustration of the Bragg-Scattering on one crystal plane. The incident 

neutron beam is a monochromatic wave which can be described by the wavevector 𝑘P⃗ . In the 

following, the neutron wave is scattered on the strict periodic crystal lattice and the outgoing 

scattered wavevector 𝑘8PPP⃗  has the same magnitude as the incident. Figure 24 b) visualise the 

scattering triangle of this process which is described as by: 

 𝑄P⃗ = 	
4𝜋sin	(𝜃)

𝜆
 

Equation 25 

148,152 

Nuclear Absorption 

Besides neutron scattering, incoming neutrons can be absorbed by the nucleus. Neutron 

absorption can occur by many different reactions such as fission or spallation but for the 
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neutron energies considered here neutron capture is of most importance. In every case, the 

process results in the emission of secondary particle: neutrons, protons, photons, fission 

products, or alpha or beta particles. The absorption cross-section sabs describes the strength 

of the interactions. 144 

 
Figure 25: Bragg-Scattering of rays on a crystal lattice.  

Total cross-section 

The total cross-section is the summation of the coherent and incoherent cross-section and 

the absorption cross-section. 

 𝜎<5<=; =	𝜎.56 +	𝜎72.56 + 𝜎=3> Equation 26 

For many isotopes, the scattering effect dominates the absorption effect. 

3.1.3 Generation of Neutrons 

In nature, neutrons appear as bound neutrons like in a nucleus of an atom. For research 

experiments it is necessary to free up neutrons by nuclear reactions which includes fission, 

photo fission, spallation or fusion. The most widely used neutron sources for scattering and 

imaging experiments use fission and spallation. But also, neutron production by radioactive 

sources from natural radioactive elements can be used, like Chadwick used for his 

experiment to prove the existence of neutrons. Such a natural neutron emitter is a 
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combination of an alpha emitter like 210Po which decays to a 206Pb + 4He + 5.3 MeV which 

reacts with 9Be by liberating a neutron: 139,140,142 

 𝐵𝑒? + 𝐻𝑒) 	→ 	 𝐶(# + 𝑛( + 5.7	𝑀𝑒𝑉 Equation 27 

This kind of neutron sources produces just a small number of neutrons per second and is 

very inefficient for most neutron experiments. In the following, the production of neutrons 

by the nuclear research reactor BER II of the Helmholtz Zentrum Berlin (HZB, Germany) and 

the ISIS spallation sources (ISIS Neutron and Muon Source, UK) of the Rutherford Appleton 

Laboratory (RAL, UK) are described. Both sources are used for the neutron experiments 

described in this thesis and provide a neutron flux of up to 2×1014 n cm-2s-1. 153 

Reactor based Neutron Source 
Today some of the highest neutron fluxes are provided by nuclear reactors such as the BER 

II reactor in Berlin (shutdown December 2019), the FRM-II reactor at Garching near Munich 

(Heinz Maier-Leibnitz Zentrum, MLZ, Germany) or the HFR reactor at the ILL in Grenoble 

(Institut Laue-Langevin, ILL, France) with a thermal neutron flux of 1.5×1015 n cm-2s-1 at the 

beam tubes. 142 The operation principle consists of fission of fissile materials such as uranium, 

thorium or plutonium. Mostly the natural fission material is enriched by the fissionable 

isotope 235U; at the BER II research reactor this can be up to 20 %. A typical fission reaction 

of a 235U reactor is shown by Equation 18. One neutron is absorbed by an 235U nucleus and 

produces a compound nucleus 236U. This new nucleus is meta stable and breaks up into a 

Krypton and a Barium isotope as fission fragments.  Additionally, on average 2.7 fission 

neutrons and an energy of up to 200 MeV are released. The energy is partly transferred to 

the fission products as kinetic energy. The mean energy transferred to the neutrons are ca. 

5 MeV. 

 𝑈#$@ +	 𝑛( →	 𝑈#$- → 𝐾𝑟?# + 𝐵𝑎()# + 2.7	 𝑛( + 179.4	𝑀𝑒𝑉 Equation 28 

To keep the nuclear fission reaction running, the fission neutrons must react again with an 
235U nucleus. Therefore, the neutrons are too fast and need to slow down. This is possible by 

a moderator material like water or carbon which slow-down the neutrons. A chain reaction 

occurs if every fission neutron starts a new fission reaction with a 235U nucleus. To control 

the chain reaction, is it necessary to remove neutrons from the reaction by capturing them 

or guiding them into beam ports for experiments. The easiest way to control the chain 

reaction is to use neutron absorbers which capture neutrons and limit the fission reaction to 
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a particular rate where the generation and consumption of neutrons are in balance. When 

the rate of produced neutrons is constant the reactor is called ‘critical’. Theoretically, all 

excess neutrons could be used for experiments. 142,153 

Spallation Neutron Source 

One of the most promising neutron sources of the future is the spallation source. The 

spallation process is a nuclear reaction which occurs when particles with high energy impinge 

on a nucleus of a heavy atom. Typical particles are protons in an energy range of up to 1 GeV 

which impact on a uranium, tungsten, lead or mercury target. Usually the proton beam is 

pulsed between 10 Hz and 60 Hz and the resulting neutron pulse adopts the same time 

structure. Per reaction one proton can, for example for a uranium target, produce ca. 30 

neutrons. The spallation process involves the incorporation of the particle by the target 

nucleus, starting a nucleon cascade, followed by the internuclear cascade and finally the de-

excitation of various target nucleons and the emission (evaporation) of high-energy neutrons 

and a variety of nucleons, photons and neutrinos. 142,144 

The world leading neutron spallation sources are the SINQ (PSI, Switzerland), SNS (Oak 

Ridge National Laboratory, USA), JSNS (J-PARC, Japan) and ISIS (ISIS Neutron and Muon 

Source, UK). Figure 26 shows the schematic layout of the ISIS source and the two target 

stations. The heart of ISIS is a caesiated surface penning H--ion source which delivers ca. 

50 mA H- current pulses which are about 200 – 250 µs long at 50 Hz. A linear accelerator 

accelerates the H- beam from 665 keV to 70 MeV. After that, a stripper foil made of graphene 

[private communication] removes the two electrons from the H- before the protons enter 

the synchrotron. Six RF cavities accelerate the proton beam to 800 MeV. By six fast kicker 

magnets the protons are injected into two proton beamlines which guide the protons to TS1 

and TS2 (target station). The injection runs at 50 Hz whereby four pulses are injected to TS1 

(160 µs) and every fifth to TS2 (40 µA) with about 2.8×1013 protons per pulse. Both TS use a 

tungsten target for neutron production. 154–156 
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Figure 26: The schematic layout of ISIS. Reproduced from STFC157. 

3.1.4 Preparation of the Neutron beam 

Neutron Moderation 

After the neutron production from a reactor or a spallation source the energy spectra of 

the neutrons is too fast and not useable for most of the imaging, diffraction or scattering 

experiments. The neutron spectrum depends on the temperature of the moderator 

surrounding the neutron source in the thermal equilibrium between the moderator material 

and the neutron gas. The velocity distribution of the neutrons for a certain moderator 

temperature is described by the Maxwell-Boltzmann distribution. 147 
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𝑃(𝑣2)𝑑𝑣2 = 4𝜋 h

𝑚2

2𝜋𝑘3𝑇
i
$
#
𝑣2#	𝑒𝑥𝑝. j−

1
2
𝑚2𝑣2#

𝑘3𝑇
k 𝑑𝑣2 Equation 29 

Figure 27 shows the velocity distribution for ‘cold’ neutrons at a moderator temperature 

of 25 K and 300 K and for ‘thermal’ neutrons at 2,000 K for a reactor neutron source. Neutron 

imaging and diffraction needs neutrons in the ‘cold’ or ‘thermal’ neutron spectral range (see 

Table 6). Most of the reactor-based neutron sources are designed for moderator 

temperatures of about 300 K. To extend the neutron spectra to larger wavelength a cold 

source can be employed. The cold source of the research reactor BER II consists of a layer of 

liquid hydrogen of about 10 cm thickness at 25 K 158. The neutron spectra correspond to the 

blue curve of Figure 27. 142 

 
Figure 27: Maxwell-Boltzmann flux distribution for large moderators at various temperatures. 

Table 6: Classification of Neutrons. reproduced from PSI159. 

Neutrons Energy E (meV) Temperature T (K) Wavelength l (Å) Velocity vn (m s-1) 

Cold 0.12 – 12.00 1.4 – 139.3 26.1 - 2.6 152 - 1515 

Thermal 12 - 100 139.3 – 1161.1 2.6 – 0.9 1515 - 4374 

Epithermal 100 - 1000 1161.1 – 11557.5 0.9 – 0.28 4374 - 13.8×103 
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3.1.5 Neutron imaging techniques 

History 

The start of neutron imaging can be dated back to the first experiments of Kallmann and 

Kuhn 95 and their US patent for photographic detection of neutrons in 1935. At the same time 

Peter, another German experimentalist, made neutron radiographies of fair quality by a 

reduced exposure of one to three minutes 160. The first neutron images by using a thermal 

neutron beam where made by Thewlis and Derbyshire 161 on a 6 MW reactor at Harwell 

(England) in 1956. From the beginning of the 1960’s onwards, neutron imaging became a 

viable non-destructive inspection technique. A deeper insight in the history of neutron 

imaging is given by Heller and Brenizer 162. 

During the last two decades, neutron imaging has been continuously improved in terms of 

detection and spatial resolution. A variety of new applications and methods were developed 

and applied which results in a series of new techniques in neutron imaging beside the 

conventional attenuation-based neutron imaging. These include e.g. monochromatic 

imaging, energy-selective 163 or Bragg edge imaging 164, phase contrast 165, dark-field contrast 
166, polarised neutron imaging 167 and resonance absorption imaging 168. Comprehensive 

reviews of neutron imaging and imaging techniques is given by Strobl et al. 143,169 and 

Kardjilov et al. 170. 

3.1.5.1 Principle of Neutron Imaging 

The characteristics of a neutron radiography or tomography station are crucial in terms of 

high spatial resolution and fast imaging. The ideal source for imaging is a point-source 

configuration. A pinhole with size D is used as source. The collimation of a neutron imaging 

station is characterised by the ratio L/D which limits the geometrical resolution, d, depending 

on the sample-detector distance, l. 

 
𝑑 = 𝑙 ∙ m

𝐿
𝐷o

"(
 Equation 30 

To tune the L/D ratio, imaging beamlines normally use various sizes of pinholes D at the 

end of the guide or flight tube. Depending on the imaging purpose a suitable pinhole size is 

chosen. For fast imaging a bigger pinhole size is applicable whereas for high resolution a 

smaller size is used. A high spatial resolution is only possible at the price of significant long 
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exposure times. Figure 28 illustrates the geometry of such a collimator configuration. 
143,144,171 

 
Figure 28: Geometry of a neutron imaging experiment. 

As mentioned before, neutrons interact strongly with the atomic nuclei whereby unique 

properties of interaction can be detected in transmission. Nevertheless, the imaging contrast 

is related to the attenuation cross-section. The neutron radiation through a sample is 

attenuated according to the exponential Beer-Lambert attenuation law. 

 𝐼(𝑥) = 	 𝐼&𝑒"A!""% Equation 31 

where x is the neutron path through the sample, I0 and I the incident and transmitted 

intensity and µatt is the attenuation coefficient. The attenuation coefficient is proportional to 

the sum of absorption and scattering cross-sections stotal and depends on the material 

density, r, the atomic weight, A, and the Avogadro number, NA. 

 𝜇=<< =	
𝜌
𝐴
𝑁B𝜎<5<=;  Equation 32 

According to the energy dependency of the neutron cross section the Beer-Lambert law 

can only be used for a single energy range. However, common neutron imaging experiments 

use polychromatic neutrons. Therefore, the law is extended by the energy E of the neutrons: 

 
𝐼(𝑥, 𝐸) = 	 v 𝐼&(𝐸)𝑒"A!""(D)%

D#!$

D#%&

𝑑𝐸 Equation 33 

Since the beginning of this century, digital imaging cameras have improved X-ray and 

neutron imaging instruments. The most widely used detectors use scintillator screens in 

combination with a CCD (charged-coupled device) camera or for short exposure times a 

CMOS camera. To avoid transmitted neutron and gamma radiation on the camera-chip, the 

L l

D
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camera is positioned perpendicular to the beam and is indirectly illuminated by a reflecting 

mirror. Such a configuration is shown in Figure 29. With regards to high resolution or fast 

imaging, the scintillator material and thickness is important. Conventional scintillators for 

neutron imaging are crystalline 6LiF/ZnS:Ag screens with 200 µm to 30 µm thickness. For a 

better neutron to light conversion, thick scintillator screens are preferred but self-shielding 

and dissipation of the 6Li-neutron reaction limits the light emission and spatial resolution. By 

silver doping the energy of the light emission is shifted to the maximum efficiency of the 

CCDs (l = 450 nm). However, for high spatial resolution, gadolinium oxisulfite (GADOX) are 

used as scintillator screens. Gadolinium has a higher cross-section than lithium and allows 

thin scintillator foils. An overview about scintillator material, thickness and spatial resolution 

is given by Kardjilov et. al. 172. 143 

For modern, ToF imaging beamlines, on spallation sources, conventional scintillator-based 

imaging systems are to slow to record the ToF spectra. Modern micro-channel plates (MCP) 

detectors, exploiting the 10B(n,a)7Li capture conversion on their active inner surface provide 

temporal resolution of about 1 µs. 173 

 
Figure 29: Schematic of an indirect imaging detector. 

During the imaging process, several unwanted artefacts can occur. Recorded images can 

be contaminated by i) electrical noise of the camera, ii) spatial and temporal variations in the 

intensity of the beam, iii) inhomogeneities in the scintillator and the detector and iv) white 

spots which are caused by gamma and neutron radiation. The first three points i) to iii) can 

be corrected by normalisation of the images like described here: 
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 𝐼 = 	
𝐼>=FG;4 − 𝐼0=H:
𝐼IJ − 𝐼0=H:

 Equation 34 

where Isample is the intensity of the sample, Idark is the intensity of the electronical noise of the 

camera and IOB is the open beam intensity. White spots can be reduced by using image filters 

such as non-local mean or median. Another way to reduce white spots is to measure several 

images per projection and combine them, often used in combination with a median filter. 

Artefacts like scattering, refraction and beam hardening are not trivial and corrections 

remain a challenge. Further artefacts occurring after the reconstruction are ring, line or 

starburst artefacts. Also, sample positioning plays a crucial rule to avoid sample movements, 

the positioning with regards to the rotation axis and the field of view (FoV). 

Further limitations are given by the spatial resolution vs. the exposure time. A higher spatial 

resolution is only possible by the price of longer exposure times. For tomographies the 

number of projections increases as well, in order to extend the spatial resolution of the third 

dimension. To double the spatial resolution, a four-times longer acquisition time is needed 

to achieve the same count rate per pixel. 

Today’s state-of-the-art imaging beamlines use cameras with a maximal pixel number of 

2k by 2k. Due to the limited pixel numbers, the FoV needs to be reduced in order to switch 

to higher spatial resolutions. 

Further limitations are given by the neutron spectra. ‘Cold’ neutrons provide a high 

contrast between the different isotopes, but thermal neutrons penetrate thicker samples. 

Sample activation is another issue: neutron capture of the sample can result in radioactive 

isotopes which decay with the emission of alpha, beta, gammas, fission products and other 

radiation. The level of activation depends on the kind of isotopes in the sample and the 

exposure time. 143 

3.1.5.2 Attenuation based Neutron Imaging 

Conventional attenuation-based imaging is the oldest and most widely used imaging 

technique for neutrons. The imaging contrast is related to the absorbed and scattered 

neutrons in the transmitted beam. For imaging, the full neutron spectrum of the beamline is 

used. This technique is still very popular and has many applications in diverse fields, such as 

biology, geology, artwork, archaeology, material science, chemistry and physics. With 
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innovative improvements like newly designed neutron guides, focusing devises and high 

resolution imaging detectors imaging in the sub-second region and spatial resolutions below 

10 µm are accessible. 5,174 

3.1.5.3 Bragg Edge Imaging 

The Bragg edge imaging (BEI) techniques provide information related to the crystal 

structure of crystalline samples. Traditionally, X-ray or neutron diffraction is used for stress 

and strain measurements, but BEI provides 2-dimensional (2D) resolved information with a 

up to ten times better spatial resolution. 

In this technique, a series of wavelength dependent transmission images are made. The 

recorded intensity/contrast is a function of transmitted neutrons without interaction, 

absorbed neutrons, incoherent and elastic coherent scattered neutrons (Bragg scattering). 

The intensity plotted as a function of neutron wavelength provides crystallographic 

information of the sample. For some particular {hkl} families the Bragg scattering angle 

increases as the wavelength is increased until the Bragg scattering condition cannot be 

fulfilled any longer, which occurs for wavelengths larger than: 

 λ = 2𝑑6:; sin(90	°) = 2𝑑6:;  Equation 35 

At this particular wavelength, the intensity increases remarkably and an intensity edge 

occurs. This edge is called a Bragg edge. Figure 30 a) shows schematically the condition for 

Bragg scattering and the intensity plot for graphite powder with the large (002) Bragg peak 

at 6.71 Å. The Bragg edges are strongly related to the d-spacing (change of dhkl) of the crystal 

lattice. Any change in the d-spacing caused by stress, strain, temperature, diffusion or 

intercalation processes results in a Bragg edge shift. 

The Bragg edge technique is recently added to most of the imaging beamlines at spallation 

neutron sources such as ISIS, J-PARC and SNS. Fast gas or MCP detectors capture wavelength 

separated images from the short ToF pulses which are integrated over many pulses. But also 

reactor based neutron sources providing Bragg edge imaging by using a double crystal 

monochromator (DCM). 
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Figure 30: Principle of Bragg Edge Radiography: a) shows the fundamental principle of the coherent neutron 
scattering on a polycrystalline material. Neutrons of different wavelengths enter the polychromatic sample and 
are scattered in respect to the Bragg law. From top to bottom, for a particular {hkl} family the Bragg scattering 
angle increases and more and more neutrons are scattered out of the beam direction (yellow). With increasing 
wavelength, the amount of coherent scattered neutrons increase until a maximum is reached (green) and the 
Bragg law is not anymore fulfilled and the transmission rises (blue). The position of the Bragg edges is related to 
the d-spacing of the material such as shown in b) for graphite powder with the strong (002) Bragg edge. c) shows 
related Bragg edge radiographies of the graphite powder, in an Al container, at different points of the Bragg edge 
spectrum which show the contrast changes due to the Bragg scattering at different wavelength. 

3.1.6 Neutron Imaging Beamlines 

3.1.6.1 CONRAD-2 – COld Neutron RADiography (HZB) 

The Conrad (V7) beamline is located at the BER II research reactor of the Helmholtz 

Zentrum Berlin (HZB) and is designed for non-destructive neutron imaging experimental 

methods and investigations of the internal structure of materials and engineering 

components. The first beamline design was made in 2004 and constructed in 2005 (CONRAD-

1); from 2010 to 2012 the neutron guide and the instrument were updated. 

With the update, to CONRAD-2, the neutron guide (NL-1B) was redesigned to obtain a 

higher neutron flux and smaller divergence on the instrument. The guide is divided in a 

curved and a straight guide section, which guide the neutrons by total reflection to the 

instrument. The first curved section is positioned in the front of the cold neutron source, a 

vessel filled with ca. < 30 K cold hydrogen, with a radius of r = 750 m, a length of l = 150 m 

and a M = 3 coating, see Figure 31 a). This curved section filters out the thermal and 

epithermal neutron energies below 1 Å and avoid unwanted gamma radiation, from the 

source, on the instrument. The role of the final straight guide section is to homogenise the 

beam intensity over the guide cross-section (12 x 3 cm2). Further, an optional 5 mm thick 

!
polycrystalline

material

" < $%&'(

Ne
ut

ro
n 

be
am

! " > $%&'(

* = ,-°

No more scattering from same hkl plane

$%&'(/01* = 	"
Bragg law

Graphite Powder

i)

ii)

iii)

iv)

002

a) b)

2.25 Å 6.69 Å2.51 Å 6.80 Å
i) ii) iii) iv)

before (112) after (110) before (002) after (002)

AlGraphite
powder

! " = $%&'(

c)



 107 

graphite (polydisperse powder) filter is used as a diffuser to smooth out remaining intensity 

fluctuations in the neutron beam. 

Figure 31 b) shows the layout of the instrument CONRAD-2. The instrument is shielded by 

a sandwich design of 5 mm B4C plastic and 5-10 cm lead plates at the outside. The boron, in 

the plastic, absorbs neutrons by radiation of gamma-rays, which are shielded by the lead. 

The shielding has two major tasks: firstly, avoiding contamination of the surrounding by 

neutrons and gamma-rays and secondly, lowering the background from unwanted scattered 

neutrons of the neighbouring instruments. 

 
Figure 31: Schematic view of the CONRAD-2 Imaging beamline: a) shows the design of the NL-1B neutron guide 
of CONRAD-2 and b) the layout of the neutron imaging instrument. Reproduced from Kardjilov et.al.175 with 
permission from the Journal of Applied Crystallography. 

The redesign of CONRAD provides a much colder energy spectrum of the neutrons. The 

new cold neutron spectrum is given by Figure 32 and shows a wide usable wavelength range 

from ca. 1.5 Å to 10.0 Å. The maximum of the spectra is at 2.58 Å and the average energy is 

3.78 Å. The gap at about 4.5 Å is due to the presence of the monochromator of the diffraction 

instrument placed upstream of CONRAD-2. The intensity in front of the neutron guide is 
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2.7 109 n/(cm2 s) and 2.4 107 n/(cm2 s) at the last sample position, 10 m from the guide. The 

beam is collimated by a set of different pinholes (aperture sizes: D = 1 – 3 cm) placed in the 

front of the guide. The beam divergence is given by the distance L, from the aperture to the 

sample position. Typically, two different sample positions are used, the middle position at L 

= 5 m and the third at L = 10 m. The theoretical L/D ratios are between 1200 and 400, 

respectively. The maximal FoV is 30 x 30 cm2 at the third sample position. 

 
Figure 32: Wavelength spectrum of the cold neutron imaging Instrument CONRAD-2: Private Communication 
with Kardjilov. 

For experiments, a number of different detector systems are available. For large size 

samples a combination of an 50 – 200 µm 6LiF/ZnS:Ag scintillator and a sCMOS ‘Neo’ camera 

from Andor is usable at sample position three, 10 m from the guide. For visualisation of 

dynamic processes, a high-speed detector is available with an 200 – 400 µm 6LiF/ZnS:Ag 

scintillator and the sCMOS at the middle sample position, 5 m from the guide. Further, for 

high-resolution imaging a detector with 10 µm Gd2O2S scintillator and CCD Andor ‘DW436N-

BC’ camera at the middle sample position is usable. 

For high speed radio- and tomographies, a new detector system consisting of a 400 µm 

thick 6LiF/ZnS:Ag scintillator and a CMOS ASI178MM-Cool camera from ZWO is developed 

and placed about 1.4 m in front of the neutron guide. At that position the neutron flux is 

about 1.5 109 n/(cm2 s) and allows image exposure times below 100 ms with a spatial 

resolution of about 300 µm. 

The CONRAD-2 instrument is mainly used for radiography and tomography based on 

absorption contrast. However, the high intensity and the beam line design, enables the 

exploration of nonconventional contrast mechanisms such as phase, diffraction and 
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magnetic contrast. For energy selective measurements a double-crystal and a velocity 

selector (see Figure 31 b)), in the front of the guide, are available. Further, a solid-state 

polariser setup and a phase grating setup enable imaging of magnetic signals, phase-contrast 

and dark-field.175–177 

3.1.6.2 IMAT – Imaging and MATerial Instrument (ISIS) 

The IMAT (Imaging and MATerial Science) beamline is a neutron imaging and diffraction 

instrument located at the ISIS neutron spallation source at the Rutherford Appleton 

Laboratory, UK. The instrument is designed for a wide range of applications from non-

destructive in-situ testing, and analysis of engineering materials, and studies of scientific 

samples of various fields, such as physics, biology, geology and archaeology. 

Currently, the IMAT beamline is still in commissioning and provides just a small spectrum 

of measurements and analytical methods compared with the number of methods that will 

be available later. Presently, a number of different imaging techniques are available, such as 

white-beam radiography and tomography, energy-dispersive and energy-selective (Bragg 

edge) imaging, with various neutron detectors. Additionally, a prototype to diffraction 

module, positioned at 90 ° to the beam, is available for first diffraction studies. 

Neutrons are generated by short 800 MeV proton pulses bombarding a tungsten target on 

target station 2 (TS-2) at an interval of 100 ms (10 Hz). A spallation reaction produces 

neutrons with an energy of about 2 MeV. These neutrons are slowed down by an 18 K cooled 

hydrogen moderator, which provides neutrons in the cold energy range. The cold neutrons 

are guided by a straight neutron supermirror guide, installed behind the cold source, to the 

instrument. The guide has a cross-section of 9.5 x 95 cm2 and is coated with an M = 3 Ni/Ti 

multilayer coating on glass. Several breaks in the neutron guide provide spaces for beam 

monitors and beamforming disk choppers. Figure 33 a) shows a schematic view of the IMAT 

beamline with two chopper pits. About 12.8 m behind the moderator, a 20 Hz rotating T0 

copper plate, stops fast neutrons and filters gamma radiation from the source pulse by a 

200 mm thick Inconel absorbing layer. Further, two double-disk choppers, installed at 12 m 

and 20 m behind the moderator, define the wider (6 Å) or narrower (1 Å) wavelength bands 

and prevent frame-overlap with the following neutron pulse. The 780 mm diameter 

aluminium-alloy disks are coated by a neutron absorbing 10 mm thick B4C layer. The chopper 

can run with the standard 10 Hz source frequency in the single-chopper mode and provide a 

wavelength spectrum from about 1 Å to 7 Å or in the 5 Hz double-chopper mode, which 
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allows a doubling of the wavelength bandwidth (2 Å to 14 Å) by suppressing every second 

neutron pulse. Five beam monitors on different positions in the neutron guide monitor the 

beam quality. 

 
Figure 33: Schematic view of the IMAT neutron imaging beamline and overview of the instrument hutch: a) 
shows the schematic view of the IMAT instrument looking upstream, b) the end of the neutron vacuum tube at 
the sample position and c) the sample environment camera box and commissioning diffraction detector system. 
The red arrows indicate the direction of the neutron beam. Reproduced from Minniti et.al. 178 with permission 
from Nuclear Instruments and Methods In Physics Research. 

At 46 m, at the end of the neutron guide, a pinhole changer with five circular apertures of 

5, 10, 20, 40 and 80 mm is positioned. After that, a 9 m long vacuum tube (Figure 33 b)) 

minimises neutron flux density losses between the aperture and the sample position. The 

sample position (Figure 33 c)) is about 10 m behind the collimating pinhole configuration, 

which provides theoretical L/D’s of 2000, 1000, 500, 250 and 125. If needed, a second sample 

position can be temporarily arranged by removing a section of the flight tubes at ca. 5 m 

distance from the pinhole changer. That position allows a theoretical increase of the neutron 

flux by four times (practically about two to three times) but with a loss of spatial resolution 

due to a reduced L/D. 

In the single-chopper mode, a maximal integrated neutron flux density of 2.2×107 n cm-2s-1 

can be achieved with a pinhole size of 80 mm. For the highest L/D configuration the neutron 

a)

c)b)
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density decreases dramatically to 9.6×104 n cm-2s-1. Figure 34 shows the wavelength spectra 

of IMAT in the single-chopper mode, measured with an aperture size of 80 mm. The maximal 

intensity can be found at about 3.36 Å and the average wavelength is 3.89 Å. 

On the first sample position 10 m behind the pinhole changer, shown in Figure 33 c), a 

heavy-duty 7-axis sample positioning system allow investigations of samples with a mass of 

up to 1.5 tonnes. Furthermore, imaging neutron detectors can be easily positioned around 

the sample by a 7-axis robotic positioning system. A 200-element prototype diffraction 

detector works in a fixed scattering angle of 90 ° and can collect diffraction data with a 

diffraction resolution of better than 0.7 %. 

 
Figure 34: Wavelength spectrum of the IMAT neutron imaging and diffraction Instrument: Normalised single-
mode wavelength spectra of the IMAT beamline. Private Communication with Minniti. 

Currently, various detector systems with different properties are available. For white beam 

radiography and tomography, a 2048 x 2048 pixel ANDOR Zyla sCMOS 4.2 PLUS camera with 

a flexible FoV, by using different focusing lenses, is used. A spatial resolution of better than 

60 µm with a pixel size of 29 µm can be reached. The maximal FoV is about 

211.5 x 211.5 mm2. Standard scintillator foils are available consisting of 6LiF/ZnS:(Cu/Ag) with 

thicknesses between 20 µm and 200 µm. For energy-selective and energy-dispersive 

measurements an MCP-based neutron counting detector is used. The detector is developed 

at the University of California, Berkeley, USA179. The FoV is 28 x 28 mm2 with a pixel array of 

512 x 512 pixels and a pixel size of 55 µm. The detector registers the time of neutron arrival 

and transfers it into a histogram of 3100-time channels. From these channels a stack of ToF 

radiographies result. From the ToF data, the neutron energy can be calculated for every 
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single radiograph. IMAT provides a wavelength resolution, which is wavelength dependent, 

better than ≥ 0.8 %. 

The IMAT beamline extends the material analysis options of the ISIS neutron facility. The 

beamline enables stress and strain analysis on large and heavy samples by using neutron 

diffraction and energy-selective imaging. Additionally, polychromatic radiography and 

tomography imaging are possible. 

178 

3.1.6.3 D50/NeXT-Grenoble – Neutron Imaging Instrument (ILL) 

The D50 beamline is a dual neutron instrument located at the High Flux research Reactor 

(HFR) at the Institut Laue-Langevin (ILL). The beamline comprises two instrumental stations 

a neutron reflectometer called ‘Rainbows’, for refraction analysis, and the neutron and X-ray 

tomography instrument ‘NeXT-Grenoble’. The tomography instrument was built in 2016 

from the joint efforts of Université Grenoble Alpes (UGA, Grenoble, France) and the ILL. 

The instrument is outstanding in terms of neutron flux and provides the highest spatial and 

temporal resolution for neutron radiography and tomography. Furthermore, a perpendicular 

to the beam installed X-ray gun, enables the simultaneous use of neutrons and X-rays for 

imaging which make benefits out of the complementary imaging contrast of both kind of 

rays. Figure 35 a) shows a cross section of the dual neutron instrument located at the end of 

the H521 guide. At the right side neutrons enter the instrument which are generated from 

the 58.3 MW HFR, with the most intense continuous neutron flux in the world (1.5×1015 n cm-

2s-1), guided through a cold source and a banded neutron guide. The cold source moderates 

the thermal neutrons to a cold neutron spectrum of 2 to 20 Å with the peak of the neutron 

flux at about 2.9 Å. The full spectrum is shown in Figure 36. After the cold source the banded 

H521 neutron guide removes remaining thermal neutrons and gamma rays from the reactor 

source. Of the 150 x 60 mm2 guide only a 30 mm circular area of the top section is used for 

imaging. 

Both instruments; the neutron imaging instrument and the reflectometer work alternately. 

Figure 35 a) shows the collimation tubes for the reflectometer and the set of sintered B4C 

pinholes for NeXT. For imaging, several pinhole sizes are available; 30, 23, 15, 12.5, 10, 7, 5, 

2.5 mm in diameter. Two 5 m long vacuum flight tubes reduce the neutron attenuation by 
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air from the pinhole to the imaging station. Figure 35 b) shows an illustration of the NeXT 

imaging setup downstream the beam and the beam preparation before. At the end of the 

H521 guide a neutron flux of 1.4×1010 n cm-2s-1 reaches the instrument entrance which results 

in a maximal neutron flux of 3×108 n cm-2s-1, for an L/D of 333 for the larges pinhole diameter 

of 30 mm on the sample position, which is the highest neutron flux of a neutron imaging 

instrument wold wide (to the authors best knowledge). 

 
Figure 35: Illustration of the D50 cold neutron imaging instrument and the camer setup: a) shows a side view of 
the D50 instrument including the tomograph and the reflectometer and b) illustates the NeXT imaging setup 
including the pinhole selector, vacuum flight tubes and the neutron/X-ray imaging setup. Reproduced from 
Tengattini et al.7 with permission from Nuclear Instruments and Methods in Physics Research Section A. 

The spectrum (Figure 36) measured by the reflectometer shows the highest flux at ca. 2.9 Å 

and an average wavelength of ca. 3.9 Å for a polychromatic beam. The dips in the spectrum 

at about 4.5 Å and 5.2 Å are caused by monochromator crystals which feed the D16 

diffractometer and the SuperADAM reflectometer upstream of the neutron guide. 

Inhomogeneities in the 2D neutron beam are partly compensated by a graphite diffusor filter. 

For the neutron imaging setup there are currently three different camera setups with 

different FoV and spatial resolution available. One medium resolution system with variable 

FoV and two high resolution systems are available. The medium resolution detector system 

consists of the typical scintillator, mirror, optics plus camera setup. Multiple scintillators are 

available for different imaging demands. The set of scintillators includes 6LiF/ZnS scintillators 

a)

b)
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with 200, 100 and 50 µm thickness, GADOX Gd2O2S:Tb/6LiF scintillators with 20, 10 and 5 µm 

thickness and a 3 µm version enriched with 157Gd for a higher neutron capture. The GADOX 

scintillators are also utilised in the high resolution camera systems. A Hamamatsu ORCA-

Flash4.0 V2 sCMOS camera is used with a chip array of 2048 x 2048 pixel2 and a pixel size of 

6.5 µm. The sCMOS camera allow an imaging speed of up to 100 Hz. The FoV is variable from 

165 x 165 mm2 to 20 x 20 mm2 with a spatial resolution down to 30 µm and exposure times 

of 0.5 s until the camera is saturated (using a 100 µm ZnS/6LiF scintillator and FoV of ca. 

100 mm). This allows for fast 4-dimensional (4D) imaging studies. 

 
Figure 36: Wavelength spectrum of the D50/NeXT neutron imaging instrument: The graph shows the normalised 
wavelength spectrum of the D50 neutron imaging beamline. Private Communication with Tengattini. 

Highly resolved images are possible by using a higher L/D ratio and high spatial resolution 

camera systems which allow a spatial resolution of better than 4 µm. The FoV variates 

between ca. 30 x 30 mm2 and 4 x 4 mm2 with pixel sizes between 16 and 2 µm and up to 

2 min of exposure time to saturate the 16 bit Hamamatsu camera. 

The installed X-ray imaging device consists of a micro-focused X-ray generator and an X-ray 

detector. The Hamamatsu L12161-07 X-ray source consists of a tungsten target and a 

beryllium window and accelerates electrons up to 150 keV and 500 µA with a minimal focal 

spot size of 5 µm. In combination with the, 1792 x 2176 pixel2 and 139 µm pixel size, Varex 

PaxScan® 2530HE detector X-ray images can be achieved with 9 Hz and 5 µm spatial 

resolution. 
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The neutron and X-ray setups are installed onto a granite bench due to the good thermal 

and mechanical stability. A large, hollow rotation table (350mm inner diameter) allows a 

precise sample rotation of ±5 m° and 500 kg heavy samples. 

A more detailed overview of the D50/NeXT-Grenoble imaging instrument can be found by 

Tengattini et al.7 

3.2 X-rays 

In 1895, X-rays were discovered by Wilhelm C. Röntgen180,181. He was working with a 

cathode-ray tube and obtained rays originating from the spot where electrons hit the glass 

tube or a target inside the tube. Further, he found that every material he inserted between 

the spot where the rays were originated and a fluorescent screen, were transparent to these 

rays to some degree. But the transparency decreased with increasing density of the sample. 

Additionally, the rays couldn’t be deflected in magnetic fields. For these reasons, Röntgen 

called these somewhat mysterious rays, X-rays. Just a few months after the discovery of the 

X-rays they were used first in medicine. 

X-rays are electromagnetic radiation which are invisible and without a mass. In the 

electromagnetic spectra the rays are in a range from about 0.01 Å ≤ l ≤ 10 Å, shorter than 

ultraviolet light. They travel straight in space with the speed of light. The electric and 

magnetic field oscillate perpendicular to each other. Additionally, they couldn’t be reflected, 

refracted or deflected by an electric or magnetic field. Energy transfer occurs just in terms of 

quanta and the attenuation increases with the atomic number and the density of the 

sample.144 

3.2.1 Interaction of X-rays 

For X-ray imaging, commonly X-ray energies in the range of 10 keV to 180 keV are used. 

The reason for that is, that soft X-rays don’t penetrate deep enough and hard X-rays provide 

a poor imaging contrast. In the following a brief introduction in the major absorption and 

scattering mechanisms of X-rays is given. 
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Photoelectric Effect 

In 1887, Heinrich R. Hertz 182 used a device with a spark gap in an electrical circuit to 

generate oscillating waves by sparks. These waves were detected by sparks which occurred 

at the same time on a second device. The oscillating waves he produced were the 

electromagnetic waves predicted from Maxwell’s wave theory of light. The curious effect, 

which Hertz detected, on the second gap was later identified by Albert Einstein 183 as the 

Photoelectric effect. 

In some cases, electrons are removed from the surface of the metal when it’s exposed to 

light. For example, that can be the case when a single X-ray photon, hits an electron. Then, 

the photon energy, hn, is transferred completely to the electron and the electron is removed 

from the metal surface. One condition is, that the photon energy is larger than the energy 

which is needed to remove the electron from the bulk. This energy is called work function F 

and is in the range of 2 eV to 5 eV for the most metals. The maximal energy of the removed 

electron is then: 

 𝐸4'	F=% = ℎ𝜈 − 𝜙 Equation 36 

After the removal of the electron an electron from a higher orbital is ’jumps’ into the 

vacancy and emits characteristic fluorescence photons in all directions, or an Auger electron. 

The fluorescence photons are characteristic for each material. 

Elastic Scattering and Bragg Scattering 

Electrons can exist as free unbound electrons or bound electrons to an atom. In both cases 

electromagnetic waves with a low energy, such as X-rays, are scattered elastically. In the first 

case, for a free single unbound electron the scattering effect calls Thomson scattering and in 

the second case, for an electron bounded to an atom calls Rayleigh scattering. The energy 

and modulus of the incident and scattered photon are equal. 

If the scattering happens on a large number of ordered electrons, such as in a single 

crystals, X-rays will be scattered elastically coherent. This scattering effect is named Bragg 

scattering and is described in section 3.1.2. 

Compton Effect 
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In 1923, Arthur H. Compton 184 discovered inelastically X-ray scattering on electrons. The 

incident photon is interacting with a relatively free electron or strong bounded valence 

electron. During the interaction the photon loses a part of his energy on the electron and is 

scattered. The lower energy scattered photon is scattered in an angle q: 

 𝜆# − 𝜆( = Δ𝜆 =
ℎ
𝑚4𝑐

(1 − cos 𝜃) Equation 37 

where l1 and l2 are the wavelength of the incident and the scattered photons, respectively. 

h is the Planck’s constant, me the mass of the electron and c the speed of light. The scattered 

photon has lost all phase relationship to the incident photon. The number of Compton 

scattered photons increases with the atomic number of the element. 

 
Figure 37: Compton scattering on an electron. 

Total Cross-Section 

In the energy range of X-ray imaging the three above described absorption and scattering 

mechanisms dominate the not discussed pair production and photonuclear absorption, 

which occur at higher X-ray energies. The total cross-section is than written as: 

 𝜎<5<=; =	𝜎G4 + 𝜎4; + 𝜎.5FG< Equation 38 

where spe is the photoelectric cross-section, sel, the elastic scattering cross-section and, 

scompt, the Compton effect cross-section. The percentage of the cross-section depends mainly 

on the energy and atomic number. In X-ray imaging the photoelectric effect is the dominating 

effect. 144 
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147 

3.2.2 Generation of X-rays 

X-rays can be created in two ways: 

1) A core electron is removed from an inner shell of a target material and an electron 

from a higher shell is jumping in the vacancy by radiation of characteristic X-rays. 

2) X-rays can be generated by accelerating or decelerating charged particles. 

3.2.2.1 X-ray Lab Sources 

Commonly, in laboratories or in medical applications X-rays are generated by X-ray tubes. 

In X-ray tubes, electrons are freed up from a cathode filament and accelerated by a high 

voltage of 20 keV to 200 keV, in a vacuum. The voltage is applied on a cathode, negative, and 

an anode, positive, electrode. After that the electrons bombard the anode target producing 

X-rays. Common anode materials are molybdenum, copper and tungsten. Figure 38 shows a 

simple schematic drawing of an X-ray tube. 

 
Figure 38: Schematic drawing of an X-Ray tube. 

On the anode target, X-rays are generated by the two different ways described above. The 

X-ray energy spectrum is a superposition of these effects and has three spatial 

characteristics: 1) The spectrum shows a continuous Bremsstrahlung spectrum, 2) 

characteristic peaks on  top of the Bremsstrahlung spectrum and 3) the spectrum has a sharp 

cut-off wavelength, lcut-off, which depends on the energy of the electrons. Figure 39 a) shows 

the X-ray spectra for a tungsten target with 40 kV and 80 kV acceleration voltage and b) 

shows the spectrum for a molybdenum anode with 35 kV. The characteristic peaks, on top 

of the spectra, correspond to the atomic transitions when electrons jump down to a vacancy 

in the inner shell of the target material. The vacancies are produced by bombarding the 

target with electrons. The notation, Ka, Kb, etc., indicate the electronic transitions and is 
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Vacuum sealed
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called the Siegbahn notation. For example, the Ka emission originates when an electron 

jumps from a 2p-orbital, “L”, to the 1s-orbital, “K”. Whereas, the Kb emission originates when 

an electron jumps from a 3p-orbital, “M”, to the 1s-orbital. The higher order transitions 

disappear when the voltage, of the X-ray tube, is reduced. 147 

 
Figure 39: Image a) shows the characteristic X-ray spectra of a tungsten target for a 40 kV and a 80 kV 
acceleration voltage and b) shows the spectrum for a molybdenum target for a 35 kV acceleration voltage. 
Reproduced from Tipler and Llewellyn147, with permission from W. H. Freeman and Company. 

3.2.2.2 Synchrotron generated X-rays 

Most laboratory X-ray imaging devices need long exposure times and are limited in spatial 

resolution. Synchrotrons are the best choice for fast imaging with up to 40,000 fps and high 

spatial resolution in the sub-micrometre range. Synchrotrons use accelerated electrons to 

produce X-ray beams of high brilliance and photon energy. In state-of-the-art synchrotrons, 

electrons are accelerated in cavities and stored in a polyhedral path. To generate X-rays an 

electron velocity close to the speed of light is needed. Strong magnetic fields keep the 

electrons on their orbit. In this process the electrons are accelerated during the change in 

direction. A high electron energy of up to 8 GeV and a minimised bending radius results in a 

straight forward scattering of X-rays. The generated X-rays are guided in beamlines to the 

instruments. The magnetic devices which bend the electron beam are called bending 

magnets. After such a magnet often, an accelerating radio-frequency cavity accelerates the 

electrons to hold them close to speed of light. Additional magnetic lens systems are used for 

focussing the beam. 

Further, in new synchrotrons, insertion devices, such as wigglers or undulators, are used to 

achieve a higher brilliance of the generated X-ray beam. In such devices the electrons 

undergo various undulations and the radiation of each change superimposes. Furthermore, 

modern synchrotrons can achieve hard X-ray energies of up to 300 keV and more, which 

allow investigations of samples where a deep X-ray penetration is needed. Figure 40 shows 
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a schematic drawing of a modern synchrotron storage ring with bending magnets, X-ray 

producing insertion devices and accelerating cavities. 

 
Figure 40: Illustration of a synchrotron storage ring: where electron packages, with a velocity close to the speed 
of light, are guided in a circular ring reflected by bending magnets and dipole insertion devices such as wiggler 
and undulator with a specific synchrotron radiation spectra and accelerator cavities to compensate energy losses. 
The produced X-rays are guided in beamlines to the instruments and used for experiments. 

144 

3.2.3 Preparation of X-ray beam 

Before the X-ray radiation can be used for imaging the beam undergoes different 

preparation steps starting from the X-ray generation over several filters and monochromator 

devices to X-ray optics. 

Bending magnets, Wiggler and Undulator 

In modern synchrotron sources electrons are accelerated to about 99.99… % of the speed 

of light in a circular orbit and emit synchrotron radiation when they pass a bending magnet 

or insertion devices such as wigglers and undulators. In comparison to bending magnets 

which hold the electron packages on the circular path around the storage ring wigglers and 

undulators are periodic magnetic multipole structures of a few meter length. Whereas, in a 

bending magnet the electrons undergo only a slight acceleration in one direction in a wiggler 

or undulator the electrons undergo multiple left and right turns with a significant increase of 

the emitted radiation. For a bending magnet the horizontal fan of radiation corresponds to 

the deflection angle which is usually only a few degrees. But in case of a wiggler or undulator, 

the electrons are forced in a sinusoidal trajectory from the alternating magnetic fields which 
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enhances the forward directed radiation output significant. A wiggler with N periodical 

oscillating magnetic fields is just the superposition of a certain number of 2N bending magnet 

sources with bending radius given by the strengths of the magnetic field. The two insertion 

devices are characterised by the wiggler parameter K. 

 𝐾 ∶= 	𝛼 ∙ 𝛾 = 	
𝑒𝐵&𝜆&
2𝜋𝑚4𝑐

 Equation 39 

Where a is the ratio of the deflection angle of the particles in the magnetic field with 

respect to the opening cone 1/g of the emitted radiation. l0 is the periodic length of the 

magnetic field and B0 the peak value of the magnetic field. For a value K >> 1 we classify a 

wiggler with an intensity enhancement of 2N-fold compared to a single dipole and a radiation 

in forward direction with an opening angle in the mrad range. Whereas for an undulator for 

K ≤ 1 here the radiation can interfere constructively from the different poles and results in 

resonance wavelength and the intensity is scaled by N2. Figure 41 illustrate the typical 

radiation spectra of the different synchrotron insertion devices. 185 

 
Figure 41: Sources of synchrotron radiation: Bending magnet, wiggler and undulator radiation. Reproduced 
from Reimers et al.185. 
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X-ray Filter 

The energy spectrum of the X-ray beam can be customised by utilising metal filters in the 

beam. When X-rays hit the metal filter a part of the beam is absorbed due to the element 

specific mass attenuation coefficient and the other part is transmitted whereby the 

transmitted X-ray beam shows a reduction of particular energies. X-ray filters exploit the X-

ray absorption edge of a specific element. Thereby the X-ray absorption increases when the 

X-ray energy is high enough to excite the electrons to a higher energy level in the atom. 

Typical materials are used as X-ray filters are Fe, Ag, Au or Cu. 

Double Crystal Monochromators 

To monochromatize the X-ray beam are DCM’s used. A DCM consists of two single 

crystalline plates that are positioned in the beam under Bragg conditions. The angle of the 

first crystal selects the X-ray energy and the second reflects the selected energy band back 

in the flight direction. The bandwidth of the selected energy is given by the mosaicity of the 

used crystals. In X-ray beamlines often Si (111) is used due to the available high mosaicity of 

silicon and the flat reflection angle for hard X-rays. 

Fresnel zone plate 

To focus X-rays, optics such as Fresnel zone plates (FZP) are used, which use X-ray 

diffraction on concentric transmission gratings with a radially decreasing grating period. The 

diffraction angle depends on the grating pattern and is energy dependent; because of that 

usually a DCM is used beforehand to monochromatize the X-ray beam. To remove the higher 

diffraction orders and block the transmitted direct beam, a beam stop in the middle of the 

lens and an order sorting aperture (OSA) are used to supress the higher diffraction orders, is 

used. 

3.2.4 X-ray imaging techniques 

Absorption and Phase contrast X-ray imaging 

Absorption contrast is the standard used contrast mechanism for X-ray images. The 

absorption of X-rays is defined by the linear attenuation coefficient of a chemical element 

and can be calculated by the Beer-Lambert law (Equation 40). The absorption coefficient 
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includes the effects of the photoelectric attenuation, incoherent Compton scattering and 

coherent Rayleigh scattering. 

However, sometimes the samples show only a slight variation in the absorption contrast 

which makes it difficult to distinguish objects in the image. In that case phase contrast can 

be used to increase the contrast on the object edges. Due to the fact that a camera system 

measures the intensity variation it needs to convert the variation in phase, into a variation in 

intensity. The easiest way to realise that is to move the sample further away from the 

detector to allow interference effects between the coherent incoming X-ray beam and the 

refracted beam at the interface between two phases with different refractive indices. The 

result is an image with enhanced edge contrast originated from the interference at the phase 

transitions between the objects. Figure 42 shows the comparison of a graphite electrode 

tomography slice reconstructed with absorption contrast where just a slight deviation 

between the graphite flakes and the carbon binder is visible and phase contrast with an 

enhanced contrast at the object edges which allow the visualisation of the channel structure. 
144 

 
Figure 42: Absorption vs. phase contrast CT: The images show a vertical orthogonal slice of a reconstructed 
directional ice templated graphite electrode using absorption and phase contrast. The phase contrast shows a 
significant improvement of the image contrast. 

Advanced X-ray imaging techniques 

Further advanced imaging techniques using a monochromatic, coherent or focused X-ray 

beam to scan the sample and/or using diffraction, small angle scattering, refraction or other 

absorption contrast

phase contrast
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scattering information as contrast mechanisms. These are imaging techniques such as; 

grating interferometry, diffraction CT, nano probe imaging (XRF, XRD, etc.), coherent 

diffraction imaging (CDI, Bragg-CDI, Pty, B-Pty) or Compton imaging. However, for this thesis 

only the ptychography (Pty) and Bragg ptychography (B-Pty) are relevant which are explained 

in section 3.3.2. 

3.2.5 X-ray Imaging Beamlines 

3.2.5.1 I13L X-ray Imaging Beamline at Diamond Light Source 

The I13L X-ray beamline at Diamond Light Source (DLS) is a hard X-ray imaging beamline, 

with two separate branches, in the energy range between 6 and 30 keV. The 3 GeV storage 

ring of the DLS enables a high synchrotron photon flux which allows in-situ and operando 

imaging studies with a spatial resolution in the micrometre and nanometre scale using 

microscopy methods. 

 
Figure 43: Schematic view of the I13L beamline at Diamond Light Source: The I13L is divided in two separate 
brunch lines the Diamond Manchester Imaging Branchline (bottom) and the Coherent Branchline (top), each is 
fed by an undulator source and the X-ray beam is shaped by a number of slits, filters, monochromators, etc.. 
Reproduced from 186 

Each of the separate branch lines are fed by an undulator source installed at the long 

straight section of the DLS storage ring and are equipped with a series of X-ray filters, slits, 

deflecting mirrors and monochromators using Si (111) single crystals. Figure 43 shows the 

two separate branchlines; the Diamond Manchester Imaging branchline and the Coherent 

branchline. Both lines provide a number of different imaging techniques; beside standard 

micro-CT, grating interferometry provides phase and small angle information with 
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micrometre spatial resolution, a full-field microscope provides nanometre resolved images 

and Pty and Bragg coherent diffraction imaging (B-CDI) gives phase and amplitude contrast 

in the nanometre scale. 

More detailed information can be found by Rau et al.187. 

3.3 Image Processing and Reconstruction Techniques 

3.3.1 Tomography Reconstruction 

Neutron or X-ray radiographies show 2D images with a grey value contrast from white to 

black. The contrast is the line integral of the attenuation, from the radiation source to the 

detector. If the attenuation is high, a pixel shows a dark grey value, whereas a bright pixel 

indicates a low attenuation. The grey value is the superposition of the attenuation of all 

features in a sample with respect to the beam direction. Therefore, a radiography shows the 

sample as an array of many attenuation based grey values. 

Owing to the geometry of the sample, two features inside a sample will be poorly separated 

when one feature is placed behind the other one. To overcome the problem, radiographies 

in different rotation angles, in respect to the beam direction, can be made. But that’s not a 

solution when the feature is completely covered by one or more other features. Today, many 

radiographies in different rotation directions, from 0 ° to 180 ° or 360 ° in finite equidistant 

steps, are made and reconstructed to a three-dimensional tomography. The tomography 

shows the sample as a three-dimensional grey value image. The grey value is approximately 

linked with the attenuation coefficient. 

CT was introduced by Godfrey A. Hounsfield188,189 and first used in medicine. Since its 

invention, a variety of different reconstruction algorithms are developed, such as the filtered 

back projection (FBP) algorithm or iterative reconstruction algorithms such as the 

simultaneous iterative reconstruction techniques (SIRT) or the algebraic reconstruction 

techniques (ART). In the following, the reconstruction method of Kak and Slaney is explained 

after the description by Treimer190 for the FBP reconstruction algorithm and afterwards the 

SIRT. 
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3.3.1.1 Filtered Back Projection (FBP) 

The experimental setup for a tomography reconstruction is geometrically and 

mathematically described in Figure 44. The position of every feature inside the sample is 

described by a Cartesian coordinate system O(x,y,z). Whereby a one 2D slice is located in the 

x-y plane with a thickness of ∆z. The three-dimensional tomography comprises n slices, from 

the bottom of the sample to the top. The two-dimensional slices can be described as a 

function fn(x,y). 

 
Figure 44: Illustration of the geometrical and mathematical description of a tomography setup: (I) show the 
scanning geometry with a sample, (II) a slice which is scanned in different angles and (III) the intensity distribution 
of each scanned slice. Adapted from Anderson et.al. 190 

One slice is scanned in an angular range from 0° to 180 ° (or 360 °) and the intensity is 

registered as a function of translation with the position variable t. The Beer-Lambert law 

describes the transmitted intensity as 

 𝐼(𝑥, 𝑦) = 	 𝐼& ∙ 𝑒𝑥𝑝�− v 𝜇(𝑥, 𝑦)
G=<6

∙ 𝑑𝑠� Equation 40 

Whereby I0 is the incident intensity. The function f = µ(x, y) is the two-dimensional slice 

which is to be reconstructed. In a next step the (x, y) coordinate system is transformed to a 

(t, s) system, which express the rotated detector system with respect to the sample system 

(see Figure 45). The variable t is then written as: 

 𝑡 = 𝑥 ∙ cos 𝜃 + 𝑦 ∙ sin 𝜃 Equation 41 

and the path across the sample can be described in terms of t and 𝜃. For a pencil beam the 

so-called projection is then given by: 
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 𝑃L(𝑥, 𝑦) = ln m
𝐼&
𝐼 o

= 	 v 𝜇(𝑥, 𝑦)
G=<6

∙ 𝑑𝑠 Equation 42 

The set of all projections is the Radon Transform of µ(x, y). From these projections the (x, 

y) slices can be reconstructed by using the “Fourier slice theorem”. 

 
Figure 45: Illustration of the scan of a (x, y) plane: Scan of the (x, y) plan with the transformation into the (t, s) 
system. Adapted from Anderson et.al. 190 

The step by step description of the Fourier transform M(u, v) is given by Treimer190 ,here 

the results of the Fourier transformation are used, where 𝑆LM&(𝑤) is equal to M(u, 0). This 

transformation allows to use the result for all angles 𝜃 and 𝑆L(𝑤) is the Fourier transform of 

𝑃L(𝑡). 

 𝑆L(𝑤) = v 𝑃L(𝑡)
N

"N

∙ 𝑒"#9∙7∙P∙< ∙ 𝑑𝑡 Equation 43 

It should also be noted that the Fourier transform conserves all information of the rotation 

made in real space. Additionally, the back-transformation results in the reconstruction of the 

slices µ = µ(x, y). In the following the common FBP reconstruction is described. The sample is 

scanned in a minimal scanning interval from 0 ° to 180 °. The result is written as a function of 

the Fourier transform µ(x, y) in polar coordinates: 

!

sParallel beam

t

ln(I0/I)

t = x�cos(!) + y�sin(!)
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 𝜇(𝑥, 𝑦) = v𝑄L(𝑥 ∙ cos 𝜃 + 𝑦 ∙ sin 𝜃)
9

&

∙ 𝑑𝜃 Equation 44 

with 

 𝑄L(𝑡) = v 𝑆L(𝑤)
N

"N

∙ |𝑤| ∙ 𝑒#9∙7∙P∙< ∙ 𝑑𝑤 Equation 45 

, which is the Fourier transform of 𝑃L(𝑡) and 𝑡 = 𝑥 ∙ cos 𝜃 + 𝑦 ∙ sin 𝜃. |w| is a filter 

function in the frequency space, here not described. 

 
Figure 46: Illustration of a tomographic scan with five projections: Scan of a sample and the corresponding 
projections over an angular range from 0 ° to 180 °. Adapted from Anderson et.al. 190 

The step by step reconstruction from 𝑃L(𝑡) is combined with a filter, such as the Shepp-

Logan filter. The resulting grey values, from the projections, are smeared over the (x, y) 

planes of the slices. Figure 46 shows the scanning of two simple samples and the resulting 

projections. For every slice the scanned projections are recorded in a sinogram, where every 

projection is written as grey values vertical over the projection angles 𝜃 = 0 ° to 180 °. In the 

last step the slices can be reconstructed by the algorithm described above. Figure 47 shows 

the FBP reconstruction for a different number of projections. The so-called star-artefacts can 

be minimized by using a higher number of projections. Briefly, the recorded projections 𝑃L(𝑡) 

are converted in grey levels, after that a filter is applied and the projections are back-

!
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projected over the (x, y) plane. By stacking all of the reconstructed slices one above the other 

a 3D image of the sample is created. 

For an optimal reconstruction quality, a specific number of projections M is needed to fulfil 

the Shannon theorem, which is given by: 

 𝑀 ≥
𝜋𝐷
2Δ𝑥

 Equation 46 

with D the diameter of the sample and ∆x = ∆y the pixel size of the detector. 

 
Figure 47: Example of a FBP reconstruction with a various number of slices: Four different reconstructions of 
the in Figure 46 scanned sample. Adapted from Anderson et.al. 190 

3.3.1.2 Simultaneous Iterative Reconstruction Techniques (SIRT) 

The FBP, which is described in the section before, is an analytical solution which is based 

on the Radon Transform. Another way to reconstruct tomographic datasets comprises the 

algebraic reconstruction method which was the first time utilised by Gordon et al.191 in 1970. 

The ART comprises a number of slightly varying versions where the main groups are the 

additive and multiplicative ART. In comparison with the analytical reconstruction method, 

ART shows some major advantages such as good reconstruction results by using projections 

from a limited angular range or limited number of projections, reduced exposure time or 

noisy data. Due to the longer computing time, in comparison to the algebraic reconstruction 

technique, ART is mostly utilised just in special cases e.g. the dataset is recorded over a 

limited angular range. 
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In the easiest way the algebraic reconstruction can be described by the equation: 

 𝑾𝒗 = 𝒑 Equation 47 

Whereby v is a 1-dimensional (1D) vector of n elements where each element represents a 

certain voxel value j of a 2D or 3-dimensional (3D) volume and p is a 1D vector of m elements 

where each represents a measurement i taken at a detector in a certain projection direction. 

In that case v contains the attenuation coefficients of the object and both vectors are linked 

by the projection matrix W. W is a m ´ n projection matrix which links a certain volume 

geometry to a certain projection geometry or the attenuation coefficient with the number of 

rays. Figure 48 illustrates the relationship between the vectors and the matrix. The projection 

matrix contains a one value on the position wij when the ray pi contributes to the voxel value 

vi or zero if not. With that method v can be determined. If the number of m projections equal 

to the number of n unknown variables the system is solvable. One of the features of the 

algebraic reconstruction is that the equation is also solvable even if m ≠ n. 144,192,193 

 
Figure 48: Definition of the Algebraic Reconstruction Technique. 

Other ART reconstruction methods use an iterative process and solve the system step by 

step. In the version of Gordon et al.194 this happens ‘ray wise’ whereby for every ray, the 

difference between the radon transform and the calculated value is measured. Starting from 

a matrix, which can already contain attenuation coefficients, forward projections (radon 

transforms) are calculated and distinguished with the measured data. The difference 

between the forward projected and measured values are weighted by a relaxation factor and 

added with the coefficients in the matrix along the ray path. For the next ray, the already 

updated matrix is used. One iteration step is finished when that procedure is done for all 

vj

piWv = p

v ∈ ℝn volume vector

p ∈ ℝm projection vector

W ∈ ℝm⨯n projection matrix

wij represents how much vj contributes to pi
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rays. That step is repeated (iteration steps) until the desired result is achieved or no more 

significant changes are detectable. 

In 1972 Gilbert195 modified that algorithm by calculating the difference between the 

forward projected and measured data for all rays at ones before updating the matrix with 

the average of all differences at the end. That kind of ART is called the SIRT and shows 

beneficial reconstruction results for noisy data and is preferred used in that work for 

reconstruction of fast neutron tomographies and tomographies with a limited angular range 

due to the better results of reconstructions. 

3.3.1.3 Spatiotemporal tomographic scanning strategies – Golden-Ratio 
scanning strategy 

Conventional tomographic reconstruction techniques often use FBP reconstruction 

algorithms, which require projections in sequences of equal angular distances. The spatial 

and temporal resolution is predetermined and cannot be changed during the measurements 

or afterwards. Additionally, if one of the sequential projections is missing or defective, e.g. 

caused by problems of the camera system or an interruption of the radiation source such as 

short source shut downs on a neutron spallation source, the data cannot be reconstructed 

or will contain significant artefacts. In the case of a static sample the missing projections can 

be repeated, or fluctuations of the neutron flux can be monitored and balanced by the 

variation of the exposure time. But this technique is not applicable for dynamic processes. 

To overcome the drawbacks of the conventional techniques alternative scanning 

strategies, such as the Golden-Ratio (GR) decomposition strategy can be used. Kaestner et.al. 
196 presented the mathematical background and demonstrated the superiority of this 

technique by neutron and X-ray experiments. This strategy is based on nonsequential 

decompositions of the sample rotation angle sequence. The organisation of the projections 

by using the golden-ratio was first introduced by Köhler 197, who organised the projections 

by using the golden-ratio: 

 
𝑔 =

√5 − 1
2

≈ 0.618 
Equation 48 

to calculate the optimal acquisition angle of each projection such as shown in Equation 49 

for a tomographic scan over 180 ° with n the number of the projection. 
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 𝐺𝑅	𝑎𝑛𝑔𝑙𝑒	(𝑛) = 𝑔 ∙ 𝑛 ∙ 180	°	𝑚𝑜𝑑	180	°	|𝑛	𝜖	ℤ&! Equation 49 

Figure 49 a) shows the theoretical angular distribution calculated for n = 13 projection from 

1 to 13 over 180 °. Each of the following angles is placed between the biggest gap of the 

previously acquired angles to minimise the overlap of the previously scanned projections and 

prevent redundant information. b) shows an illustration for reconstruction methods for a 

dynamic scanned process, for a high time and a high spatial resolution. A highly time resolved 

result can be achieved by using a small number of consecutive acquired projections and a 

high overlap of the projection between the previous tomography and the following (left). For 

a higher spatially resolved result, a larger number of consecutive acquired projections is used 

and the projection overlap can be reduced (right). 

 

Figure 49: Theoretical angular decomposition and illustration of reconstruction strategy for high temporal and 
spatial resolution of the golden ratio technique: a) shows the angular distribution over 180 ° of the projections 
for 13 angles of the golden-ratio scheme. Each successive angle is placed such, that there is as little overlap with 
the previously as possible. b) illustrates the beneficial spatiotemporal reconstruction possibilities for dynamic 
processes where a small number of projections serves for a higher time and a larger number for a higher spatial 
resolution of the 3D reconstruction. Here shown with overlapping projections. 
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Further, Köhler197 found that reconstruction artefacts are minimised by using a Fibonacci 

number as the number of projections. Figure 49 a) shows the calculated structural similarity 

between the reconstructions and the test pattern in b) by various numbers of projections for 

the FBP and SIRT reconstruction algorithm for the conventional and GR angular distribution. 

Aside from the fact that SIRT converges faster than FBP the GR shows a better structural 

similarity for projection numbers which are Fibonacci numbers. The figure in b) represented 

reconstructions that display more reconstruction artefacts for 411 projections than for fewer 

projections but a number out of a Fibonacci series. 

 
Figure 50: Comparison of the number of projection dependent reconstruction quality using different scanning 
strategies and reconstruction algorithm: Plot a) shows the calculated structural similarity of the reconstructed 
test pattern, shown in b), for the FBP and SIRT reconstruction algorithm for the conventional and GR scanning 
strategy. The projection numbers which are equal to a Fibonacci number show less reconstruction artefacts and 
a better similarity to the test pattern which is shown for 377 and 411 projections in b) for the GR. 
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3.3.2 Ptychography 

Since the invention of the light microscopy in the seventeenth century, the spatial 

resolution was improved from the micrometre scale to some tens of nanometre nowadays. 

But the diffraction limitations, described by Ernst K. Abbe198, limits the maximal spatial 

resolution of visible light. To overcome the diffraction limit, radiation of lower wavelengths 

were explored for microscopy, such as the electron radiation with wavelengths in the sub-

atomic scale, in the beginning of the twentieth century. In the 1990s X-ray microscopy was 

developed as a complementary imaging technique with wavelength in the nanometre and 

sub-nanometre regime, which was enabled by the available higher brilliance synchrotron X-

ray sources. One of the big advantages of X-rays in comparison to electrons is the higher 

penetration deep in matter. Such nanometre resolved X-ray instruments using mostly FZPs 

for focusing the beam and building an X-ray microscope (XRM). An alternative technique is 

the scanning transmission X-ray microscope (STXM) which uses a focused X-ray beam to scan 

the sample and measure the transmitted intensity in each scanned point. In a more advanced 

implementation, the STXM can yield diffraction, small angle scattering or fluorescence 

signals. The increase of spatial resolution is limited by the development of effective focusing 

lenses which are finite e.g. by the nanofabrication of the fine fringe structures of FZPs. 

In summary the main issue for achieving higher quality and more meaningful images is 

spatial resolution. That is limited by the aberration of the lenses used (NA) and in theory by 

the diffraction limit depending on the used wavelength of the radiation. Further limitations 

are based on the information limitation which is related to the coherence of the beam and 

the stability of the instrument. A lot of these issues can be addressed by the new imaging 

instruments today. However, the theoretical and experimental approaches from Walter 

Hoppe in the 1960’s, who invented the Pty technique, and Gerchberg and Saxton in 1972, 

who proposed an iterative algorithm to solve the phase problem in the single-shot coherent 

diffraction imaging technique, are the basis for the modern lens-less imaging methods, Pty 

and CDI, which overcome the above mentioned restrictions and even are able to reconstruct 

the phase information. In the following paragraphs a short qualitative introduction of the 

Ptychography method and the X-ray Pty and B-Pty is given. 

Scanning probe microscopy / Ptychography 

The historical meaning of the term ‘ptych’ in Pty is derived from the Greek word which 

means ‘fold’ due to the measured data of the Pty which comprises several overlapping 
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diffraction patterns scanned over a sample which represent a convolved mixture of the 

specimen with itself and the illumination function, that is a kind of folding. Walter Hoppe 

invented these technique where he measured crystalline samples in the scanning 

transmission electron microscope (STEM) and developed a method for phasing the Bragg 

peaks within the diffraction pattern which is outlined in Hoppe et al.199–201. The overlap of the 

measurements in real space is the equivalent to a phase ramp in reciprocal space which 

allows an unequal determination of the phase relationship. Later in 1992 Rodenburg and 

Bates202 found an analytical solution by using the Wigner-distribution deconvolution of a 

microdiffraction dataset from a STEM. Here the resolution was limited by the wavelength 

and not by the probe forming lens or coherence of the beam. Further that method was 

proved afterwards in the visible light regime in 1D and 2D by using a lens of small numerical 

aperture to prove that the reconstruction greatly exceeds the Rayleigh resolution limit203,204. 

In the following Rodenburg et al.205 demonstrated that the same techniques are transferable 

to STEMs and increased the resolution of an optical arrangement with ‘conventional’ 

0.93/0.46 nm resolution to 0.46/23 nm beyond the limitations of the electron lens used. 

Later Nellist et al.206,207 by using the same principle, showed that the technique is insensitive 

to lens instabilities and chromatic aberrations and was extended beyond the conventional 

‘information limit’ in transmission electron microscopy (TEM). Later the method was applied 

on the first STXM by Chapman208. A comprehensive review of the development of Pty can be 

found by Rodenburg209. 

Single-shot coherent diffraction imaging 

In parallel to the developments in Pty Gerchberg and Saxton210 developed an iterative 

reconstruction for the single-shot CDI in 1972. That algorithm does not rely on the successive 

shifts of the beam over the sample. The algorithm requires an intensity distribution of the 

wave-field recorded in the object (real-space) and diffraction plane (reciprocal-space). That 

algorithm was modified by Fienup211 later. The main benefits of Fienup´s reconstruction 

method is that only a reciprocal-space diffraction pattern is needed without an additional 

real-space image, furthermore, it is not highly sensitive to noise and is relatively fast. Further 

he improved the reconstruction method by an implementation of an input-output approach 

and a new real-space update which speed the code up212. The first application to X-rays was 

made in 1999 by Miao et al.213 were an image of an sample was reconstructed with a spatial 

resolution of 75 nm. 
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Combination of Ptychography and CDI 

The advantages of the iterative reconstruction method from Fienup are merged with the 

principle of the ptychography to get an iterative Pty reconstruction method by Faulkner and 

Rodenburg214 in 2004. The Pty scan provided information rich data, which are combined with 

the iterative search algorithm and enables an effective converge of the result towards the 

solution without the need of many diffraction patterns. The name of the first version of the 

iterative algorithm was the ptychographic iterative engine (PIE). A following update removed 

the need of a hard aperture at the plane of the object which opens the application to a lot of 

instruments such as STEMs. The use of a so-called soft illumination function, by Rodenburg 

and Faulkner215, managed the breakthrough and enabled the use of the iterative Pty 

reconstruction method by many instruments. A last update on the PIE reconstruction 

method was made in 2009 by Maiden and Rodenburg216 which extends the original PIE to the 

extended PIE (ePIE) which enables the simultaneous recovery of the object and probe wave 

front and delivers much improved reconstructions when the probe model is difficult or 

impossible to derive. Figure 51 shows the final amplitude and phase reconstruction of a bee’s 

hind leg from the ePIE which shows less noise and a high sensitivity to fine structures. Due to 

the fact that only the ePIE method is utilised for the reconstruction in that thesis other 

reconstruction codes such as the difference map (DM) developed from Thibault et al.217,218 

are not reviewed. The ePIE is the standard reconstruction method used on the I13 coherent 

branch line at DLS and is utilised to reconstruct the tomograms represented in section 8. A 

more detailed overview of the development of the Ptychography reconstruction including 

the corresponding mathematic can be found by Batey219. 

X-ray ptychography computed tomography 

Beside the successful Pty experiments with electron and visible light microscopy, X-rays 

show a big advantage in terms of their penetration power through matter. To use X-rays as 

the illumination source for Pty is a natural step and allows a non-destructive 3D insight into 

samples. The combination of Pty with CT enables a quantitative volumetric insight of the 

attenuation (amplitude) and phase part of the refractive index distribution at very high 

resolutions. The first Pty X-ray CT was done by Dierolf et al. on a bone sample with structures 

on the 100 nm length scale and detection of density variations of less than 1 %, shown in 

Figure 53 a). 
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Figure 51: Final ptychography reconstruction from a bee’s hind leg reconstructed with the ePIE method using 
optical wavelengths: a) amplitude and b) phase of the ePIE reconstruction. Reproduced from Maiden and 
Rodenburg216 with permission from Ultramicroscopy. 

A typical experimental setup of a transmission X-ray Pty CT experiment consists of an 

incoming monochromatic coherent X-ray beam which is focused by an optic, such as a FZP or 

a Kirkpatrick-Baez mirror (the application of a pinhole is also possible), the localised 

illumination on the sample in the focus or slightly off of the focus and the 2D pixel detector 

which records the overlapping diffraction patterns. Figure 52 a) shows such an experimental 

setup with the sample mounted on a rotation stage for CT measurements. The workflow of 

such a X-ray Pty CT contains the following steps: (1) data collection of the single projections 

by localised upsampling of the sample in 2D and collecting overlapping 2D diffraction pattern 

over an angular range from 0 ° to 180 ° or 360 °; (2) ptychographical reconstruction of the 

individual 2D amplitude and phase projection using a proper reconstruction code such as the 

ePIE or DM; (3) registration and alignment of the reconstructed projections to correct 

experimental inaccuracy; (4) 3D reconstruction using a standard 3D tomography 

reconstruction code such as FBP; (5) tomography post processing. 

 
Figure 52: Schemata of an X-ray a) transmission Ptychography and Bragg-Ptychography application. 
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Bragg Ptychography 

A more advanced experimental Pty method is the B-Pty which is the combination of the 

Pty and B-CDI. That modification of the Pty technique gives access to the atomic length scale 

and provides information both about the crystallite and the strain. The imaging is realised by 

scanning a sample around the Bragg peak of the crystal structure and collecting the coherent 

far-field intensity distribution by a detector positioned under the 2QBragg angle such as 

illustrated in Figure 52 b). By collecting projections, in small angular steps (<0.01 °) around 

the Bragg signal, a tomographic reconstruction is possible by reconstructing the tomography 

in the limited angle range. Iterative 3D reconstruction algorithms such as SIRT show 

beneficial reconstruction results in the limited angular range case. The first successful 

reconstruction using Pty under the Bragg condition are made by Godard et.al13,220 in 2011, 

shown in Figure 53 c). Due to the limited application of the techniques, because it is limited 

to samples with a crystalline structure, the complicated experimental setup and the 

reconstruction, the publication list of B-Pty experiments is small and mostly applied to 

metallic, metal alloys or semiconductor samples with a simple structure12,221–223. To the 

authors best knowledge, no battery materials are studied with B-Pty until now. 

 
Figure 53: First X-ray Pty on a bone sample with structures <100 nm and 3D B-Pty on a Si 220 line test pattern: 

a) shows the reconstruction of the bone matrix which shows osteocyte lacunae (L) and the connecting 
canaliculi (C), b) visualisation of the Si 220 line test sample for the first successful X-ray B-Pty experiment 
imaged by atomic force microscopy and c) the corresponding 3D B-Pty reconstruction. Reproduced from 
Dierolf et al.224 and Godard et al.13 with permission from Nature and Nature Communications. 
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Part I.  Time Resolved Imaging 

Part I introduces the results of the 4-dimansional, i.e. 3-dimensional spatially and time 

resolved, neutron and X-ray experiments which were carried out on lithium batteries and 

fuel cells. Section 4 presents in-operando collected neutron tomographies on LS 14250 and 

ER14505M lithium metal vs. thionyl chloride (SOCl2) primary battery cells which were 

scanned under different discharge conditions and using imaging techniques. In section 5 

complementary 4D neutron and X-ray imaging of CR2 lithium metal vs. manganese dioxide 

(MnO2) primary cells discharged under different conditions are presented, in combination 

with a virtual electrode unrolling techniques. Finally, section 6 shows first high speed in-

operando neutron tomographies of a miniaturised polymer electrolyte fuel cell under various 

operation conditions.  
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4 4D Neutron imaging of Thionyl Chloride Batteries 

4.1 Overview 

In recent years, neutron imaging has become a popular technique for investigating lithium 

batteries owing to the high neutron sensitivity to low Z-materials which enables the direct 

detection of the lithium movement and the study of degradation effects inside lithium 

battery cells. Due to the comparatively low neutron flux on most neutron imaging 

instruments, neutron imaging studies are often limited by spatial and temporal resolution 

which makes the tracking of the time dependent processes inside lithium batteries difficult. 

Herein, time-dependent, 4-dimensional (4D) neutron tomography is applied to study the 

dynamic lithium transport inside two differently designed, commercial lithium metal thionyle 

chloride primary battery cell types, under various discharge conditions. The use of 

appropriate operando tomographic scanning strategies, such as the golden-ratio technique, 

yield a sufficient temporal and spatial resolution to investigate the dynamic lithium transport 

and mechanisms which reduce the cell capacity. The dynamic distribution of lithium flowing 

from the anode to the cathode during discharging could be observed and the lithium amount 

locally quantified. Further, the time-dependent neutron tomograms reveal mechanisms, 

such as lithium diffusion blocking by the LiCl-protection layer, which can cause serious power 

and capacity losses. Complementary X-ray computed tomography helps to distinguish cell 

components which are difficult to differentiate just by neutrons. 

4.2 Introduction 

Neutron imaging has changed in recent years and evolved from an exotic to a standard 

investigation tool in many research disciplines. In engineering and heritage science, neutrons 

are used to study metallic components and objects non-destructively, such as turbine blades 

from aircraft and electricity generation sectors 225 or archaeological and historic copper, 

bronze and steel weapons 226–228, due to the high penetration deep inside many metals and 

alloys. In the field of life sciences and biology5,6 and for energy generation, neutron imaging 

is more and more popular for investigating, e.g. the water consumption inside plant roots 5 

or visualisation of water management inside the flow fields of fuel cells and electrolysers 
16,121,229, due to the high sensitivity of neutrons to hydrogen. In the field of energy storage, a 

particular application of neutron imaging is to study the operation of lithium batteries. Due 

to their high sensitivity to lithium, neutrons are well suited to track the lithium distribution 

and the diffusion processes inside an electrode assembly. However, a number of issues has 



 142 

limited the use of neutron imaging in the past. For example, standard lithium battery cells 

consist of about 20 to 100 µm thick electrode layers, cast onto the surface of a ca. 10 µm thin 

current collector and separated by a few tens of micrometres thin Li-ion permeable separator 

membrane. Due to the limitations of the spatial resolution, which for conventional neutron 

imaging is typically a few tens of micrometres, it is challenging to spatially resolve the 

electrode structures with sufficient detail in a reasonable time span. Further, the incoherent 

scattering by hydrogen contained in the non-aqueous Li-ion conducting electrolyte provides 

a high source of noise in the neutron images which leads to long exposure times to resolve 

structures sufficiently. To overcome the limitations of spatial resolution on lithium batteries, 

customised cells are often fabricated with a few hundred micrometres up to millimetres thick 

electrode layers 230 optimised for the neutron imaging setup. Further, to improve the spatial 

resolution of neutron imaging, a high L/D ratio is required which reduces the neutron flux at 

the sample position and results in long exposure times and limits the imaging process often 

to 2-dimensional (2D) radiographies 100 for tracking the dynamic processes during battery 

charging and discharging. In the past, the significance of neutron imaging studies were often 

reduced to qualitative statements about the detection of lithium movement, electrolyte 

consumption or gas evolution during the cycling processes 104,105. 

State-of-the art neutron imaging instruments7 have further developed neutron imaging 

camera systems 231 and have optimised imaging strategies 196, in combination with the use of 

noise-reducing iterative algebraic reconstruction algorithms, that have enabled a high degree 

of spatial and temporal resolution. 

The presented study demonstrates that 4D neutron imaging of commercial lithium 

batteries is possible with sufficient spatial and temporal resolution. Two different types of 

commercial lithium metal vs. thionyl chloride (SOCl2) primary battery cells were examined 

with operando neutron tomography. This cell chemistry is popular because of their high 

normal operation voltage up to 3.6 V and one of the highest power and energy densities of 

all lithium batteries, in combination with an outstanding shelf life 30. In comparison to most 

lithium battery chemistries, the thionyl chloride cell consists of a liquid SOCl2 positive 

electrode and pure lithium-metal as negative electrode material. The liquid electrode is 

working as the active cathode material and partly as electrolyte (catholyte) which contains 

no hydrogen that acts as incoherent neutron scattering source. This makes the cell chemistry 

attractive because of a wide temperature working range from less than -50 °C up to more 

than +100 °C. Commercial cells are available as two main designs: as cylindrical bobbin type 
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for low-rate applications over a long-time range, and as cylindrical spiral wound type for 

middle and high-rate applications. In this work, two cylindrical bobbin type LS 14250 cells 

from Saft (Saft Groupe S.A., France) and two cylindrical spirally wound ER14505M cells from 

EVE (EVE Energy Co., LTD., China) were investigated. The operando neutron tomographies 

were recorded on three different neutron imaging beamlines with different neutron flux 

levels, and utilising different scanning strategies and reconstruction methods. The data 

allows quantitative analysis including the quantification of the lithium amount, lithium 

diffusion and degradation processes. Further, reasons for capacity and performance losses 

could be detected. Complementary X-ray tomography is used to enhance the value of the 

multi-modal results and analyse effects which are not detectable with neutrons. 

4.3 4D Imaging of bobbin type LS 14250 Lithium / Thionyl 
Chloride Batteries 

4.3.1 Methodology and Experimental 

The LS 14250 cell from Saft is a commercial lithium-metal/thionyl chloride battery with a 

size of a 1/2 AA cell. Due to the bobbin type cell arrangement the battery is dedicated for 

low-rate applications such as backup batteries in computers or burglar alarm systems when 

the primary power source is unavailable. Furthermore, this primary cell has a high capacity 

of 1,200 mAh and a nominal voltage of 3.6 V at a discharge current of 0.1 mA at room 

temperature with a flat discharge profile over a long-time range. The usability in a wide 

temperature range from about -60 °C to +85 °C in combination with a very low self-discharge 

rate makes the cell chemistry a popular choice for applications under extreme conditions. 
232,233 

Figure 54 a) shows the schematic drawing of a bobbin type Li/SOCl2 battery cell. The liquid 

SOCl2 cathode (green) in the middle of the cell is surrounded by the lithium-metal negative 

electrode (structured grey) and separated by a Li-ion permeable, non-electrically conductive, 

separator layer (yellow) soaked by a SOCl2:LiAlCl4 non-aqueous electrolyte (blue). The liquid 

cathode is mostly filled around and into a porous supporting carbon skeleton (not included) 

which improves the electrical conductivity of the cathode. A cathode current collector rod 

(grey) in the middle connects the porous carbon with the positive tab. The lithium anode is 

directly connected to the cell can which is the cell negative connection. During the cell 

discharge the positive tab and the negative can is connected to a load, and an electrical 

current flows from the negative to the positive pole. Meanwhile positive Li-ions are removed 
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from the lithium anode into the electrolyte, diffuse through the Li+ permeable separator layer 

to the cathode side and react with the SOCl2 to LiCl, SO2 gas and solid sulphur. A more 

detailed description of the thionyl chloride battery can be found in section 2.1.2.2. 

 
Figure 54: Schematic illustration of a lithium-metal / thionyl chloride bobbin type battery cell and the 
visualisation of the used scanning techniques for both 4D neutron scans: Schematic a) illustrates the theoretical 
principle of a bobbin type Li/SOCl2 battery cell. During connection of the positive cathode current collector and 
the negative Li anode electrons flow from the Li anode (grey) to the liquid SOCl2 cathode (green). At the same 
time positive Li-ions are solved in the SOCl2/LiAlCl4 electrolyte and diffuse through the Li-ion permeable separator 
layer into the cathode and react to LiCl, SO2 gas and solid S. For a better current conductivity, the SOCl2 cathode 
is supported by a porous carbon skeleton. b) and c) show 3D reconstructions of two LS 14250 cells scanned at -
25 mA and -8 mA, respectively. The first cell was scanned on the CONRAD-2 neutron imaging beamline with 
sequences of equal angular projections in forward and backward rotation over 360°. The second cell was scanned 
on the IMAT beamline with the GR decomposition strategy. The first projection angles for the GR scan are shown 
on the right side. 

Based on the low cost and relatively simple bobbin type cell design, the studied cell shows 

a fundamental capacity loss at higher discharge rates. A number of different factors can 

prematurely interrupt the cell operation such as the loss of the electrical or ionic conductivity 

of the electrodes. An improved understanding of mechanisms which lower the cell capacity 

and life-time is crucial for designing future advanced battery designs. In the presented work, 

4D time resolved X-ray and neutron computed tomography (CT) techniques are used to gain 

a deeper insight in the discharge processes of three LS 14250 battery cells at two different 

discharge currents. Due to the different interaction sensitivities of X-rays and neutrons to the 

electron charge density and nuclear densities of elements, respectively, X-rays show a high 

imaging contrast for higher-Z metals whereas neutrons are also sensitive for elements with 
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low atomic numbers such as lithium and hydrogen. This is the basis of the complementary 

use of X-ray and neutron imaging for repeatable, operando studies. 

Two LS 14250 cells were discharged under constant current conditions with -25 mA and -

8 mA, respectively. Both discharge currents are lower than the recommended maximal 

discharge current of -35 mA but are known to show a significant loss of usable capacity as 

indicated in the data sheet. The cells were imaged using X-rays and neutrons during the 

discharging process with -25 mA. A third cell at -8 mA discharge was imaged only using 

neutrons. 

The 4D X-ray tomograms were collected on a Nikon XTH 225 laboratory X-ray system (Nikon 

Corporation, Japan) in the Electrochemical Innovation Lab (EIL) X-ray laboratory at UCL. In 

the used X-ray scanner, a 225 kV reflection target source with a focal spot size of 3 µm at 7 W 

and a PerkinElmer 1620 16-bit (PerkinElmer Inc. USA) detector with a 2000 x 2000 pixel array 

and a pixel size of 200 µm was installed. The plastic cover of the battery cell was removed 

before mounting the cell with double-sided tape onto the sample holder of the Nikon 

rotation stage. The electrical connection was made by a crocodile clip on the positive tab, 

and the negative connection was made by a copper cable glued with insulating tape to the 

cell can. Both cables were connected to an electrical slip ring (P4 + Compact Slip Ring, Moog, 

UK) which allowed a continuous rotation of the stage without losing the electrical 

connection. The battery was discharged using a GAMRY 1000E potentiostat (GAMRY 

Instruments, USA) in constant current mode with a discharge current of -25 mA. The 

instrument was programmed to continuously collect projections at an X-ray tube voltage 

level of 120 kV and current of 140 µA. One tomogram consists of 1,201 projections made 

over an angular range of 360° with an exposure time of 1 s per projection. The total exposure 

time per tomogram was about 20 minutes. The total cell discharge took about 18.3 h and 

reached a capacity of 459 mAh. Figure 55 a) shows the discharge curves for all studied cells 

and Figure 55 b) shows the more detailed graph for the X-ray scanned cell with the time 

stamp for each of the 56 tomographies marked by green dots. The typical voltage delay of 

the Li/SOCl2 cells is presented in Figure 55 c). The tomograms were reconstructed using the 

FDK (FDK_CUDA) circular cone beam reconstruction algorithm from the ASTRA toolbox192,193 

reconstruction library within the python programming language. Before starting the 3-

dimensional (3D) reconstruction, the projections were corrected by the dark field and open 

beam images which were collected before and after the scan and binned by a factor of two 
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to reduce the reconstruction time and data size. The resulting pixel size of the reconstructed 

CTs is 40.4 µm. 

Time-resolved neutron CT scans at -25 mA discharge current were performed at the V7 

CONRAD-2 neutron imaging beamline at the BER II research reactor at the Helmholtz 

Zentrum Berlin (HZB). CONRAD-2 is optimised for high spatial and time resolved neutron 

imaging. A comprehensive description of the beamline can be found in section 3.1.6.1. For 

the present experiment, the middle measure position of CONRAD-2 was used due to a high 

neutron flux for a medium spatial resolution. The position was equipped with a high speed, 

indirect detector system including a 200 µm thick 6LiF/ZnS:Ag scintillator screen for a high 

neutron to light conversion efficiency and a cooled -30 °C sCMOS  ‘Neo’ camera from Oxford 

Instruments / Andor (UK) which allows a high frame rate with short readout delays. Both 

components were used in combination with a bright Nikon photo lens (f = 50 mm, aperture 

1.2) to reduce the light losses inside the camera box and focus the object on to the camera 

photo chip. For an optimal L/D ratio a 3 cm pinhole configuration was selected positioned 

about 5 m in the front of the detector system at the end of the NL-1B neutron guide. The LS 

14250 battery cell was mounted in front of the scintillator screen on an adjustable stick on 

the V7 rotation stage (Goniometer 409, Huber Diffractiontechnik, Germany) by a stainless 

steel clip. With a calculated L/D of about 167 the spatial resolution was about 150 µm with a 

pixel size of 55 µm. Before the cell was secured onto the sample holder the plastic coating 

was removed, thus eliminating a highly incoherent neutron scattering contribution. The 

electrical connection to the GAMRY 1000E potentiostat was ensured by the stainless steel 

clip at the electrical negative cell can and a crocodile clip at the top positive terminal tab. The 

battery was discharged in constant current mode with -25 mA as before for the X-ray scan. 

During discharging, continuous neutron radiographies were collected with an exposure time 

of 2 s per image by the Andor Solis software. Tomograms were accumulated during 360 ° 

rotation with 600 projections each and a total time per tomography of about 20 minutes. 

Every hour, two tomographies were performed whereby the first was rotated counter-

clockwise and the second clockwise; labelled as forward and backward. Figure 54 b) shows a 

3D reconstruction example with an illustration of the rotation conditions. After every second 

tomography, the battery was translated out of the beam to collect open beam and dark field 

images for the correction and normalisation of the projections. For data processing the 

‘Remove Outliers’ and median filter of ImageJ Fiji234 were used to clean the 16-bit images 

from white spots which are caused by fast neutrons and gamma radiation. The tomography 

reconstructions were performed using the Octopus 8.9 software (XRE, Gent, Belgium) with 
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the filtered back projection (FBP) reconstruction algorithm. Due to the high neutron 

absorption of lithium the reconstructed slices were corrected for beam hardening. During 

the whole experiment 47 360 ° tomograms were collected, 24 in forward and 23 in backward 

rotation. In Figure 59 a) the discharge curve of the cell is shown with bright and dark blue 

dots. An enlarged view of the voltage delay at the beginning of the discharge process is 

shown in Figure 59 b). The whole discharge process took ca. 20.3 h, with a capacity of 

496 mAh. 

In contrast to most reactor based neutron sources, neutron spallation sources such as the 

ISIS Neutron and Muon Source at the Rutherford Appleton Laboratory (RAL, UK), have a 

lower time-averaged neutron flux which makes imaging of dynamic processes with the 

conventional scanning strategies more difficult. The Golden Ratio (GR) scanning strategy 

based on non-sequential decomposition of the sample rotation angle offers a good 

alternative strategy. The organisation of the angular distribution is calculated by the GR and 

can be used for an angular range of π or 2π. Each consecutive scanning angle minimises the 

overlap of the previously scanned projections and avoids redundant information. GR 

projections are acquired continuously, over a chosen experiment period, allowing to 

optimise either the temporal or spatial resolution post-experiment. After the scan, a smaller 

or larger number of projections from the GR tomogram can be selected and reconstructed 

for either higher temporal resolution or better spatial resolution. Thereby an overlap of the 

projections from the preceding and present projection sequence (‘running average’) results 

in a better time resolution. 

A second 4D neutron imaging scan with -8 mA discharge current was performed on the 

IMAT neutron imaging beamline at the ISIS neutron spallation source. More detailed 

information of the IMAT beamline can be found in section 3.1.6.2. Due to the above 

described lower neutron flux on the beamline, about 10 times lower than at CONRAD-2 for 

the same L/D ratio, the GR decomposition strategy was applied. An indirect detector box with 

a 80 µm thick 6LiF/ZnS:Cu neutron to light converter foil (Tritec, Swizerland) in combination 

with a Nikon photo lens (f = 135 mm, aperture 2) and an ANDOR Zyla sCMOS 4.2 PLUS camera 

(Oxford Instruments Andor, UK) was utilised. The box was adjusted to a pixel size of 29 µm 

with a pinhole size of 40 mm and a L/D ratio of ca. 250 which achieved a spatial resolution of 

about 80 µm. The plastic cover of the LS 14250 battery cell was removed before the cell was 

inserted in a neutron transparent cylindrical Polytetrafluorethylen (PTFE) sample holder with 

an about 8 mm deep hole for the 14 mm diameter cell and a 1 mm thick wall. The negative 
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electrical connection was made by attaching a copper cable between the negative battery 

can and the PTFE wall whereas the positive connection was made by using a crocodile clip on 

the positive battery tab. The PTFE holder was screwed to an adapter rod which was mounted 

onto a Huber Goniometer 411 (HUBER Diffraktionstechnik, Germany) rotation stage and 

positioned close to the camera box. Due to the limited rotation angle between 0 ° and 180 ° 

no specialised cable connection such as a slip ring was needed. Owing to the low neutron 

flux, a long exposure time of 30 s was used for good count statistics. A GAMRY 1000E 

potentiostat discharged the cell at a constant current mode of -8 mA during the scan. The 

angular distribution for the whole scan was calculated by the GR. Figure 54 c) shows a 3D 

reconstruction of the partially discharged cell and the first calculated GR projection angles. 

The calculation of the angular sequence for the scan over an angular range of π and a more 

comprehensive description of the GR strategy is given in section 3.3.1.3. Before starting the 

discharge process, the tomography scan was started about 4 hours before which allowed a 

full reconstruction of the pristine cell state. After every 610 projections the cell was moved 

out of the beam for five open beam images which allowed for a better image correction 

afterwards. The total discharging process took about 104 h, after which a maximal usable 

capacity of 832 mAh was reached. Figure 60 a) shows the discharging curve of the cell with 

the time stamps for each of the 53 tomographies marked by orange dots. The Li/SOCl2 

voltage delay at the beginning of the discharging process is enlarged in Figure 60 b). After 

correcting each projection by the dark and open beam images, and filtering white spots, the 

3D reconstruction was performed by using the FBP reconstruction algorithm for parallel 

beam from the ASTRA toolbox192,193 reconstruction library within the python programming 

language. For the number of projections, the Fibonacci number 377 was utilised due to a 

better reconstruction result in combination with a shift of 188 projections for each following 

reconstruction. This results in an overlap of 189 projections and a time shift of about 2 h 

between the tomographies. 

For the experiment an interface box was designed and manufactured, for the IMAT EPICS 

control system to communicate to the Gamry potentiostat via RS232. 

4.3.2 Results and Discussion 

As shown in Figure 55 a) the discharge curves of all three discharged LS 14250 cells show 

the typical flat discharge curve at a high potential, expected for the Li/SOCl2 chemical 

composition. The cells operated at the higher discharge current of -25 mA (blue, red curves) 

display a lower potential around 3.3 V whereas for the lower discharge current of -8 mA 
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(green curve) the plot shows a higher potential around and above 3.4 V. At the beginning of 

the discharging process, the voltage delay is much shorter for the higher current and requires 

about 0.5 h before the potential is stabilised (Figure 55 c) and Figure 59 b)). In comparison, 

a long delay of about 30 h is observed for the low current discharge in Figure 55 a) and for 

the enlarged inset over the first 0.5 h in Figure 60. The longer time, needed to recover the 

normal potential of the cell, is due to the weaker mechanical disruption, which removes the 

passivation layer on the lithium metal surface, at lower discharge currents, up to the point 

that the whole lithium metal surface participates in the chemical reaction. The slightly lower 

potential of the cell scanned with X-ray compared to the one scanned with neutrons is 

attributed to manufacturing variations. The lower capacity of 459 mAh compared to 

496 mAh can also be a result of a higher self-discharge during a longer storage time. Internal 

mechanisms in the cell such as shielded active electrode material by e.g. a SO2 gas layer on 

the lithium metal surface can result in similar effects. 

 
Figure 55: Discharge curves of the three LS 14250 Li/SOCl2 cells and the more detailed discharge curve of the X-
ray scanned cell: A) shows the three LS 14250 discharge curves: two cells with -25 mA, scanned with X-rays and 
neutrons; one cell with -8 mA scan imaged only with neutrons. Graph b) shows a more detailed plot of the -25 mA 
discharged cell, scanned with X-rays. Green dots mark the time where tomograms were recorded. C) shows a 
magnified view of the, voltage delay at the beginning of the cell discharging process, typical for Li/SOCl2 chemistry. 

4D X-ray tomography 

Laboratory X-ray scanners or synchrotron imaging beamlines in the intermediate or lower 

hard X-ray energy regime show lithium metal or lithium diffusion in a lithium battery cell only 

indirectly by a grey value increase in the electrode, where the lithium is removed and a grey 

value reduction where lithium is deposited. The same behaviour is visible for the LS 14250 

cell scanned with X-rays in Figure 56, which shows horizontal and vertical slices of the 

pristine, about half discharged at 233 mAh and fully discharged cell at 459 mAh. Clearly 

a) b)

c)
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visible are the metallic battery components such as the positive tab, the negative cell can 

and the cathode current collector. Due to reconstruction artefacts the metal containing 

battery head with the cell sealing is not very visible. Furthermore, the liquid SOCl2 cathode 

in the middle of the cell is visible. The SOCl2:LiAlCl4 electrolyte is not distinguishable from the 

liquid cathode. Regions which are filled with an excess of electrolyte can be expected such 

as above the active cell material by a reduction of the volume in the battery head during the 

discharge. The lithium metal anode is just indirectly visible by the transparent region at the 

outer cell radius between cathode and the stainless steel cell can. The removal of lithium 

from the electrode is indirectly detected during the discharge process. A contrast change 

inside the SOCl2 cathode is not detected. During the discharging process SO2 gas is formed 

from the reaction of lithium with SOCl2 which is visible as dark areas because of its low 

attenuation coefficient which is similar to air. Shortly after the discharge process is started, 

the SO2 gas forms bubbles in the cathode which diffuse into four gas channels, which work 

as gas guides in the porous carbon mesh, and accumulate inside the cell head where a further 

gas reservoir is located. This transfer of SO2 gas away from the cathode should prevent 

stagnation of lithium diffusion and the passivation of the anode surface during the discharge. 

A distinction between the evolved SO2 gas and the lithium metal is hardly possible because 

it cannot be sufficiently differentiated. 

 
Figure 56: Orthogonal slices from the 4D X-ray scan of the LS 14250 battery cell, at -25 mA discharged: The 
images show horizontal and vertical orthogonal slices from the in operando X-ray scan at three different SoC; the 
pristine, ca. half discharged and the fully discharged cell. The slices show highly attenuating cell components in 

X00
pristine

X56
Fully discharged

X28
½ discharged

gas
reservoir

Li
 a

no
de

excess
electrolyte

cathode
current

collector

positive
tabliquid SOCl2

cathode

anode
current

collector
/can

gas
channels

electrolyte
consumption



 151 

white and bright colours such as the battery tab, the cathode current collector and the cell can. Dark areas 
visualize the locations of lower attenuating materials such as the liquid SOCl2 cathode (purple) and the evolved 
SO2 gas (dark purple or black). The removal of lithium from the anode is only indirectly visible by the decreasing 
size of the transparent cell part, between the cathode and cell can marked by the yellow arrows, during the 
discharging process. 

For a qualitative or more advanced quantitative investigation of lithium removal from the 

lithium metal anode and of the diffusion process inside the SOCl2 cathode, X-rays are 

unsuitable due to, among other reasons, the differentiation problem between Li and SO2 gas. 

4D Neutron tomography 

Time resolved neutron tomography overcomes the above described drawbacks of X-ray 

imaging. Owing to the high sensitivity of neutrons to lithium, a quantitative distinction of the 

lithium removal from the anode and the diffusion inside the thionyl chloride cathode is 

possible. This section presents a qualitative analysis of the LS 14250 cells discharged with -

25 mAh and -8 mAh. Further, a quantitative analysis of the lithium removal from the anode 

and diffusion inside the liquid cathode is given. 

Figure 57 shows orthogonal slices from the cell with -25 mA discharge current, from a cell 

scanned on CONRAD-2. From left to right, the scanned cell is shown in the pristine state of 

charge (SoC), about half discharged at 247 mAh and fully discharged SoC to 506 mAh. In 

contrast to the X-ray tomographies, neutrons exhibit just a weak attenuation by the metallic 

cell components such as the stainless steel container or the positive battery tab. The nickel 

cathode current collector shows a similar neutron attenuation as the surrounding liquid 

SOCl2 cathode and is hardly distinguishable. With increasing lithium content in the cathode, 

the current collector becomes more and more visible. Higher attenuating cell parts such as 

the boron containing glass sealing, which shields the environment from the toxic SO2 gas 

even at high cell pressure, and the lithium appear yellow or bright. Likewise, in the X-ray 

images, a difference in contrast between the electrolyte and the liquid cathode in the pristine 

state is not possible but during the discharge process the cathode is clearly distinguished 

from the electrolyte by the lithium increase. The excess electrolyte in the battery head 

becomes visible, and in the horizontal slices the ‘flower’ like shapes of the supporting porous 

carbon skeleton is clearly visible, as are the four gas channels. During the discharge process 

lithium is progressively removed from the lithium metal anode around the cathode and 

diffuses through the separator membrane, which is not visible due to the poor spatial 

resolution, into the cathode. There the attenuation coefficient increases steadily seen by an 
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increase in contrast starting from the cathode border. More and more lithium enters the 

cathode as time progresses. A high contrast gradient from the cathode edge into the middle 

of the cell appears and indicates slow lithium diffusion inside the cathode. At the same time, 

SO2 gas is formed by the discharge reaction which appears transparent for neutrons and is 

shown as black parts in the images. At the outer cathode, a higher amount of gas is generated 

due to a higher lithium concentration which can dissipate in the chemical reaction. Only a 

part of the formed gas diffuses into the gas channels and fills the gas reservoir. The other 

part diffuses through the electrolyte and covers at places, parts of the lithium-metal surface 

of the anode, marked by green boxes in the slices. Such ‘gas shielded’ lithium surface areas 

cannot participate in the chemical reaction owing to missing Li-ion conductive electrolyte. 

Resulting from the lack in lithium mobility in the cathode and the blocking of fresh lithium 

from the anode by gas, a reduction of the available cell capacity and a decrease of the cell 

potential follows. 

 
Figure 57: Orthogonal slices from the in-operando 3D neutron experiment of the LS 14250 cell discharged at -
25 mA at the CONRAD-2 neutron imaging beamline: The images show horizontal and vertical orthogonal slices 
of the scanned lithium / thionyl chloride battery cell at three different SoC; the pristine, the about half discharged 
and fully discharged cell. Metallic parts exhibit low image contrast. Due to a high neutron attenuation coefficient 
the lithium metal anode appears bright and the lithium removal from the anode and diffusion inside the SOCl2 
cathode is visible. Formed SO2 gas from the discharge reaction fills the gas channels and reservoirs which is 
indirect visible by the appearing black areas. Gas insulating layers on the lithium metal surfaces are detected. 
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Figure 58: Orthogonal slices from the 4D neutron experiment of the LS 14250 cell discharged at -8 mA at the 
IMAT neutron imaging  beamline: The images show horizontal and vertical orthogonal slices of the scanned 
lithium / thionyl chloride battery cell at three different SoC; the pristine, the about half discharged and fully 
discharged cell. Metallic parts show low image contrast. Due to high neutron attenuation coefficient the lithium 
metal anode appears bright, and the lithium removal from the anode and diffusion inside the SOCl2 cathode is 
visible. Formed SO2 gas from the discharge reaction fills the gas channels and reservoirs. A high gas formation and 
electrolyte consumption as well as an inhomogeneous lithium consumption from the anode can be detected. 

The second neutron imaging experiment provided data on a similar LS 14250 cell which was 

discharged at about three times lower discharge current at -8 mA. Orthogonal slices of three 

tomographies from IMAT are displayed in Figure 58, with slices from the pristine SoC, half to 

425 mAh state and the fully discharged state to 832 mAh. The cell displays a similar discharge 

behaviour as the -25 mA discharged cell. However, due to the lower discharge current the 

cell provides a ca. 40 % higher usable capacity which causes an increase in the consumption 

of lithium. Especially noticeable is the inhomogeneity of the lithium removal. The horizontal 

slices (top) in Figure 58 show a homogeneous lithium metal anode in the pristine state and 

later a higher lithium consumption in the lower anode section and finally a complete removal 

on the right side. That inhomogeneous consumption may be caused by the uncentered 

position of the cathode which is closer to the lower right anode side which facilitates the 

lithium removal by a shorter path to the cathode. Furthermore, a higher gas formation 

influences the cell discharge by movements through the cathode and along the anode 

surface through the electrolyte which can also affect lithium removal. An almost completely 

filled gas reservoir, detected by the increase of black area, indicates a high degree of pressure 

in the cell and consumption of electrolyte. The lower discharge current influences also the 
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amount of lithium and the depth of diffusion in the cathode which is higher for lower currents 

due to the slow lithium diffusion process in SOCl2. This lithium diffusion inside the cathode 

may be the key reason for a higher or lower usable capacity. At higher discharge currents, an 

increasing amount of lithium reacts in the outer cathode region where increased solid 

sulphur is formed and deposited in the channels of the porous carbon skeleton which more 

and more block the channels and finally cause an insulation of the inner cathode region, 

where more fresh SOCl2 is provided, which reduces the cell capacity. 

Determination of the Lithium volume consumption 

The high sensitivity of neutrons to lithium allows for a quantitative determination of the 

lithium anode volume over the discharge time. A constant threshold segmentation of the 

bright lithium anode was applied by using the AVIZO visualisation software suite (Thermo 

Fisher Scientific, USA). In the case of the battery cell discharged with a current of -25 mA, the 

24 collected tomographies measured in forward rotation direction were loaded into the 

program for the segmentation. Three of the segmented volumes are visualised in Figure 59 

c) for the same SoC like shown in Figure 57. In the pristine state a lithium volume of 615 mm3 

was determined which was reduced to 356 mm3 during the discharge process. The anode 

shows a flat and homogeneous inner and outer surface area in the pristine state. During the 

discharge process progressive lithium removal is clearly visible at the inner electrode side in 

the shape of vertical stripes. Those stripes are located at the directly opposite side of the 

bulges of the ‘flower’ shaped cathode. A shorter distance between both electrodes facilitates 

an increased lithium removal from the anode. Also visible is the overlap of the lithium metal 

at the left side of the segmented anode due to a shift in height between both endings by the 

manufacturing process. The 3D visualisation of the 24 segmented anodes is shown in 

appendix 10.1.2. The lithium anode volume fraction is plotted as a function of cell capacity 

in Figure 61 a). The deviations from the expected linear volume reduction are due to 

variations in the segmentation process. The total error of the lithium volume determination 

can be estimated to be smaller than 5 %. 

The same procedure was carried out for the with -8 mA discharged cell. Figure 60 c) 

displays the three segmented lithium volumes for the SoCs shown in Figure 58. The lithium 

volume of 608 mm3 in the pristine state is similar to the volume determined for cell 

discharged at -25 mAh. The lithium volume decreases to 213 mm3 for the fully discharged 

state. The lithium anode volume was determined for every other tomography. Here, no 
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overlap of the lithium metal foil endings is visible which can be due to a better fabrication or 

a poorer spatial resolution. During the discharge process more lithium is consumed owing to 

the lower discharge current, as discussed before, which results in a complete lithium removal 

at one side of the anode. The lithium metal removal during the discharge process is shown 

for 27 tomographies in appendix 10.1.3. The linear decrease of the anode volume as function 

of the capacity is presented in Figure 61. 

 

Figure 59: Discharge curve of the LS 14250 cell discharged with -25 mA and determination of the lithium metal 
volume of the anode during discharging: Graph a) shows the discharge curve of the discharged cell at with -
25 mA. The times when a tomography in forward (bright blue) or backward (blue) rotation direction was made 
are marked by dots. In b) a magnification of the voltage delay of the cell is displayed. Volume segmentations of 
the lithium metal anode at different SoC; the pristine, the partly and the fully discharged state are shown with 
the determined anode volumes in c). 

 

 
Figure 60: Discharge curve of the LS 14250 cell discharged with -8 mA and determination of the lithium metal 
volume of the anode during discharging: Graph a) shows the discharge curve of the discharged cell with -8 mA. 
The times when a tomography is reconstructed are marked by orange dots. In b) voltage delay of the cell is 
displayed enlarged. Volume segmentations of the lithium metal anode at different SoC; the pristine, the partly 
and the fully discharged state are shown with the determined anode volumes in c). 
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The lithium metal volumes of 615 mm3 and 608 mm3, respectively, for the pristine state 

are in a good agreement with the data sheet values of approximately 0.3 g per cell. From the 

lithium volumes as determined from the neutron data and with a lithium metal density rLi of 

0.534 g cm-3 (20 °C) a lithium mass of 0.32 g per cell is calculated. Using the linear fits in 

Figure 61 the relationship between the amount of lithium which is needed to generate 1 Ah 

can be derived from the slope: 514 mm3 are needed to achieve 1 Ah derived from cell with -

25 mA discharge, and 462 mm3 for the cell with -8 mA current. The discrepancy between the 

values for the two cells can be explained by different thresholds for the volume segmentation 

which in turn are due to the different neutron spectra of Conrad-2 and IMAT which result in 

different average attenuation coefficients for lithium. For a comparison with the theoretical 

value it is beneficial to use the mean of the measured values: 488 mm3 Ah-1. The theoretical 

relationship between the lithium volume in mm3 and the resulting capacity in Ah is given in 

Equation 50. With MLi the molar mass of lithium, C the electric charge, NA the Avogadro 

constant and rLi the density of lithium. -485 mm3 Ah-1 are needed to generate a capacity of 

1 Ah which is close to the average of the measured values. With this, the theoretical needed 

lithium volume to generate 1.2 Ah and the practically achievable capacity can be calculated. 
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Equation 50 

The required lithium volume to generate 1.2 Ah is 582 mm3, corresponding to a mass of 

0.31 g. Consequently, starting from a measured lithium volume of about 610 mm3 almost the 

whole anode has to be consumed to achieve the specified capacity. The capacity calculations 

based on the slopes and lithium volumes for the cells with -25 mA and -8 mA currents yield 

1.20 Ah and 1.32 Ah, respectively, which is in a good agreement with the theoretical 

calculation. 
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Figure 61: Lithium volume decrease of the LS 14250 anode during a discharge current of -25 mA and -8 mA, 
respectively: Graph a) shows the volume decrease of the lithium metal anode of a LS 14250 cell with a discharge 
current of -25 mA. b) presents the lithium volume reduction of a similar cell discharged with -8 mA. Both volumes 
are determined via a threshold segmentation using the AVIZO visualisation software. The lithium volume, needed 
to generate 1 Ah, is 488 mm3, in good agreement with the theoretical volume of 485 mm3. Almost the whole 
lithium amount is needed to generate the given capacity of 1.2 Ah. 

Determination of Lithium diffusion in the thionyl chloride electrode 

A considerable drawback of the SOCl2 electrode chemistry is the slow lithium diffusion 

inside the cathode which can result in blocking of the lithium diffusion channels in the carbon 

support skeleton by solid sulphur from the chemical reaction with lithium. A profile line plot 

through the reconstructed slices of the anode and cathode, such as shown in Figure 62 a) for 

the -25 mA discharged cell displays a high lithium mobility at the edge of the cathode over 

the discharge time. The x-axis shows the radial distance from the centre of the cell and the 

y-axis the relative change of the lithium distribution, in terms of normalized grey values with 

regards to the initial SoC. Values above one are related to a lithium increase (in the SOCl2 

electrode), and vice versa values smaller than one are related to a decrease of lithium 

concentration (in the lithium metal anode). The observed, low lithium amount in the inner 

cathode region indicates a tremendous stagnation in the lithium diffusion at -25 mA 

discharge current. Figure 62 b) shows related horizontal slices where blue and red colours 

indicate the lithium removal and deposition, respectively. A high lithium accumulation at the 

bulges of the ‘flower’ shaped cathode boundary is clearly visible during the first discharge 

phase due to the favourable short distance between the lithium metal anode and the 

cathode. At the end of the discharging process, the red ring along the cathode border 

indicates high accumulation of lithium in contrast to the inner cathode part which is almost 

devoid of lithium. It should be noted, that the blue coloured circular regions inside the 

cathode are related to intensity changes in the reconstructions caused by the generation of 

SO2 gas which fill the gas channels thus displacing the SOCl2 and causing a similar behaviour 

a) b)
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like the lithium removal from the anode. White areas represent no intensity changes during 

the discharging process which indicates a constant lithium amount or from the reaction 

unaffected regions. 

 
Figure 62: Normalised grey values representing lithium redistributions inside the LS 14250 battery cell during a 
discharge current of -25 mA: The graph in a) shows the time dependent line plots through the middle section of 
a LS 14250 Li/SOCl2 cell during the discharging process with a discharge current of -25 mA. Values above one 
indicate an increase of lithium in the cathode, and values below one indicate lithium removal from the anode. 
During the discharge lithium diffuse from the lithium metal anode into the thionyle chloride cathode. Due to the 
high discharge current the lithium diffusion from the outer cathode regions to the centre regions is incomplete 
where fresh SOCl2 is stored. As a result of the high lithium accumulation on the cathode boundary and slow 
diffusion inwards, the cathode exhibits a massive lithium diffusion stagnation which reduces the maximal usable 
cell capacity. In b) one selected horizontal slices from the middle part of the cell is displayed at different SoC. The 
blue and red colours indicate lithium removal and accumulation, respectively. The large blue dots inside the 
cathode indicate gas channels filled with SO2 gas thus displacing SOCl2. The yellow bar represents the selected 
direction of the line profile plot in a). 

Figure 63 shows a similar analysis for the -8 mA discharged cell. The line profile plot 

through the cathode in a) displays a better lithium distribution from the outer cathode edge 

to the cell centre. The lower discharge current facilitates lithium diffusion into the cathode 

owing to a better ratio between lithium, delivered to the cathode boundary, and the best 

possible lithium diffusion inside the cathode before it reacts. The improved ratio can be seen 

by the higher lithium amount in the centre of the cathode in comparison to the -25 mA 
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discharged cell. The horizontal slices in Figure 63 b) show also a more homogeneous lithium 

distribution during the discharge before the concentration increases on the cathode border 

due to blocking of the channels in the carbon skeleton. 

In appendices 10.1.4 and 10.1.5 a complete series of the in Figure 62 b) and Figure 63 b) 

shown horizontal slices is presented. 

 
Figure 63: Normalised grey values representing Lithium redistributions inside the LS 14250 battery cell during 
a discharge current of -8 mA: The graph in a) shows the time dependent line profile plots through the middle 
section of a LS 14250 Li/SOCl2 cell during the discharging process with a discharge current of -8 mA. Values above 
one indicate an increase of lithium in the cathode, and below one lithium removal from the anode. During the 
discharge lithium that is removed from the lithium metal anode diffuses from the outer cathode region into the 
thionyl chloride cathode where the lithium diffusion is slower than at the outer border. The slower diffusion inside 
the SOCl2 electrode causes a reduction of the maximal usable cell capacity because not all of the remaining thionyl 
chloride cathode material can participate in the chemical reaction due to this diffusion stagnation. In b) one 
horizontal slice from the middle part of the cell is displayed at different SoC. The blue and red colours indicate 
lithium removal from the anode and accumulation inside the cathode, respectively. The blue blobs inside the 
cathode region indicate gas channels filled with SO2 gas. The yellow bar represents the chosen direction for the 
profile plots in a). 

The comparison of the time dependent lithium distributions inside the SOCl2 electrode 

reveals the major reason for the capacity loss with discharge at higher currents. The loss of 

usable cell capacity is strongly related to the speed of the lithium diffusion inside the 

cathode. Higher currents force the chemical reaction between the lithium and the thionyl 
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chloride whereby solid sulphur is formed which blocks the diffusion channels of the porous 

supporting carbon skeleton and start to block them causing a decrease of the lithium 

diffusion. As a consequence, fresh unreacted SOCl2, stored in the inner cathode region, 

cannot participate in the reaction. 

To shed light on the problem of capacity loss at higher discharge rates, a closer look at the 

lithium diffusion process in the cathode is necessary. Starting from the outer cathode region 

towards the cell centre, the amount of diffused lithium decreases. The time dependent 

normalised intensity change at seven different positions, starting at the cathode edge and 

evenly distributed towards the centre, is measured in horizontal slices for both discharge 

rates. The detected normalised intensity increase is assumed to represent a lithium 

equivalent. Figure 64 a) presents the normalised intensity change from a radial distance of -

5.0 to 0.0 mm for the -25 mA discharged cell. The values were determined along a 

representative line which is shown in Figure 64 b) at different distances from the cathode 

centre in equal distances. The line was placed in such a way that the gas channels have as 

little as possible influence on the measurement result. The graphs in Figure 64 a) show an 

increased level of lithium at a radius of -5.0 mm, which is decreasing steadily towards -

2.5 mm, beyond which no lithium seems to be reached. For a capacity of about 350 mAh, the 

lithium diffusion at the outer cathode part starts saturating. However, due to the constant 

current discharge the observed stagnation of the lithium diffusion needs to be compensated 

by a higher lithium diffusion elsewhere inside the cathode. It is likely that this happens in the 

gaps between the ‘flowery’ bulges at the cathode boundary which are more active than other 

regions during the initial part of discharge process owing to the shorter diffusion paths for 

the Li-ions from anode to cathode. The lithium diffusion seems to stagnate only in the radial 

outer cathode region, -5.0 mm, detectable by a constant continuing diffusion in the inner 

radial regions, -4.2 mm to -2.5 mm, which suggests that the capacity loss occurs in the outer 

cathode shell area. 
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Figure 64: Relative grey value changes representing lithium diffusion inside the SOCl2 cathode at -25 mA: Graph 
a) presents the intensity increase inside the cathode at different distances from the cathode centre in equidistant 
steps for a representative region in the LS 14250 cell. Higher lithium diffusion is observed at the outer cathode 
radial distance which is then rapidly decreasing to one in the inner cell areas which indicates: no change. b) 
presents a horizontal slice from the middle of the cell, with the yellow arrow along the selected analysis points. 
The image represents the discharged cell state where red indicates a lithium increase, and the outer blue ring 
indicates removal of lithium from the lithium metal electrode. The two blue areas inside the cathode represent 
gas channels, filled with SO2 gas that replaced the SOCl2 material and caused an intensity decrease. 

 

At a lower discharge current, the lithium diffusion inside the cathode is slightly more 

homogeneous with a noticeable decrease inwards the cathode. Figure 65 shows the lithium 

diffusion behaviour inside the SOCl2 cathode for the -8 mA discharged cell. Similar to the -

25 mA scanned cell a) represents the capacity dependent intensity changes inside the 

cathode measured at seven different points from the cathode edge radially towards the 

centre in equal distances. In contrast to the higher discharge current of -25 mA, the lower 

current of -8 mA allows for a lithium diffusion deeper inside the cathode enabling use of 

more unreacted SOCl2. 

-5.0 mm
-2.5 mm

0.0 mm

19.8 h – 496 mAh

a)

b)



 162 

 
Figure 65: Relative grey value changes representing lithium diffusion inside the SOCl2 cathode at -8 mA: Graph 
a) presents the intensity increase inside the cathode at different distances from the cathode centre in equidistant 
steps for a representative region in the LS 14250 cell. The plots show higher lithium diffusion at the outer cathode 
points whilst decreasing inwards. B) presents a horizontal slice from the middle of the cell, with the yellow arrow 
indicating the location of analysis points. The image represents the discharged cell state where red indicates a 
lithium increase and the outer blue ring indicates removal of lithium from the lithium metal electrode. The blue 
blob inside the cathode represents a gas channel, which is filled with SO2 gas that replaces SOCl2 materials and 
may cause an intensity decrease. 

The intensity increase per capacity at the different locations from the outer to the inner 

cathode regions is a good measure to compare the lithium diffusion behaviour inside the 

cathode for different discharge currents. The intensity-capacity slopes for the graphs plotted 

in Figure 64 a) and Figure 65 a) are plotted over the cathode radial distance in Figure 66 a). 

The slopes were determined by linear regression using the Origin software (OriginLab 

Corporation, USA). In appendices 10.1.6 and 10.1.7 the fitted graphs are represented. The 

slope values over the radial distance show a linear decrease of lithium diffusion, higher for 

the -25 mA scan due to the higher lithium use. At a radius of about -1.5 mm the lithium 

diffusion seems to stop whereas for -8 mA lithium diffuses into the cell centre. The last 

measure point at 0.0 mm includes a region with the cathode current collector which causes 

a slightly elevated change. A fit of the slope of the linear region is a measure of the capacity 

and radius dependent lithium diffusion which is -0.379 (Int Ah-1) mm-1 for -25 mA and less for 

-8 mA with -0.083 (Int Ah-1) mm-1. From the slope it is possible to determine a maximal 

discharge current which allows one to make the full cell capacity available. The lithium 

diffusion per capacity and radius is plotted over the discharge current in Figure 66 b). 

Assuming a linear dependence for both values, the abscissa-axis intersection represents the 

maximal discharge current to reach the full cell capacity, marked with a green circle. The 

maximal discharge current to reach the full capacity is about -3.2 mA. However, it is more 
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likely that the real discharge behaviour is rather represented by an exponential behaviour 

which cannot be fitted with two values. It can be expected, that a discharge current is closer 

to zero than the value determined from the linear fit. 

 
Figure 66: Determination of the intensity/lithium amount change per cell capacity and the maximal discharge 
current which allows for the use of the full cell capacity: Graph a) shows the observed intensity change, which 
is equivalent to the change of the lithium amount, per capacity over the cathode radius. The determined slopes 
for the -25 mA and -8 mA discharged cells represent the intensity change per capacity and cathode radius. Both 
values are plotted as function of the discharge current in b) which allows for an estimation of the maximal usable 
discharge current to reach the full cell capacity: the intersection with the abscissa, under the assumption of a 
linear behaviour, is > -3.22 mA. 

  

a) b)
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4.4 4D Neutron Imaging of spiral wounded type ER14505M 
Lithium / Thionyl Chloride Batteries 

4.4.1 Methodology and Experimental 

In the following experiment two ER14505M Li/SOCl2 battery cells, from EVE Energy, were 

studied at two different discharge currents with in-operando neutron tomography. That cell 

has an AA sized spirally wounded cylindrical battery design made for middle rate discharge 

currents. The maximal recommended discharge current of -400 mA in combination with the 

high normal voltage of 3.6 V allow for a high power output over a long time owing to the high 

normal capacity of 2.0 Ah. The broad temperature range from -55 °C to 85 °C allow the use 

of the cell for many applications even under extreme conditions. 

A schematic drawing of a spirally wound Li/SOCl2 electrode system is shown in Figure 67 

a). The electrodes and the separator membrane are arranged in a layer sequence of 

‘…SOCl2|separator|Li|separator|Li/SOCl2|separator|Li…’ where the liquid SOCl2 electrode is 

permeated by a supporting nickel current collector mesh. The lithium metal anode functions 

as its own current collector, and both electrodes are separated by a microporous 

polypropylene Li-ion permeable separator. The separator is wetted by a Li-ion conductive 

SOCl2:LiAlCl4 nonaqueous electrolyte. During the storage of the battery cell a two-layered 

protection film protects the lithium metal anode and the cell against self-discharging. The 

first layer is only a few Angstrom thick insulating LiCl film whereas the second layer forms a 

micrometre thick porous surface which grows during the storage time 36. During the 

discharging process the lithium metal electrode (grey) loses electrons which flow through an 

external consumer into the thionyl chloride cathode (green patterns). Simultaneously, the 

protection layer on the anode surface crumble and Li-ions dissolve into the electrolyte (blue 

dots), diffusing through the separator (yellow) into the SOCl2 electrode and react there with 

the lithium to form liquid LiCl, solid sulphur and SO2 gas. 
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Figure 67: Schematic illustration of the electrode separator assembly of a spirally wound lithium thionyl 
chloride cell and a 3D view of a neutron imaged ER14250 battery cell from EVE: a) schematic drawing of a layered 
structured Li/SOCl2 cell where the SOCl2 (green) is working as positive electrode and the lithium metal (grey) as 
negative electrode. During the discharging process Li-ions are dissolved in the SOCl2:LiAlCl4 non-aqueous 
electrolyte (blue) which then diffuse through the Li-ion permeable separator layer (yellow) into the SOCl2 cathode. 
There the Li-ions react with the SOCl2 to liquid LiCl, solid sulphur and SO2 gas, whereby the freed electrons flow 
from the negative to the positive battery terminals. b) data from the partly discharged ER14505M battery cell 
from EVE, scanned on the D50 beamline at ILL with neutrons. The image shows the main parts of the cell whereby 
high neutron attenuating elements are displayed yellow such as the glass to metal sealing, and the lithium 
containing materials. During the discharge process, of -300 mA and -100 mA discharged cells, the batteries were 
continuously rotated and reconstructed after every 90 ° of rotation which allowed a time resolution of about 7.5 
minutes per tomography. 

4D in operando neutron tomography scans are performed on the D50/NeXT-Grenoble 

neutron imaging beamline at the High Flux research Reactor (HFR) research reactor at ILL in 

Grenoble (Institut Laue-Langevin, France). The D50 beamline at ILL has an outstanding high 

polychromatic neutron flux due to the fact that HFR is one of the world’s most powerful 

sources of neutrons. A cold source, consisting of liquid hydrogen at 25 K, optimise the 

neutron energy for imaging and enhances the neutron flux at a wavelength around 3 Å. The 

D50 instrument is designed for neutron and X-ray tomography wherefore an X-ray imaging 

system is developed and mounted on the neutron imaging beamline. The different imaging 

opportunities and a more detailed description of the instrument are presented in section 

3.1.6.3. 

The high available neutron flux on the D50 instrument allows for time resolved neutron 

tomography studies with a good spatial resolution. For the experiment presented here, two 

ER14505M Li/SOCl2 primary battery cells were discharged in a constant current mode with -

100 mA and -300 mA. For the experiment the cell bottoms were pressed into an about 8 mm 
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deep neutron transparent cylindrical PTFE sample holder which was mounted on a manual, 

up- and downwards, movable aluminium cylinder on an aluminium rod for adjusting the 

height of the sample in the neutron beam. The rod was connected to a Goniometer 409 from 

Huber Diffractiontechnik (Germany) onto the instrument table. An electrical slip ring (P4 + 

Compact Slip Ring, Moog, UK) was combined with the rotation stage which allowed 

simultaneous rotation of the battery cell and electrical discharging. Two electrical wires of 

the fixed slip ring endings were connected to a GAMRY 1000E potentiostat (GAMRY 

Instruments, USA) and on the other rotating ending the wires were connected to the positive 

and negative tabs of the cell. The negative wire was pressed inside the PTFE sample holder 

to provide the negative contact on the cell bottom and the positive wire was secured with 

aluminium tape onto the positive terminal on the top of the battery cell head. To prevent 

unwanted neutron incoherent scattering by the hydrogen containing plastic insulation of the 

connection wires, the insulation was removed and replaced by a thin neutron transparent 

PTFE band which was wound around the cables. For both discharge experiments the sample 

stage was moved as close as possible in the front of the indirect neutron camera system to 

provide a high spatial resolution of the tomographies. The camera box was equipped with a 

10 µm thick GADOX (gadoliniumoxisulfite, Proxivision, Germany) scintillator, which converts 

neutrons to visible light with photons of an energy around 545 nm, in combination with a 

Nikon photo lens (Nikkor 50 mm, Nikon, Japan) with a focal length of 50 mm and a 16 MPixel 

CMOS ASI1600MM Pro cooled camera (ZWO, China). For the collimation of the neutron beam 

a 15 mm diameter circular pinhole was selected from the pinhole selector placed at the end 

of the curved neutron guide 10 m upstream from the sample. This provided an L/D of 667 

and a maximal spatial resolution of 22 µm. The resulting pixel size after focusing the camera 

system was 8.9 µm with a field of view (FoV) of about 21 x 31 mm2. A battery cell was 

positioned in the front of the scintillator in such a way that the upper cell parts were visible 

in the FoV which covers about 55 % of the cell and 50 % of the active cell part. 

After installation of a cell the rotation speed of the rotation stage was set to ca. 2 rotations 

per hour and the exposure time per projection to 2.2 s. The battery cell was continuously 

rotated during the whole discharge of the cell. Before the discharging process was started, 

the cell was scanned for 1800 s to image the pristine SoC. After that the first cell was 

discharged with -300 mA and the second with -100 mA. The related discharge profiles and a 

magnification of the voltage delay after the discharge started are shown in Figure 71 and 

Figure 72 a) and b) respectively. Figure 67 b) shows a partly discharged ER14505M battery 

cell, as 3D rendered volume cut in the middle of the cell. Highly attenuating battery elements 
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and materials are shown in yellow such as the lithium which flows from the lithium metal 

into the SOCl2 electrode, as well as the hermetic glass-to-metal sealing which shields the 

environment from the toxic SO2 which is formed during the discharge process. 

After complete discharge of the cell, a sample was scanned for another 1800 s to receive a 

tomography over a 360 ° rotation of the fully discharged cell. All projections were noise 

filtered by using a 1-dimensional (1D) orientated median filter, flat field corrected by open 

beam images, and corrected for beam hardening effects. For the tomographic reconstruction 

the simultaneous iterative reconstruction techniques (SIRT) iterative reconstruction code 

with 200 iterations from the ASTRA toolbox192,193 reconstruction library was used within the 

python programming language. To minimise the reconstruction time all projections were 

binned by 3x3 pixels which resulted in a pixel size of 26.8 µm. SIRT was used because of the 

expected lower levels of noise in the reconstructed 3D volumes in comparison to the 

standard used FBP algorithm. Each tomogram was reconstructed from 813 projections, and 

for a better time resolution between the tomograms one tomogram was reconstructed after 

every 90 ° sample-rotation which results in a time resolution of about 7.5 minutes per 

tomography. Consequently, a total of 40 tomograms was reconstructed for the cell 

discharged at -300 mA over 4.4 h of discharging; similarly 121 tomograms were 

reconstructed for the cell discharged at -100 mA and collected for about 14.6 h of 

discharging. 

From each of the discharged cells and from a fresh ER14505M cell, an X-ray tomography 

was collected with the X-ray imaging system installed on the beamline. The X-ray system 

consists of an L12161-07 X-ray source from Hamamatsu Photonics K.K. (Japan) and a flat 

panel PaxScan 2530HE X-ray imaging detector (Varex Imaging Corporation, USA). As a 

rotation state a Newport 350 mm motorized rotation stage (High-Speed DC Drive, Newport 

Corporation, USA) was used. For the tomography scans an energy of 140 kV and a current of 

150 µA was used. For a better image quality, a 500 µm thick tin filter was used. Per second, 

3 radiographies were recorded whereby 5 radiograms are averaged for each of the made 

1,600 projections over a rotation scan of 360°. For the tomography reconstruction the 

beamline software X-Act was used with the FBP reconstruction algorithm. The effective pixel 

size was 19.8 µm. 
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4.4.2 Results and Discussion 

Figure 71 a) and Figure 72 a) show the discharge graphs for the -100 mA and -300 mA 

discharged ER14505M cells exhibiting the typical flat discharge shape for the lithium metal/ 

thionyl chloride battery chemistry. The heights of the discharge plateaus show a similar 

discharge potential at around 3.5 V whereby the cell discharged at -300 mA had a 0.03 V 

lower potential plateau. The potential difference is due to the higher discharge current which 

increases the internal resistance of the battery cell and causes a top down of the cell 

potential. A voltage delay at the beginning of the discharge process is typical for this battery 

chemistry. The delay is caused by the protection layer which is formed on the lithium metal 

surface during storage. After starting the cell discharge the protection layer causes an 

increase of the internal cell resistance which results in a drop off of the cell potential. During 

the first phase of the discharging process the protection layer starts to exfoliate from the 

anode surface which is freeing up new fresh lithium surfaces which can participate in the cell 

reaction. This results in a decreasing internal cell resistance and causes the recovery of the 

cell potential 33. Figure 71 b) and Figure 72 b) shows the voltage delays of the cells. The higher 

discharge current shows a faster recovery of the cell potential due to a more powerful 

mechanical disruption of the protection layer during dissolution of Li-ions from the anode by 

the higher current. 

X-ray tomography 

X-rays which are sensitive to the electron density of an element are a standard imaging 

investigation tool for characterising the internal cell processes during the discharging process 

of battery cells. Figure 68 show horizontal and vertical slices out of three different X-ray 

tomographies of ER14505M cells at different SoC. From left to right the figure shows data for 

an ER14505M cell in the pristine SoC and in the discharged SoC, discharged at -300 mA and -

100 mA. High X-ray attenuating cell parts are shown in yellow, such as the negative battery 

can around the cell, and the positive tab at the top of the cell. The surrounding air and lighter 

battery cell parts are displayed as purple and dark purple. Owing to the low atomic number 

of lithium, the lithium metal anode appears as bright purple spiral, such as air due to the very 

low X-ray attenuation, in the horizontal slice and as vertical stripes in the vertical slice in the 

pristine SoC. In dark purple, the SOCl2 cathode is wound around the anode. The thin 

separator between the electrodes is not visible due to having similar attenuation as SOCl2. A 

differentiation between the electrolyte and the cathode is also not possible due to the fact 

that the cathode works as its own electrolyte, enriched with LiAlCl4 lithium salt. The 
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electrolyte is visible in the upper cell part, above the electrodes, and in the radial cell centre 

as an excess of SOCl2:LiAlCl4 electrolyte. Along the outer lithium metal electrode, a highly 

attenuating nickel current collector mesh is visible which ensures the electrical connection 

to the negative cell can and the bottom terminal (not in the image) by the anode current 

collector at the outer ending of the electrode winding. The mesh guarantees an electrical 

connection even when parts of the electrode are totally consumed and lithium islands 

remain. A similar mesh is used in the cathode and increases the electrical conductivity of the 

SOCl2. The cathode current collector is visible in the radial cell centre and is connected to the 

positive cell terminal on the top of the battery cell. Based on reconstruction artefacts the 

battery head is blurred by star artefacts and the battery seal is not visible. During the 

discharge of the cell the lithium metal is consumed and diffuses into the SOCl2 electrode 

where it reacts to LiCl, S and SO2. In the process the excess electrolyte is consumed and SO2 

gas fills the radial cell centre as well as the gas reservoir in the upper cell region whereby an 

overpressure is generated. In both discharged cells the lithium consumption is detectable by 

the inhomogeneous shrinkage of the transparent gap between the positive SOCl2 electrode. 

The excess electrolyte disappeared out of the cell centre and the gas reservoir. At the axial 

upper electrode endings, the protruding larger separator membrane covered from remaining 

electrolyte is visible. In the middle of the cell discharged at -300 mA, a remaining, 

unidentifiable leftover is shown with a similar X-ray attenuation as the electrolyte. 

Of high interest for the battery characterisation is the lithium diffusion inside the electrode 

assembly of a battery cell. Due to the low attenuation coefficient of lithium for X-rays the 

lithium metal electrode appears transparent and the diffusion of lithium inside the SOCl2 

cathode cannot be detected. A lower X-ray energy in the soft energy range may enable the 

detection of lithium but the higher absorption for other cell components prevents the study 

of commercial cells with low energies. 
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Figure 68: Horizontal and vertical X-ray tomography slices of an ER14505M battery cell in the pristine SoC and 
the discharged states for -300 mA and -100 mA: High X-ray attenuating cell parts appear yellow such as the 
negative battery container, the positive tab, the anode and cathode current collectors with the current collector 
meshes. The transparent lithium metal anode, air and the generated SO2 gas are transparent for X-rays and shown 
as bright purple. The SOCl2 cathode is visible (purple) between the spirally wounded anode and the SOCl2:LiAlCl4 
as excess in the radial cell centre and above the electrode assembly. During the discharging process the electrolyte 
is consumed and the lithium metal electrode shrinks. 

4D Neutron tomography 

Neutron imaging offers an alternative to imaging with X-rays and shows a complementary 

imaging contrast for the battery cell components. Contrary to X-rays neutrons are sensitive 

to the atomic nucleus and show a high contrast even for light elements such as hydrogen or 

lithium whereas a lot of the in engineering used metals have a lower attenuation coefficient 

or are transparent. 

Often neutron imaging suffers on insufficient time or spatial resolution. The present study 

will show that the new D50 neutron imaging instrument at the ILL overcomes these 

limitations and enables time resolved tomography experiments with high spatial resolution. 

Two ER14505M cells were discharged with different discharge currents while continuously 

collecting neutron images. Figure 69 shows horizontal and vertical slices from the constant 

current discharge at -300 mA. From left to right the slices show the pristine, the half 

discharged and the fully discharged state. The numbers above the horizontal slices mark the 

first projections, out of the continuous rotation scan, used for the tomography 
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reconstruction. In contrast to the X-ray CT the neutron images show a high contrast for 

lithium. All high absorbing components such as the lithium metal anode and the hermetic 

glass-to-metal sealing, in the cell head, are displayed as yellow. Lower attenuating elements 

such as the negative cell container and the positive terminal are shown in purple. The SOCl2 

cathode and the SCCl2:LiAlCl4 electrolyte show a slightly higher attenuation and are displayed 

as dark purple. Due to a similar attenuation coefficient of the SOCl2, the current collector 

mesh inside the cathode is not visible. Further, the anode current collector mesh, on the 

outer lithium metal side is not distinguishable from the electrolyte. The cathode current 

collector in the radial cell centre is visible, surrounded by the excess electrolyte in the pristine 

SoC. In the pristine cell the lithium metal anode shows a jagged surface and an 

inhomogeneous lithium thickness. There are areas on the lithium surface where the lithium 

shows protrusions of several micrometres. The rough surface areas and the protrusions are 

not believed to be from the manufacturing process of the battery cell. The most likely 

explanation of the rough anode surface is the formation of an insulating LiCl-protection layer 

which is not distinguishable from the lithium metal in the neutron images and can have a 

thickness of several micrometres. The highly attenuating connection between the outer 

anode winding to the next inner winding through the cathode, visible in the horizontal slices 

of the cell, are evidence for that. In the case that the connection is not part of the LiCl-

protection layer, the cell would be short circuited or the connection would react with the 

SOCl2. During the discharge process, the Li-ions are removed from the anode and diffuse into 

the cathode. During this process the lithium metal electrode thickness reduces, the excess of 

electrolyte is consumed and the lithium becomes more and more visible in the cathode. The 

lithium removal occurs in-homogeneously from the anode with a higher mobility in the radial 

inner cell windings. The diffusion inside the SOCl2 cathode occurs similarly in-

homogeneously. A gradient from the outer radial cathode is obvious which does suggest that 

a lithium blocking barrier prevents the lithium diffusion between the lithium metal electrode 

and the radial inner cathode. The inner cathode ending and the outer lithium ending do not 

participate at the cell reactions which seems to be caused by a movement against both 

electrodes to each other during the manufacturing process resulting in that unfavourable 

electrode arrangement. This may be one reason why the usable cell capacity reached was 

only 1,329.5 mAh instead of the 2,000 mAh specified in the data sheet. In the radial cell 

centre, a high attenuating ‘particle’, glued to the cathode current collector (as observed 

before in the X-ray images as low attenuating) is visible. The complementarity of both 

imaging techniques suggests that the particle is LiCl through the reaction with excess 

electrolyte. That hypothesis is based on the observation that the particle is high attenuating 



 172 

for neutrons, therefore it must contain lithium, but it is not completely transparent for X-rays 

which suggests that the particle does not only consist of lithium. A similar reaction such as 

the formation of the LiCl-protection layer on the lithium metal anode surface seems to be 

the most appropriate. 

 
Figure 69: Horizontal and vertical neutron tomography slices of a with -300 mA discharged ER14505M battery 
cell in the pristine, half and fully discharged state: The neutron images display high attenuating cell components 
with a yellow colour and low and medium attenuating parts as black and purple. The neutron images show a high 
contrast for the lithium metal anode which is removed during the discharge process. Lithium is diffusing into the 
SOCl2 cathode with a gradient from the radial outer to the inner direction. On the surface of the anode a rough 
LiCl-protection layer is obvious. During the discharge the excess of SOCl2:LiAlCl4 electrolyte is consumed from the 
radial cell centre. The inner cathode and the outer anode endings have not reacted. 

Orthogonal neutron imaging slices displayed in Figure 70 show the corresponding data for 

the same SoC for an ER14505M cell discharged with a constant current of -100mA. The cell 

shows a similar discharge behaviour as the -300 mA discharged cell. During the discharge 

process the lithium is in-homogeneously removed from the anode with a higher degree in 

the radial inner cell region. In contrast to the scan at higher current the lithium gradient 

inside the SOCl2 cathode seems to be flatter and the lithium is more homogeneously 

distributed over the cathode. But locations with a lower reactivity are obvious. Such areas 

can be caused by large remaining parts of LiCl-protection layer removed from the anode 

surface which may disturb the lithium diffusion from the anode. Such an area is visible at the 

lower right side of the vertical slices in Figure 70. It can be concluded that the major 

inhomogeneity in the lithium diffusion into the cathode is caused by the remaining 
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protection layer parts between the electrodes. This cell shows an unreacted outer ending of 

the lithium electrode such as for the cell at -300 mA discharged. However, the inner cathode 

ending is involved in the discharging process which is caused by a better alignment between 

the anode and cathode layers. In the fully discharged SoC the whole lithium metal anode of 

the radial inner two windings is consumed. The remaining gap, between the cathode, is filled 

by SO2 gas which hinders the filling with electrolyte. Likewise, visible in the neutron 

tomograms is the protruding axial upper separator ending where remaining electrolyte is 

attached to the surface. The lower discharge current causes a higher usable cell capacity of 

1,464 mAh but it is still far from the maximal usable cell capacity. 

 
Figure 70: Horizontal and vertical neutron tomography slices of an ER14505M battery cell discharged at -
100 mA in the pristine, half discharged and fully discharged state: The neutron images show high attenuating 
cell components such as the hermetic glass-to-metal seal and the lithium (yellow). Low attenuating cell parts 
appear are displayed as black and purple. The neutron images show high contrast for the lithium metal anode 
which is removed during the discharge process. Lithium diffuses into the SOCl2 electrode with a flat gradient from 
the radial outer to the inner direction. On the surface of the anode a rough LiCl-protection layer is visible which 
can hinder or block the lithium diffusion. During the discharging process excess of SOCl2:LiAlCl4 electrolyte is 
consumed from the radial cell centre. The outer anode ending has not reacted. 

Determination of the Lithium volume 

The high sensitivity of neutrons for lithium enables a more detailed analysis of the lithium 

metal anode. In the following a quantitative analysis of the lithium metal anode volume 

change during both discharge cycles is presented. The lithium volume determination is made 
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by a threshold segmentation using the AVIZO visualisation software suite (Thermo Fisher 

Scientific, USA). For the segmentation seven and eight neutron tomographies from the -

300 mA and -100 mA discharged ER14505M cells, respectively, were used. The tomographies 

were chosen to be equally distributed over the discharge times of about 4.4 h and 14.6 h, 

respectively. The time stamps and the related capacity and the lithium volume are given in 

Table 7. The lithium volume was determined by calculating the volume fraction of the 

segmented anode within AVIZO. Three of the segmented lithium volumes are visualised in 

Figure 71 c) and Figure 72 c) for the pristine, partly and fully discharged SoC for the -300 mA 

and -100 mA discharged cells, respectively. 3D visualisation of the measured lithium metal 

anodes are shown in appendices 10.1.8 and appendices 10.1.9. 

Table 7: Determined lithium metal volumes of the ER14505M battery cell at different SoC of the -300 mA and -
100 mA cells and the related time stamps and capacities. 

-300 mA dc: 

# tomography time [s] time [h] Li-volume [mm3] capacity [mAh] 

1 1 0 0.00 507.3 0.0 

2 7 2436 0.68 482.6 203.0 

3 13 4872 1.35 432.1 406.0 

4 19 7308 2.03 384.1 609.0 

5 25 9744 2.71 305.4 812.0 

6 31 12180 3.38 244.7 1015.0 

7 40 15834 4.40 190.7 1319.5 

-100 mA dc: 

# tomography time [s] time [h] Li-volume [mm3] capacity [mAh] 

1 1 0 0.00 523.6 0.0 

2 17 7146 1.99 493.6 198.5 

3 34 14738 4.09 422.9 409.4 

4 50 21883 6.08 379.4 607.9 

5 68 29922 8.31 318.0 831.2 

6 85 37514 10.42 252.3 1042.1 

7 102 45107 12.53 200.3 1253.0 

8 121 52699 14.64 136.5 1463.9 

In the pristine cell state the lithium anode shows alternating flat and rough surface sections 

whereby the flat sections indicate a thin LiCl-protection layer and the rough surface parts a 

stronger grown layer. At the flat surfaces the lithium metal anode is about 3.5 mm thick 

whereas on the rough parts the thickness is up to 9 mm. In the pristine state in Figure 71 c), 
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the -300 mA discharged cell shows large flat surface areas and one larger rough section which 

is clearly visible in the radial inner electrode winding, marked by an orange arrow. During the 

discharge process a more pronounced lithium removal is observed in the radial inner anode 

windings as seen already in the tomography slices above. While the lithium metal is removed 

in the sections where the surface was flat, the large rough section in the cell centre remains 

even in the fully discharged SoC. It can be assumed, that the LiCl-protection layer consumes 

parts of the lithium metal which is not anymore usable for the discharge reaction which thus 

reduces the cell capacity. Additionally, the LiCl layer disturbs the lithium removal and 

diffusion processes from the anode inside the SOCl2 cathode. It can be assumed that a longer 

storage time of thionyl chloride cells intensifies the effect due to a thicker grown LiCl-

protection layer. An explanation for the large remaining lithium metal sections at the radial 

outer anode winding has not been found. Several effects can lead to a worsening of the 

lithium removal such as that the protection layer disturbs the lithium diffusion or a bad 

electrical connection of the electrode section facilitates a preferred activity of the radial inner 

electrode part. Equally likely is a reduced Li-ion conductivity in the outer electrode windings 

due to a weaker electrode compression which facilitates a stronger discharge reaction in the 

inner cell region. Around the radial outer lithium electrode winding, small LiCl-particles are 

observed which could be reacted lithium particles from the manufacturing process of the cell 

or replaced particles from the protection layer on the anode surface. 

 
Figure 71: Discharge profile of the -300 mA discharged ER14505M battery cell and the visualised lithium metal 
change during discharging: Plot a) shows the flat discharge curve of the -300 mA discharged Li/SOCl2 cell. The 
blue dots mark the start times of the 40 in operando tomographies. b) the voltage delay due to the LiCl-protection 
layer being removed from the lithium metal anode surface and where the cell potential recovered. c) visualise 
the lithium metal volumes at three different SoC during the discharge process. Clearly visible is the higher lithium 
consumption at the radial inner anode windings. A large LiCl-protection layer part is observed in the inner cell 
winding which remained unreacted during the whole discharge process. 
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A similar behaviour of the lithium metal consumption during the cell discharge is obvious 

for the -100 mA discharged cell. The lithium removal is more equally distributed over the 

whole electrode length which is due to the lower discharge current which facilitates a more 

homogeneous lithium diffusion. In the pristine state, the lithium anode shows only small 

rough parts which indicates a smaller LiCl-protection layer. In the partly discharged state, the 

lithium electrode still shows a homogeneous thickness whereas more lithium was removed 

from the radial inner anode windings in case of the -300 mA discharged cell. In the fully 

discharged state, more of the lithium from the inner cell windings is removed as seen in the 

other cell. The anode shows small patches in the radial cell centre of remaining lithium or 

unreacted LiCl with increasing size to the outer electrode ending. It can be assumed that the 

influence of the lithium diffusion, from remaining parts of the protection layer, between the 

anode and the cathode is more pronounced at higher discharge currents. The Li-ion diffusion 

blocking seems to have a high impact on the maximal usable cell capacity. 

 
Figure 72: Discharge profile of the -100 mA discharged ER14505M battery cell and the visualised lithium metal 
change during discharging: Plot a) shows the flat discharge curve of the -100 mA discharged Li/SOCl2 cell. The 
green dots mark the start times of the 121 in operando tomographies. In b) the voltage delay is displayed where 
the LiCl-protection layer is removed from the lithium metal anode surface and the cell potential is recovered. c) 
visualises the lithium metal volumes at three different SoC during the discharge process. Clearly visible is the 
higher lithium consumption at the radial inner anode windings in the fully discharged SoC. 

From the determined lithium metal volume at the different SoCs, it is possible to calculate 

e.g. the lithium amount which is needed for the production of a capacity of 1 Ah and the 

maximal available capacity outgoing from the lithium metal volume. Owing to the fact that 

only 50 % of the total electrode assembly is scanned and can be used to determine the total 

lithium volume, the determined volumes need to be doubled to approximate the real lithium 

metal volume. Thus, the lithium volumes for the pristine SoC for the whole ER14505M 

battery cells are about 1,014 mm3 and 1,047 mm3 for the -300 mA and -100 mA discharged 

cells, respectively. With those lithium volumes and a lithium density rLi a lithium mass of 
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about 5.5 g per cell is used. The relationship between the lithium volume change and the 

capacity increase or time dependency is shown in Figure 73 a) for the -300 mA and in b) for 

the -100 mA discharged cells. Both plots are related to the measured lithium volume, and for 

the following determinations, homogeneous discharge reactions over the whole cells are 

assumed. Both volume plots show a linear lithium volume increase over the cell discharge. 

Small variations are explained by uncertainties in the measuring process, the threshold for 

the lithium segmentation and the homogeneity of the discharge process in the measured 

half-cell parts. The slope of the graphs is the measure of the needed lithium amount per 

provided capacity. For the graph fitting, the linear fit option of the Origin software (OriginLab 

Corporation, USA) was used. Both graphs show a similar volume slope with -269 mm3 Ah-1 

and -259 mm3 Ah-1, respectively. Under the assumption that only half of the electrode 

assembly was scanned the corrected values are -538 mm3 Ah-1 and -518 mm3 Ah-1. 

Comparison with the theoretical needed lithium volume per 1 Ah calculated in Equation 51 

of -485 mm3 Ah-1 shows that the measured values are slightly too high, which is due to the 

uncertainties described above. The theoretical relationship between the lithium volume in 

mm3 and the resulting capacity in Ah is calculated with MLi the molar mass of lithium, C the 

electric charge, NA the Avogadro constant and rLi the density of lithium. 
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Equation 51 

The theoretical minimal lithium volume which is needed to generate the 2.0 Ah of cell 

capacity from the data sheet is 970 mm3. It can be assumed that a bit of lithium excess is 

provided whereby the observed here calculated lithium volumes in the pristine state with ca. 

1,000 mm3 to 1,050 mm3 is realistic. From the presented linear fits, it is possible to determine 

the achievable cell capacity with the determined lithium volumes by calculating the 

intersection point with the abscissa. For the -300 mA discharged cell a maximal cell capacity 

of 1,944 mAh and for the -100 mA discharged cell a capacity of 1,962 mAh results. Both 

values are close to the maximal cell capacity of 2.0 Ah specified by the manufacturer and 

within the error of the calculation which can be estimated with ca. 5 %. 
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Figure 73: Lithium volume decrease of two ER14505M cells during the discharge with -300 mA and -100 mA: 
Graph a) shows the lithium volume change of the top half lithium metal anode of a ER14505M Li/SOCl2 battery 
cell during a constant current discharge of -300 mA. b) shows the same plot for a cell discharged with -100 mA. 
The lithium metal volume was determined by a threshold segmentation and the calculation of the volume fraction 
using the AVIZO visualisation software from in operando neutron tomographies. From the linear graph fits the 
maximal reachable capacity, under the assumption that the whole lithium metal is consumed, is determined by 
the intersection with the abscissa, in good agreement with the specified capacity of 2.0 Ah from the 
manufacturer. 

Determination of the lithium diffusion in the thionyl chloride electrode 

A quantification of the lithium amount which diffuses inside the SOCl2 cathode is very 

complex and needs a direct link between the intensity change and the amount of deposited 

lithium. The used beam hardening correction and the problem to insulate the whole cathode 

region from the surrounding anode-electrolyte-separator assembly makes it very difficult if 

not impossible with options available in this study. In the following the time dependent 

lithium diffusion is qualitatively studied on selected regions of the electrode assembly. 

Figure 74 a) shows time dependent line plots through the horizontal slices of the 14505M 

battery cell discharged -300 mA. The slice was chosen from the middle height of the scanned 

cell part and is considered representative for the whole cell. The red line in b) marks the 

position of the line profile plots shown in a) at the same SoC as the before mentioned 3D 

lithium anode visualisations. The plot is positioned in such a way that large inactive parts of 

the LiCl-protection layers are not included. The line plots show the intensity change during 

the discharging process inside the electrodes due to the movement of Li-ions from the anode 

(marked by blue arrows) to the cathode (red arrows) from the pristine (black line) to the 

discharged cell state (blue line). In the pristine SoC, the lithium metal of the anode shows the 

highest intensity around 1.0 whereas the 1.0 mm thick SOCl2 electrode and the electrolyte 

show a normalised intensity around 0.3. During the discharge, Li-ions are removed from the 

lithium metal electrode and diffuse into the cathode, seen by the intensity decrease of the 

a) b)
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anode and increase of the cathode. The SOCl2:LiAlCl4 electrolyte (purple arrows) between the 

both electrodes show a constant intensity of ca. 0.3 during the whole process due to a 

constant lithium content. The lithium diffusion into the cathode occurs from the radial outer 

and inner surface whereby a higher amount of lithium is detected on the outer side. This 

behaviour may be caused by the higher available lithium content which is provided at the 

radial outer side owing to the larger cell radius. Contrary to the above discussed possible Li-

ion blocking barrier, on the radial inner cathode side, the lithium diffusion appears irregular 

but from both electrode sides. In the discharged state in the radial inner cell windings, the 

lithium metal is complete removed, and evolved SO2 gas (orange arrows) occupies the free 

space visible by the high intensity decrease close to and below 0.2. Simultaneously, the 

excess of electrolyte in the radial inner cell centre is consumed, and the region is occupied 

by SO2 gas detectable by an intensity decrease to zero. The peak in the line profile plots for 

the cell centre show the position of the cathode current collector. 

 
Figure 74: Qualitative evaluation of the lithium movement inside an ER14505M Li/SOCl2 battery cell by time 
dependent line plots during a constant current discharge of -300 mA: a) shows time dependent line plots 
through the horizontal ER14505M cell during the discharge process with -300 mA. The position of the line plots 
is shown in the horizontals slice in b). During the discharge lithium is removed from the lithium metal electrode 
(blue arrows) and diffuses from both sides inside the thicker SOCl2 electrode indicated by the intensity change. 
Further, the radial inner anode layer is completely removed and SO2 gas occupies the region. In the radial cell 
centre the excess of electrolyte is consumed, replaced by SO2 gas and only the cathode current collector is visible. 

Similar line plots were made for the -100 mA discharged cell shown in Figure 75 a) and b). 

This cell shows a stronger lithium removal from the anode indicated by the stronger intensity 

decrease below 0.2 due to the occupation of evolved SO2 gas in that region. Further, a higher 

amount of deposited lithium in the cathode is visible by the higher intensity, and smaller 

intensity gap, in the middle of the cathode volume. The low discharge current facilitates a 

more homogeneous diffusion over the cell and a higher usable capacity which causes a higher 

lithium content in the SOCl2 electrode. 
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Figure 75: Qualitative evaluation of the lithium movement inside an ER14505M Li/SOCl2 battery cell by time 
dependent line plots during a constant current discharge of -100 mA: a) shows time dependent line plots 
through the horizontal ER14505M cell during the discharge process with -100 mA. The position of the line plots 
is shown in the horizontals slice in b). During the discharge lithium is removed from the lithium metal electrode 
(blue arrows) and diffuses from both sides inside the thicker SOCl2 electrode indicated by the intensity change. 
Further, the anode is completely removed and SO2 gas occupies the region excepted from the right radial outer 
anode layer. In the radial cell centre the excess of electrolyte is consumed, replaced by SO2 gas and only the 
cathode current collector is visible. 

A semi-quantitative assessment of the lithium diffusion into the cathode can be made by 

defining a rectangular region of interest in a vertical slice of the measured cell. Here, the 

lithium and SOCl2 electrodes can easily be spatially separated by rectangular boxes and the 

intensity change graphically displayed over the discharge process. The drawback is that a 

quantitative analysis can be made only for a selected slice and region. In Figure 76 such an 

analysis is shown for a selected region which is most likely representative for the whole cell 

discharged at -300 mA. b) shows the location of the selected region of interest in the vertical 

slice, and a magnified view of the region marked by the red box. For the intensity 

measurement on the anode and cathode, three equally large regions are indicated by the 

green and red transparent boxes. The intensity changes as a function of capacity are 

graphically displayed in a) for the lithium electrode regions and in c) for the cathode regions. 

The line plots present the activity of the Li-ion movement away from the lithium metal 

electrode, visible by the decreasing intensity, and into the SOCl2 electrode, visible by the 

increasing intensity. The slopes of the graphs represent a measure of the activity of the 

electrode sections and show a large difference in the lithium removal from the anode 

sections. The radial inner anode section exhibits the highest activity, whereas the outer 

section remains unaffected during the whole cycle. For the radial outer and inner cathode 

sections the lithium accumulation is similarly high while the inner section shows a smaller 

lithium increase. The small intensity increase of the inner cathode section can be explained 

by the lithiation which occurs only from the radial outer electrode side due to the free inner 
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side. A quantification of the intensity changes were made by determining the intensity slopes 

plotted in Figure 76 a) and b) using Origin. The fits are shown in appendices 10.1.10 and 

10.1.11 for the anode and the cathode sections, respectively. Those values are useful 

information about the balance of the lithium removal and the accumulation from and into 

the electrodes by averaging and comparing the slope values of the anode and cathode. The 

average intensity change for the anode sections is -0.26 Int. Ah-1. For the cathode sections it 

is 0.29 Int. Ah-1. The absolute values of the averaged slopes are close which indicates a good 

balance between the lithium removal from the anode and the diffusion into the cathode. 

 
Figure 76: Semi-quantitative analysis of the lithium removal and accumulation in and from the anode and 
cathode section during a discharge at -300 mA in a ER14505M Li/SOCl2 battery cell: The figure presents a semi-
quantitative analysis of the lithium removal from the lithium metal anode and the accumulation into the SOCl2 
cathode in a representative anode-cathode-ensemble section of a vertical tomography slice shown in b). The 
lithium removal and accumulation are plotted for the with green and red marked transparent electrode sections 
as a function of the intensity change by the lithium movement over the cell capacity during a discharge of -300 mA 
in a) an c) for the radial outer, middle and inner anode and cathode sections. 

A similar semi-quantitative analysis is given for an anode-cathode-assembly section for the 

-100 mA discharged cell which is shown in Figure 77. Here the lithium removal from the 

anode is strongest for the radial inner section, likewise as in the selected sections for the -

300 mA discharged cell. The middle section shows a deviation from the linear lithium removal 

in the last part of the discharge where a stronger lithium removal is detected. Both radial 

outer cathode sections show a similar slope whereas the inner section has just half of the 

intensity increase due to the lithiation from one electrode side only. The comparison of the 

averaged intensity changes, over the discharge process of the -100 mA discharged cell 

sections, exhibit a stronger lithium removal from the anode sections with -0.38 Int. Ah-1 

(Intensity per ampere hour) as accumulation into the thionyl chloride electrode sections with 

0.32 Int. Ah-1. The lithium removal and accumulation from and into the electrodes is slightly 

unbalanced in the studied cell section. Further, the comparison between both investigated 
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cell sections with the -300 mA and -100 mA discharged cells show a higher cell activity in the 

last studied section. 

 
Figure 77: Semi-quantitative analysis of the lithium removal and accumulation in and from the anode and 
cathode section during a discharge at -100 mA in a ER14505M Li/SOCl2 battery cell: The figure presents a semi-
quantitative analysis of the lithium removal from the lithium metal anode and the accumulation into the SOCl2 
cathode in a representative anode-cathode-assembly section of a vertical tomography slice shown in b). The 
lithium removal and accumulation are plotted for the green and red marked electrode sections as a function of 
the intensity change by the lithium movement over the cell capacity during a discharge of -300 mA in a) an c) for 
the radial outer, middle and inner anode and cathode sections. 

4.5 Conclusion 

This work provides an insight in the dynamic processes of lithium batteries which leads to 

a better understanding of the lithium diffusion and cell degradation processes and provides 

a platform for developing new, more efficient battery cell designs. This is particularly 

insightful for the Li/SOCl2 chemistry which is highly toxic, and therefore cannot be subjected 

to tear down or post mortem analysis. 4D neutron CT data was obtained from two different 

lithium metal / thionyl chloride battery cell types while discharging under different discharge 

conditions. The study shows that the right combination of the neutron imaging source, in 

terms of the height of the neutron flux, in combination with a well-chosen lithium battery 

type and discharge speed yield satisfying temporally- and spatially-resolved results. It has 

been shown that for simple batteries such as the bobbin type LS 14250 cell, designed for low 

discharge rates, the spatial resolution is not as important as the imaging speed which allow 

for fast neutron imaging with the standard scanning strategies and for lower discharge rates 

on lower neutron flux imaging instruments in combination with the GR scanning technique. 

However, more complex battery designs made for higher discharge rates, such as the 

ER14505M spirally wound cylindrical cell, require a higher spatial and temporal resolution 

due to the rapid changes in the electrode assembly during discharging. In these cases, only 

neutron imaging instruments with a high neutron flux can satisfy the demands where the 
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batteries are scanned in the fly-scan mode. To increase the time resolution, tomographies 

can be reconstructed with overlapping reconstruction angles, and iterative reconstruction 

algorithms, such as SIRT, to reduce the level of noise and increase the image quality can be 

utilised. In summary, the study shows that in operando neutron CT scans on lithium batteries 

are best performed using a combination of adequate neutron flux, scanning strategy and 

reconstruction algorithm. 

The collected neutron tomographies give a unique view of the structural and chemical 

changes inside lithium metal batteries during cell discharge such as the here studied Li/SOCl2 

chemistry. The high sensitivity of neutrons to lithium enables a quantitative analysis of the 

lithium removal from the lithium metal electrode and the diffusion inside the cell, spatially- 

and time-resolved. This information helps to detect inhomogeneities in the lithium diffusion 

and chemical processes and support the identification of imbalances in the cell, caused e.g. 

by displacements of the electrode assembly or blocking of the transport of fresh lithium by 

reaction products such as solid sulphur. Further, neutrons are able to visualise the LiCl-

protection layer on the anode surface and show their impact on the cell discharge and usable 

capacity. During the discharge the consumption and distribution of electrolyte is detectable 

and the evolution of SO2 gas can be visualised. In combination with X-ray CT, complementary 

imaging contrasts do identify cell components that are difficult to distinguish with neutrons, 

such as the current collector meshes inside the electrodes. 

Further experiments on rechargeable lithium batteries such as state-of-the-art Li-ion 

battery cells will show the high impact of the here presented 4D neutron imaging technique. 

The combination of simultaneous neutron and X-ray CT provides a clear benefit for 

separation of chemical materials, with different attenuations for neutrons and X-rays, which 

will improve the understanding of imbalances, degradation processes and failures of a cell. 

More developed analysis methods, such as bimodal segmentation, and a better correlation 

of intensity changes and lithium concentrations are required.
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5 4D Imaging of Li-batteries using operando neutron 
and X-ray computed tomography in combination 
with a virtual unrolling technique 

This chapter contains extracts from an article in the journal Nature Communications under 

the title ‘4D imaging of lithium batteries using correlative neutron and X-ray tomography 

with a virtual unrolling technique’235 of which Ralf Ziesche is the primary author. 

DOI: http://dx.doi.org/10.1038/s41467-019-13943-3 

The operando X-ray computed tomography data used here, are from Dr. Donal Finegan and 

were previously published in the journal Advanced Science under the title ‘Quantifying Bulk 

Electrode Strain and Material Displacement within Lithium Batteries via High-Speed 

Operando Tomography and Digital Volume Correlation’51. 

DOI: http://dx.doi.org/10.1002/advs.201500332 

The virtual unrolling of the electrodes was performed by Dr. Tobias Arlt from the Helmholtz 

Zentrum Berlin (HZB, Germany). 

5.1 Overview 

For detecting and understanding performance losses of lithium batteries during cell 

operation spatially and temporally resolved tracking of the lithium diffusion and degradation 

processes of the electrodes is necessary. This section presents the advantages of using 

complimentary 4-dimensional (4D) X-ray and neutron computed tomography (CT) to study 

mechanical degradation processes and tracking lithium diffusion and electrode wetting of 

commercial lithium vs. manganese dioxide (MnO2) primary battery cells discharged under 

various conditions. In combination with a novel virtual electrode unrolling technique an 

insight view of the electrode layers and the detection of even minor fluctuations of the image 

grey levels is possible which are hidden by the wounded electrode structure and difficult to 

reveal with standard 3-dimensional (3D) rendering tools. It is expected that ‘unrolling’ will 

find a wide area of applications for correlating multi-modal imaging data which is not limited 

to the here presented primary batteries and support the study of various effects such as 

electrode degradation or lithium diffusion blocking during battery cycling. 
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5.2 Introduction 

X-ray CT has become one of the standard imaging tools to investigate Li-ion and lithium 

metal batteries. The high spatial and time resolution from the millimetre to the nanometre 

length scale 236 and exposure times from a few minutes or seconds for CTs 93,237 down to only 

fractions of a second 92,94 for radiographies enable the study of the battery architecture, 

electrode microstructure, new battery materials and battery safety e.g. during the cell failure 

of a Li-ion battery which occurs during a few milliseconds. The high sensitivity to high-Z 

elements provides a good imaging contrast for metallic materials such as the anode and 

cathode current collectors made from copper and aluminium for Li-ion battery electrodes 

but also the active electrode materials such as LCO 238,LFP 239 or NMC 87. However, light 

elements such as lithium, used as working ion, or hydrogen, contained in the battery 

electrolyte, appear transparent for X-rays, in the tender or hard X-ray energy spectrum which 

is used for X-ray imaging. 

Neutrons show a high sensitivity even for low-Z elements and provide a high contrast for 

lithium and hydrogen whereas some of the metals have a low attenuation coefficient such 

as aluminium or lead. X-rays interact with the electron cloud and the attenuation coefficient 

increases with increasing Z. In turn, neutrons interact with the nucleus and show different 

attenuation coefficients even between individual isotopes of an element. During recent 

years, neutron imaging has shown its high potential to image electrochemical devices such 

as the water evolution in fuel cells 131,138,240 or electrolysers 229,241 and lithium batteries to 

examine the dynamic lithium diffusion processes and electrode expansion100–102, electrolyte 

consumption103 and gas evolution104–106. But neutron imaging is often limited to 

radiographical data and suffers from poor spatial resolution and long exposure times which 

makes it challenging to image dynamic processes in 4D. Recent developments have shown 

that high speed neutron CT 5,6 and spatial resolutions down to a few micrometres 7 are 

achievable which in turn has a high potential to track the dynamic lithium diffusion process 

in lithium batteries. 

The combination of both non-destructive CT techniques provides opportunities to combine 

structural information such as particle movements, obtained from the X-rays, with 

electrochemical information such as lithium diffusion or the lithium content change in the 

cathode or anode, obtained from the neutrons. The successful link of X-ray and neutron CT 

on batteries was for first time demonstrated by LaManna et al.112. The combination of 
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complementary imaging techniques enables the study of the dynamic processes inside 

battery cells in 4D and provide opportunities to get new insights in processes which are 

happen simultaneously such as e.g. lithium diffusion and electrode expansion. 

With a novel virtual unrolling technique, which was originally developed to reveal hidden 

text in rolled or folded papyri242–244, a more efficient way was employed to extract 

information from the 3D multimodal CT data. The software enables to reveal smallest 

contrast changes along or through the unrolled electrode structures which are typically 

hidden by the spirally wound electrode architecture. This provides an effective means for 

data visualisation and correlation, which moreover, reveals erstwhile unseen trends in the 

spatial distribution of performance within these cells. 

In the following section results on CR2 manganese dioxide vs. lithium metal primary battery 

cells from Duracell245 are presented which were studied by using operando X-ray and neutron 

CT. In each case two CR2 cells were scanned during the discharging process under various 

discharging conditions and imaged at different states of charge (SoC). The X-ray CT 

experiments were performed on the ID15A X-ray imaging beamline at ESRF 237,246 and the 

neutron CT experiments at the V7 CONRAD-2 neutron imaging beamline (for more 

information see section 3.1.6.1) at the BER II research reactor at HZB 175,177. Both beamlines 

are known for their advanced technology for X-ray and neutron imaging. For the data analysis 

the above described novel virtual unrolling technique is used to study even smallest changes 

in the electrode ensemble. 

5.3 Methodology and Experimental 

For the study of the Li+ separation from the lithium metal anode and the intercalation in 

the MnO2 cathode of a commercial CR2 primary cell X-ray and neutron attenuation CT were 

used, where the imaging contrast is a contribution of the absorption and scattering cross 

sections of the elements. In two of the four experiments, the CR2 cells were discharged over 

a resistor of 4.7 Ω and scanned by X-rays and neutrons respectively. However, the resistivity 

used for the X-ray measurements was at a value 4.5 Ω due to the fluctuations given by the 

manufacturer. In both other experiments, the CR2 cells were discharged over a resistor of 

2.75 Ω and at a constant current mode with -200 mA discharge current and scanned by X-

rays and neutrons respectively. 
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High-speed X-ray tomograms were collected at the ID15A imaging beamline at the 

European Synchrotron Radiation Facility (ESRF). For the X-ray experiment, the batteries were 

discharged over a 2.75 Ω and 4.5 Ω resistor and the upper cell parts were imaged during 2.8 s 

of total exposure time every 40 s with a total number of tomograms of 46 and 103. The 

tomographies are labelled from CR2-000 to CR2-045 and CR2-102. For the current 

investigations, every fifth tomogram was used for the cell discharged over the 2.75 Ω resistor 

and seven tomograms were used for the data analysis, of the cell discharged over the 4.5 Ω 

resistor, starting with the pristine SoC at the discharge time 0 s and expanding time intervals 

between each tomography (300 s, 900 s, 1,500 s, 2,100 s, 3,000 s, 3,900 s). The tomograms 

are marked by blue and green squares in the discharge curves in Figure 78 a) and b). Figure 

82 a) and b) show orthogonal slices of three of the 3D reconstructed X-ray tomograms, in the 

pristine state, partly discharged to –248.58 mAh and –440.61 mAh for the over 2.75 Ω 

discharged cell and the pristine, partly discharged to –240.65 mAh and –604.90 mAh for the 

over 4.5 Ω discharged cell. 

 
Figure 78: Potential vs. time discharge curves of the discharged CR2 cells: Graph a) and b) show the constant 
resistance discharge curves for the CR2 cells over 2.75 Ω and 4.5 Ω, where simultaneous fast X-ray CT was carried 
out. The graphs c) and d) show the constant resistance discharge curve over 4.7 Ω and constant current discharge 
with -200 mA, where the discharge was interrupted for each neutron tomography after a certain time interval. 

Neutron tomograms were taken at the V7 CONRAD-2 imaging beamline at HZB. 

Tomograms were collected in the pristine SoC and after with an increasing time interval 

between each tomography (300 s, 900 s, 1,500 s, 2,100 s, 3,000 s, 3,900 s, 5,100 s) for the 

cell discharged over a 4.7 Ω resistor and after every 1,800 s of discharging in constant current 

mode with a discharge current of -200 mA. The discharge process was interrupted during 

tomography acquisition due to the long exposure times of 8 hours and 6 hours per tomogram 

a) b)

c) d)

X-ray – 4.5 ΩX-ray – 2.75 Ω

Neutron – 4.7 Ω Neutron – (-)200 mA dc
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respectively. Based on the larger field-of-view (FoV), the whole cell sizes could be imaged 

which is displayed in Figure 83, as orthogonal slices of the reconstructed 3D images for 

different SoC. The discharge profiles are given in Figure 78 c) and d) and show all eight 

discharge steps, here labeled with 4.7ohm-00 and -200mA-00, for the pristine states, to 

4.7ohm-07 and -200mA-08 for the almost fully discharged cells: orange and red squares mark 

the SoC’s were neutron tomograms are taken. 

3D images can give a comprehensive insight into the structure, working principle and 

morphological changes of a cell. However, it can be challenging to extract meaningful spatial 

information from a spiral wound structure. To facilitate interpretation of the spatial data 

along the electrode length, a plug-in from the Amira Software Package was applied, which 

was created by Konrad-Zuse-Zentrum Berlin (ZIB)244 to virtually unrolling the spiral wound 

structure and take measurements along its length. This enables analysis of morphological 

changes and degradation processes inside the battery electrodes as well as on its surface, 

and more direct correlation and comparison of the multi-modal image data. An example of 

an unrolled section is shown in Figure 79 and a detailed description of the technique is given 

below. 

 
Figure 79: Illustration of the principle of the virtual unrolling technique: Image a) displays the reconstructed 
tomograms from neutron and X-ray CT along with examples of sections extracted following virtual unrolling of the 
reconstructions in b). Clearly visible in the X-ray images is the nickel current collecting mesh which appears brighter 
than the LixMnO2 active electrode material. c) shows unrolled multilayer sections of the X-ray and neutron 
tomographies. 
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CR2: Lithium / manganese dioxide. 

The commercial CR2 primary battery from Duracell245 is a spirally wound cylindrical cell, 

made for high-pulse and middle-rate applications, with an electrode layer sequence of “… 

LixMnO2 | separator | Li | separator | LixMnO2 | separator | Li …” (Figure 80 a)), where the 

thick porous MnO2 cathode is pasted onto a supporting nickel current collector mesh. The 

lithium metal anode functions as its own current collector, and both electrodes are separated 

by a microporous polypropylene Li-ion permeable separator. All cell components are packed 

in a steel container and are soaked with a non-aqueous, Li-ion conducting, organic 

electrolyte. During the discharge process, lithium is oxidised at the lithium metal anode 

which involves the loss of electrons and the release of Li-ions into the electrolyte. The Li-ions 

pass through the Li-ion permeable electrolyte soaked separator and intercalate into the 

crystal structure of the porous LixMnO2 cathode by the reduction of Li+ with the freed 

electrons from the anode. The lithium intercalation in MnO2 is a multiple discharge process 

with different stages of MnO2-reduction described by Nardi et al.48 and involves a phase 

transformation from the tetravalent MnIVO2 to the trivalent MnIIIO2 with a noticeable 

increase in volume. The overall reaction is given by: 

 𝑥𝐿𝑖 + 𝑀𝑛+,𝑂# → 𝐿𝑖%𝑀𝑛+++𝑂#	 Equation 52 

 
Figure 80: Illustration of the cell operation: The image shows an illustration of the studied Li/MnO2 CR2 primary 
cell from Duracell. 
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High-speed X-ray computed tomography. 

The X-ray imaging experiments were carried out with a 76 keV monochromatic X-ray beam 

on the high-speed X-ray imaging beamline ID15A at ESRF237,246. The experiment was 

performed by Dr. Donal Finegan and a more detailed description can be found elsewhere by 

Finegan et al. 51. 

The ID15a beamline has a high photon flux and brilliance which enables imaging with a high 

spatial and temporal resolution. The used camera system with a pixel size of 10.87 µm 

allowed the imaging of the cell fully in the lateral direction in the ‘extended FoV’ tomography 

mode by 360 ° tomograms composed of two 180 ° half tomograms. One tomogram was made 

every 40 s with a total acquisition time of 2.8 s and 0.7 ms per radiogram. During the 

experiment the CR2 batteries were discharged with a 2.75 Ω and a 4.5 Ω resistor, respectively 

(see Figure 78 a) and b)). The electrical contact between the constant resistor circuits and 

the batteries were made by using an electrical slip ring built into the ID15A rotation stage 

which allowed continuous rotation. Electrical wires were soldered to the Cu tabs and 

connected to the slip ring and the resistors. After battery discharging and image recording, 

all 46 and 103 recorded tomograms, respectively, were reconstructed by using standard 

reconstruction software and the filtered back projection (FBP) reconstruction algorithm. 

High-resolved neutron computed tomography. 

The tomographic neutron imaging was carried out on the V7 CONRAD-2 neutron imaging 

beamline at the BER II research reactor at HZB175,177, using a polychromatic cold neutron 

beam collimated by a pinhole with a L/D from 500 and a neutron flux of 2.7·106 n/cm2s with 

a wavelength maximum at 2.58 Å at the imaging position. Radiographic projections were 

recorded by an indirect neutron imaging detector with a 10 µm GADOX (gadoliniumoxisulfite, 

Proxivision, Germany) scintillator screen and CCD camera (DW436N-BC, Oxford Instruments 

Andor, UK) in combination with a bright Nikon photo lens (Nikkor 50 mm 1:1,2, Nikon, Japan) 

with 50 mm focus and an aperture of 1.2 which was employed at the middle measure 

position of the instrument where beam conditions are optimised for neutron flux and high 

spatially resolved imaging. The CR2 Li-ion cells were positioned in the front of the scintillator 

screen and filled the complete 26 mm diameter FoV which was given by the rim of the photo 

lens. The camera array has 2048 x 2048 pixel with a pixel size of 12.9 µm. Due to the highly 

neutron attenuating hydrogen content in the outer plastic shell, the CR2 battery shells were 
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removed for a better neutron transmission before they were mounted on the V7 rotation 

stage (Goniometer 409, HUBER Diffraktionstechnik, Germany). The cell was mechanically 

connected by a cylindrical TEFLON holder, around the lower battery casing, which was 

screwed to an insulating polytetrafluorethylen (PTFE) cylinder fixed on the rotation stage. 

The negative electrical contact was made by a copper wire glued with an aluminium tape to 

the batter casings, which contacted the negative terminals, and by a cable soldered to a 

nickel-plated crocodile clip connected to the positive terminals at the cell heads. Both cables 

were led away downwards and upwards respectively out of the FoV and connected to a 

potentiostat (1000E, Gamry Instruments, USA). The discharging processes were made over a 

4.7 Ω resistance and at a constant current of -200 mA and interrupted for about 8 h and 6 h 

for taking tomograms (see Figure 78 c) and d)) over a 360 ° and 180 ° rotation respectively. 

In case of each cell the first tomogram was taken in the pristine state before discharging and 

the following data sets were collected consecutively with an increasing time interval between 

each tomogram for the 4.7 Ω discharge and each after 1,800 s of discharging with the 

constant current of - 200 mA between 3 and 2 V. The tomograms over the 4.7 Ω discharge 

are made with an angular increment of 0.45 ° and 800 steps and the tomograms of the -

200 mA discharge are made with an increment of 0.3 ° and 600 steps. For each angular step, 

of the 4.5 Ω tomographies; three radiographies were made with 9 s of exposure time and 5 s 

readout time of the camera. The three radiographies where combined to one projection by 

a median filter to reduce white spots which caused by scattered neutrons and secondary 

gamma rays which hitting the camera chip. For the with -200 mA discharged tomographies 

each radiography was measured for 30 s of exposure time and 5 s readout time of the 

camera. The data collection and discharging processes were controlled using trigger signals 

between the beamline control software (LabVIEW, National Instruments, USA) and the 

potentiostat. For data processing the ‘Remove Outliers’ and median filter of ImageJ Fiji234 

were used to clean the 16-bit images from white spots which are caused by fast neutrons 

and gamma radiation. 3D reconstructions were performed using Octopus 8.9 software 

(Belgium) with FBP reconstruction algorithm and beam hardening correction. 

Virtual unrolling of the battery electrodes. 

The access to uneven, folded or rolled surfaces within a sample is hardly possible. It is 

generally possible to extract small flattened areas out of a 3D volume, but these areas mostly 

do not deliver meaningful results. To overcome this, we applied a plug-in for Amira (Amira 

6.5, ZIB/Thermo Fisher Scientific, Germany/USA), which was created by the ZIB244, to achieve 
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access to our data. Originally developed for papyri unfolding project, we used this plug-in for 

battery unrolling. The working principle of unrolling this compound is shown in Figure 79 and 

Figure 81. The electrode-separator-compound within a battery of type CR2 is rolled. 

Consequently, each layer of the 3D volume represents a spiral-like course of this compound, 

see Figure 81 b). A reconstructed 3D volume is given in a). The experimentalist has to define 

certain contours in several slices of the 3D volume. These contours are depicted by the red 

line in a). The same contours are linearly interpolated for slices in between, while the 

contours for axial outer slices are created by constant extrapolation. Therewith, the whole 

3D volume is included in this reshaping of the data set. Taking all contours into account, a 

surface is spanned in the 3D volume. For example, a contour is given in b) as a red line. If 

desired, the line can be spread to an interval, as marked by the white lines. For each point 

on the red line, perpendicular lines segments are created by the plug-in, and consequently, 

neighbouring surfaces are created. All points along these line segments of the 3D volume are 

subsequently written into a new volume data set which contains the unrolled volume of the 

battery. A cross section of the unrolled volume is given in c). An average of several slices 

usually reveals a good signal to noise d). A reslice of the unrolled volume given in e), showing 

a single component of the battery in a flat shape such as the nickel current collector mesh. 

The latter step was done using ImageJ247. The virtual electrode unrolling, using the ‘ZIB Amira 

plug-in’ was performed by Dr. Tobias Arlt at HZB. 

 
Figure 81: Working principle of the unfolding process: a) 3D volume of the battery. Slices i, i+m and i+n are 
defined by the experimentalist. b) Cross-section of slice i with contour. c) Unrolled slice along contour which is 
depicted in b). d) Averaging same line profiles taken from several slices increases the signal-noise-ratio. e) The 
mesh of the current collector can be extracted as a flattened 3D volume. 
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5.4 Results and Discussion 

X-ray and neutron imaging were performed to study the lithium intercalation, morphology 

changes and degradation processes in four different commercial CR2 lithium/manganese 

dioxide cells discharged under various conditions as described in the Methodology and 

Experimental section 5.3. In the following sections, the X-ray and neutron imaging analyses 

are discussed along with the insights achieved from virtual unrolling of the spiral wound 

electrode architecture. 

X-ray Tomography 

Figure 82 a) and b) each show three of the high-speed X-ray tomograms of the over 2.75 Ω 

and 4.5 Ω resistors discharged CR2 cells: one in the pristine state and two at partly discharged 

SoC after 1,000 s and 1,800 s for the cell discharged over the 2.75 Ω resistor and 1,500 s and 

3,900 s for the cell discharged over the 4.5 Ω resistor. The corresponding discharge curves 

are given in Figure 78 a) and b), further are given in the appendices 10.2.1. The tomograms 

show highly X-ray attenuating battery materials as being bright, such as the nickel current 

collecting mesh which is woven in the lower attenuating MnO2 cathode, and the rectangular 

tab that connects the mesh to the terminal. Owing to the low interaction with X-rays, the 

lithium metal electrode, the separator and the electrolyte are not clearly visible. 

These tomograms provide information about the cathode morphology changes and 

mechanical degradation during discharging. In the pristine state, the cathodes, in both cases, 

already showed cracks which originated from the production process of the CR2 cell where 

the electrode-separator-layers were wound. Cracks appear mainly at the outer 

circumference of the winding cathodes and more severely in the middle of the cells where 

the electrode’s bending radius is higher, causing an increased strain. During the discharging 

process, the region where the lithium metal electrode is expected to be present diminishes 

in size. This is caused by lithium removal from the anode, while the cathodes start to expand 

heterogeneously as a result of the lithium insertion into the LixMnO2 crystal structure. 

During the expansion, the electrodes showed a slight degree of unravelling which is caused 

by the movement of the current collector meshes against the active material as a result of 

strain triggered by lithium insertion. Cracks were observed to expand heterogeneously in the 

anti-clockwise direction with increasing size into the outer windings, as previously reported 

by the Finegan et.al.51. The current collector tab anchors the electrodes at a single point and 
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is the unravelling centre. In both discharge cases, stronger LixMnO2 cracking is detected in 

the upper axial cathode section than in the middle section, likely as a result of the weaker 

electrode compression which facilitates lithium intercalation and electrode expansion (see 

Figure 82, appendices 10.2.2). Delamination of active material from the current collector can 

create electrically (and therefore electrochemically) isolated areas which, in turn, can cause 

power and capacity loss. However, cracks exposing additional LixMnO2 surface area may also 

benefit lithium insertion and cell performance. However, cracks exposing additional LixMnO2 

surface area by increasing the electrode porosity which may also benefit lithium insertion 

and cell performance due to voids which are fluted by highly Li-ion conductive electrolyte. 

For both discharges the cathodes show a strong cracking and mechanical transformation 

during the first part of discharging where the electrodes expand by the lithium insertion and 

the resulting cracks. In the second half bigger changes are less detectable. Outgoing from the 

here presented orthogonal slices the mechanical changes inside the CR2 cells are very similar 

for the both different discharges. 

X-rays are a good probe for detecting mechanical degradation processes in the LixMnO2 

electrode such as cracking, delamination or unravelling effects as outlined above, but are 

unable to observe the electrolyte, the lithium removal from the anode or the insertion into 

the cathode. However, the latter can be inferred by observing the electrode swelling and the 

loss of image intensity in the LixMnO2 electrode. 
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Figure 82: 3D reconstructed operando X-ray tomograms. a) and b) show horizontal and vertical slices out of the 
X-ray tomograms discharge over a 2.75 Ω and 4.5 Ω resistor respectively. In total 46 and 103 tomograms were 
recorded labelled from CR2-000 to CR2-45 and CR2-000 to CR2-102 for both discharges. In each case one 
tomogram was made every 40 s with a total acquisition period of 2.8 s. Here the pristine state and two partly 
discharged states are presented. The images show the cracking and volume expansion of the MnO2 electrode 
during cell discharging. The highly absorbing steel casing is visible as very bright ring around the wounded 
membrane-electrode ensemble in b) whereas the casing was digital removed in a). The contrast was optimised in 
order to improve the contrast within the lower attenuating components. 
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Neutron tomography 

Figure 83 a) and b) each show three neutron tomograms of the CR2 cells discharged over 

a 4.7 Ω resistor and at a constant current of -200 mA at different SoC labelled from CR2-00, 

the pristine state, to CR2-07 and CR2-08, the partly to -745.08 mAh and fully discharged state 

to -796.02 mAh, respectively. Highly neutron-attenuating elements, such as lithium and 

hydrogen, appear bright in the neutron tomograms which facilitates detection of the lithium 

anode between the darker, lowly attenuating cathode. 

It is observed that an excess of electrolyte filled the middle regions of the electrode 

assemblies of the pristine cells with a higher amount in case of the cell discharged over the 

4.7 Ω resistor. Electrolyte is also observed to occupy the regions near the positive terminal 

at the top of the cells. 

Strong mechanical degradation effects on the LixMnO2 electrode are clearly visible on the 

upper axial cathode endings at an early stage of lithium insertion. Here, electrode cracking 

starts after about 1,500 s of discharging at a capacity of -225.71 mAh (CR2-03) for the over 

4.7 Ω discharged cell, whereas in the cell radial middle and bottom section cracking is less 

pronounced and limited to the outer radial electrode windings identical to the cracking 

detected in the X-ray images (Figure A 22 and Figure A 23 in appendices 10.2.3). In the cell, 

discharged with -200 mA, electrode cracking starts in the cell radial middle section on the 

upper axial cathode ending at about 7,200 s at a capacity of -398.04 mA (CR2-05). At that SoC 

the axial middle and lower sections start to show a less pronounced cracking in the radial 

outer windings (Figure A 24 and Figure A 25 in appendices 10.2.3). 

The strong mechanical degradation in the upper axial section, of the higher c-rate 

discharged cell, is suspected on a high lithium intercalation by the cathode which can be seen 

in the top horizontal slices from CR2-03 onwards to CR2-05 of Figure A 22. There are regions 

where the electrolyte is completely removed and the consumed lithium between the 

cathode layers is visible. That strong mechanical effect occurs over a ca. 2 mm high region in 

the upper axial cell part seen in the vertical slices of Figure A 23 from CR2-03 onwards. 

Furthermore, due to the fast lithium insertion, the outer electrode winding is moved axially 

outwards by the rising mechanical stress in the cathode, which leads to an obviously loss of 

lithium conductivity. The strong mechanical degradation effects are suspected as a result of 

the high discharge rate of over -500 mA and a lower electrode compression in the top axial 

region which supports an easy lithium intercalation. In case of the with -200 mA discharged 

cell, no regions are detected where the electrolyte is completely removed. But a slight 
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moving of the electrode assembly in radial outward direction can be seen. That may cause 

the lower discharge current which prevents strong electrode cracking which results in less 

electrode movement. 

It should be noted that during the discharging process the excess electrolyte, which is 

mainly stored in the middle core of the cell, is consumed where a part may be used for 

forming an electrode electrolyte interface (EEI) on the lithium electrode248. Furthermore, in 

the LiMnO2 electrode, the electrolyte is soaked in the appeared cracks and voids which makes 

the detection of those pores more difficult. 

The excess electrolyte helps to compensate the electrolyte consumption and maintain the 

Li-ion conductivity between the electrodes during operation. During discharging the excess 

electrolyte is consumed steadily and disappears from the internal region of the cell. 

The presence of electrolyte near the top of the, with -200 mA discharged, cell diminishes 

after about -200 mAh discharge, whereas the electrolyte between the outer winding and the 

casing diminishes after ca. -500 mAh (see Figure A 24 and Figure A 25). In general, after 

discharging to -500 mAh, most of the excess electrolyte seems to have been consumed. 

Near the axial top of the cell, discharged over the 4.7 Ω resistor, the presence of electrolyte 

diminishes from the current collector wires after a discharge of about -225 mAh, whereas 

the electrolyte between the outer electrode winding and the casing diminishes slightly until 

ca. -750 mAh (see Figure A 22 and Figure A 23). Furthermore, electrolyte is filling the in the 

first discharge period tried 2 mm region of the axial top electrode section after about –

449.38 mAh. In general, after a discharge of -750 mAh, most of the excess electrolyte in the 

radial middle section of the cell seems to have been consumed from the cathode cracks or is 

filling the gaps left from the removed lithium. 

In the axial middle and bottom part of the higher current discharged cell, the lithium 

removal from the anode can be seen by the thinning of the anode during discharge. The 

distinction between lithium and the surrounding electrolyte is challenging at first but with 

the sustained electrolyte consumption, it becomes more apparent as the discharge proceeds. 

In the pristine state, the lithium-metal-foil is homogeneously distributed from the 

manufacturing and is very heterogeneously removed over the first part of the discharge 

process initiated by a quick lithium intercalation in the upper axial section as mentioned 

above. In the further discharging process the axial middle and bottom sections show an 
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obviously thinner lithium-electrolyte assembly on the opposite side of the current collector 

tab (see Figure A 22) and almost all of the lithium metal was consumed in the middle part of 

the discharged cell near the tab, whereas the lithium distribution on the opposite, left and 

right side from the tab, is still homogeneously distributed. However, due to the similar 

attenuation of the electrolyte and lithium, regions may exist where lithium is removed but 

electrolyte is filling the gaps. 

Similarly, the lithium removal is seen by the thinning of the anode in case of the other cell. 

In the pristine state, the lithium-metal-foil is homogeneously removed over the first 

discharge steps until about -300 to -400 mAh, when uneven layer thicknesses begin to be 

observed. For example, the lithium electrode is obviously thicker on the opposite side of the 

current collector tab (see Figure 83 b)). A higher rate of lithium consumption occurred at the 

outer windings in the upper and lower electrode sections. After ca. -400 mAh of discharge, a 

loss of Li-ion conductivity by missing electrolyte is suspected on the left side from the tab in 

the axial upper cell section and after about -500 mAh in the axial lower cell section (see 

Figure A 22 and Figure A 23), which could be explained by a strong electrolyte consumption 

of the appeared cracks and voids. The discharged volume (CR-08) shows a greater quantity 

of lithium remaining on the radial outer electrode. Almost all of the lithium metal was 

consumed in the middle part of the discharged cell near the tab, whereas the lithium 

distribution on the left and right side from the tab is still homogeneously distributed. 

During cell operation, the lithium from the anode is intercalated into the crystal structure 

of the manganese dioxide electrode which is detectable by an intensity increase in the 

LixMnO2 electrode in the neutron tomograms. However, the intensity increase is weak, and 

fluctuations are difficult to observe by eye, especially through the electrode thickness. Virtual 

unrolling of the electrode assembly and flattening of the electrodes makes it possible to plot 

the intensity changes along the length of the electrode assembly from core to case. This was 

therefore applied to the data and is discussed in the subsequent section. 
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Figure 83: 3D reconstructed in situ neutron tomograms. a) and b) show orthogonal slices of the neutron 
tomograms captured during the discharge over a 4.5 Ω resistor and at a constant current at -200 mA respectively, 
where the lithium electrode and the excess of electrolyte in the middle of the cells are clearly visible with a higher 
electrolyte amount in the cell discharged over the 4.5 Ω resistor. Lithium intercalation and electrolyte consumption 
are observed, as well as electrode cracking and electrolyte consumption. In total, eight neutron tomograms were 
collected with an acquisition period of about 8 h for the cell discharged over the 4.5 Ω resistor (a)) and nine 
tomograms with an acquisition period of about 6 h for the cells discharged with -200 mA (b)). The discharging 
process was interrupted for each tomogram and labelled with CR2-00 from the pristine to CR2-07 and CR2-08, the 
fully discharged SoCs. 
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Both measurement methods show a very small deviation of the measured battery 

component sizes which qualifies the data for a more advanced data analysis techniques, 

following in the next section. Figure A 26 and Figure A 27 in appendices 10.2.4 show the 

calculation of the standard variation of the thickness change by the battery steel casing over 

the discharge time for the X-ray and neutron tomograms. Both imaging methods show a 

standard variation smaller than 1.5 µm. 

Virtual unrolling of Tomography 

A comprehensive spatial analysis of the spiral-wound electrode assembly is challenging. 

Therefore, to facilitate spatial quantification along the length of the spiral electrode, virtual 

unrolling of the datasets was applied. To determine the electrode thickness change during 

the discharging process, an arc region out of the electrodes was selected which covers about 

360 ° of the battery circumference and four electrode windings, as shown in Figure 79 b) and 

Figure 81 b) for the unrolling of the neutron tomogram. Subsequently, the high-intensity 

nickel mesh was removed from the unrolled X-ray data by a thresholding process, before the 

volumes were averaged over the electrode’s height to get a mean value of the cathode 

expansion and the intensity change. 

Because of the similarity between the greyscale values of the LixMnO2 and the current 

collector in the neutron data, it was not possible to remove the mesh by a threshold. Hence, 

the mesh appears as a constant value in the further processed neutron images. 

Figure 84 and Figure 85 show cut-outs of the processed data for the X-ray and neutron 

images at different SoC. The images display the radial outer electrode windings in the upper 

region. The X-ray images, from the cell discharged over the 2.75 Ω resistor, reveals a rapid 

cathode volume expansion over the discharging period from the pristine state (CR2-000) to 

the partly discharged state to -440.61 mAh (CR2-045). The average cathode volume 

increased by about +32 %, from 388 µm to 512 µm thickness while the intensity decreases 

due to the lithium insertion. The cathode thickness expansion from the cell discharged over 

the 4.5 Ω resistor shows a smaller volume increase of ca. +27 %, from 389 µm to 495 µm 

thickness from the pristine (CR2-000) to the partly discharged state to -604.90 mAh (CR2-

096). 
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The neutron images show a similar volume expansion and electrode movement during 

discharging. The volume change for the over the 4.7 Ω discharged cell to -745.08 mAh is 

+30 %, from 386 µm to 501 µm in thickness, and +22 %, from 384 µm to 470 µm, for the cell 

discharged with -200 mA to -796.02 mAh. 

All four measurements indicate that the SoC has a major impact on the cathode volume 

expansion caused by lithium insertion in the LixMnO2 structure and a significant electrode 

cracking. All discharge processes show a linear cathode volume expansion with an equal 

volume increase for similar c-rates, as for the cells discharged over the 4.5 Ω and 4.7 Ω 

resistor, seen in Figure 86. 

 
Figure 84: Cathode thickness and intensity change during the discharging process of the X-ray scanned cells: 
Part a) shows cut-outs of virtual unrolled multilayer sections of the measured X-ray tomograms, of the over a 
2.75 Ω resistor discharged cell, at different SoC from the pristine state (000) to the partly discharged state (045) 
to -440.61 mAh. The thickness increases of the LixMnO2 electrode, during the discharge, is about 32 % measured 
by the full width at half maximum (FWHM). The intensity plot shows a higher lithium intercalation in the cell 
outward electrode side by a lower intensity ‘shoulder’. b) shows a similar behaviour for the over a 4.5 Ω resistor 
discharged cell. The electrode swelling is about 27 % for a cell discharge to -604.90 mAh (096). 
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Figure 85: Cathode thickness and intensity change during the discharging process of the neutron scanned cells: 
Part a) shows cut-outs of virtual unrolled multilayer sections of the measured neutron tomograms at different SoC 
from the pristine state (00) to the partly discharged state (07) to -745.08 mAh discharged over a 4.7 Ω resistor. 
The thickness increases of the LixMnO2 electrode, during the discharge, is about 30 % measured by the full width 
at half maximum (FWHM). The intensity plot shows a higher lithium intercalation in the cell outward electrode 
side by a higher intensity ‘shoulder’. b) shows a similar behaviour for the with -200 mA discharged cell. The 
electrode swelling is about 22 % for a cell discharge to - 796.02 mAh (08). The plots illustrate the complementarity 
between X-rays, in Figure 84, and neutrons. 

Line profiles over the electrodes, shown in Figure 84 and Figure 85, display a decrease of 

intensity of the cathode for X-rays and an increase for neutrons. In both cases, the intensity 

changes heterogeneously over the cathode with a lower intensity ‘shoulder’ for the X-ray 

and a high-intensity shoulder for the neutron tomograms at the radial outward-facing 

LixMnO2 electrode side. This indicates higher lithium intercalation at the outer electrode side, 

which can be explained by the higher compression of the material at the inner side, caused 

by the electrode roll up during cell manufacturing. The lower compression at the outer side 

allows easier lithium intercalation and less resistance for electrode expansion. 

To determine the lithium intercalation over the LixMnO2 electrode length, the interval of 

the unrolling software was reduced to the single electrode thickness and expanded in length 

over the whole electrode, as shown in the horizontal cut through the X-ray tomogram in 

Figure 79. Figure 87 and Figure 88 represent three of the unrolled cathodes respectively, 

from the pristine to the partly discharged or fully discharged state, of the X-ray and neutron 

datasets. In the case of the X-ray images the nickel mesh was removed via thresholding to 

avoid corruptions of the LixMnO2 by the different intensity values. 
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Figure 86: Cathode thickness variation vs. capacity: The plot shows the LixMnO2 electrode thickness increase by 
the lithium intercalation during cell discharging by different c-rates. For similar c-rates the electrodes thickness 
increases uniform, such as for the electrodes discharged over the 4.5 Ω (green) and 4.7 Ω (orange) resistors. It 
shows that a higher c-rate (blue) causes a higher increase in the volume expansion in comparison to lower c-rates 
(red). 

In Figure 87 the intensity of the X-ray data is averaged over the electrode height and for a 

better signal to noise ratio (SNR) every nine slices through the electrode thickness were 

combined, starting from the inner electrode side. The intensities of the electrode along the 

electrode length are then plotted in Figure 87 a) and c) for the pristine state (CR2-000) and 

partly discharged states respectively (CR2-020, CR2-045 and CR2-036 and CR2-096). 

The overall intensity decreases during the cell discharge due to the lithium intercalation in 

the MnO2 structure and the cracking of the electrode in both cells. A higher intensity change 

is clearly visible at the outer winding of the electrodes, with a decrease observed over the 

electrode length, which indicates higher lithium intercalation or cracking caused by a lower 

compression of the active material. In the cell discharged over the 2.75 Ω resistor at the outer 

cathode layer an inhomogeneous intercalation process is detected, in the form of a 

sinusoidal-shaped intensity variation with increasing amplitude to the outer windings. The 

number and positions of the local intensity minima are consistent with the number of the 

electrode windings and are positioned at the opposite side to the tab current collector, see 

Figure 87 a). A similar inhomogeneous intercalation process is observed in the cell discharged 

over the 4.5 Ω resistor. Here the sinusoidal-shaped intensity variation is positioned at the left 

side from the current collector tab radial inward looking with a higher lithium intercalation 

in the three radial outer cell windings, see Figure 87 c). It can be concluded that at this side, 

the compression of the active material is less, and favored an easier intercalation/cracking 

followed by a simultaneous volume expansion. Compression may vary due to the current 
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collecting tab anchoring the electrode assembly against the steel casing on that side and 

benefits the porosity increase at that side during operation. The larger intensity reduction at 

the outer electrode side can be explained by being less confined and more susceptible to 

expansion. 

 
Figure 87: Lithium distribution at various depths of the LixMnO2 electrode during discharging, using unrolled X-
ray tomography data of the upper part of two CR2 cells discharged over an 2.75 Ω and 4.5 Ω resistor: For the 
analysis of the lithium distribution over the MnO2 electrode thickness b) the current metal collector mesh is 
digitally removed before the electrodes are unrolled. The electrode thickness is divided in five depths and the 
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normalised grey values plotted over the electrode lengths. a) and c) represents the changed lithium distribution 
for the tomograms CR2-000, CR2-020 and CR2-045 and CR2-000, CR2-036 and CR2-096 for the cells discharged 
over the 2.75 Ω and 4.5 Ω resistor respectively. The lithium content or cracking increases much more on the outer 
electrode side (blue and green) compared to the inner side and the electrode outer endings, as indicated by the 
reduced grey values. The lithium content is highest at the opposite side of the current collector tab for a) and at 
the left side of the current collector tab for c), exhibiting sinusoidal variation with increasing amplitude as the cell’s 
discharges. 

After unrolling the neutron data sets the electrodes were split into three sections at 

different heights of about 4.8 mm, each labelled with top, middle or bottom, see Figure 88 

b). The slices were then combined through the electrodes thickness to obtain a higher SNR. 

The same procedure was carried out for the whole electrodes to analyse the intensity 

variation at the three different electrode heights of the cells and compare them to the mean 

value taken from the bulk. 

Figure 88 a) shows the averaged electrodes of the battery cell discharged over the 4.7 Ω 

resistor in the pristine (CR2-00), partly discharged to -225.71 mAh (CR2-03) and the more 

discharged to -745.08 mAh (CR2-07) SoC with the corresponding greyscale intensity line 

plots. The highest average intensity increase of the three sections is detected at the cell top 

section for the first period of the discharging process (CR2-00 to CR2-03), which seems to be 

the result of the less compressed electrodes which facilitate a better Li-ion intercalation in 

the axial upper 2 mm high cathode section as discussed in the neutron CT section above. In 

the further discharging process, the middle and bottom part of the battery cell show an 

increase in lithium insertion whereas the upper part shows a stagnation in lithium 

intercalation due to the high degree of lithium removal from the anode and the missing 

electrolyte from the first period of the discharging. After discharging to -745.08 mAh (CR2-

07) all three sections display a similar amount of intensity increase, which means that the 

two axial lower sections compensated the high lithium insertion of the top section from the 

first discharge period in the second.  

Figure 88 c) shows the averaged electrodes of the cell discharged with -200 mA in the 

pristine (CR2-00), half discharged (CR2-04) and the fully discharged (CR2-08) SoC with the 

corresponding greyscale intensity line plots. The highest average intensity increase of the 

three sections is detected at the cell bottom, which seems to be the result of the better Li-

ion conductivity caused by the excess electrolyte at the bottom, in the vertical measurement 

position. Additionally, the bottom electrode shows the highest intensity, from the beginning 

of the discharge, due to the high attenuation of the electrolyte saturating the electrode. 
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Figure 88: Organisation of electrode unrolling (top, middle, bottom) and analysis of the lithium distribution in 
the LixMnO2 electrode during discharging using neutron tomography data discharged over a 4.7 Ω resistor and 
with -200 mA: The analysis of the lithium intercalation in the LixMnO2 electrode is divided in four sections the top, 
middle, bottom and overall part. b) shows the pristine neutron tomogram divided in the studied parts. a) and c) 
displays the unrolled and over the thickness averaged electrodes of the pristine (CR2-00), partly discharged to -
225.71 mAh (CR2-03) and partly discharged to -745.08 mAh (CR2-07) SoC, for the cell discharge over the 4.7 Ω 
resistor, and the pristine (CR2-00), partly discharged to -398.04 mAh (CR2-04) and fully discharged to -796.02 mAh 
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(CR2-08) SoC, for the cell discharged with -200 mA, respectively and the related line plots. The intensity increase, 
due to the lithium intercalation, during discharging is clearly visible. On the top the electrode undergoes a very 
strong lithiation during the first period of discharging in a). Over the electrode length a sinusoidal intensity profile 
with increasing period is observed, with maxima at the a) tab and c) opposite tab side respectively. That structures 
are caused by a higher lithium content on that sides, later. 

In contrast to the X-ray images, the neutron data show the sinusoidal intensity from the 

pristine state onwards to be most prominent in the more discharged states with the highest 

intensity/lithium increase. In case of the cell discharged over the 4.7 Ω resistor, the opposite 

cell side, seen from the tab, has a lower compression of the active material, a higher amount 

of electrolyte is favoured in that cell region, which leads to a higher neutron attenuation from 

the beginning of the discharge process. The other cell, discharged with -200 mA, shows the 

highest intensity/lithium increase at the current collector tab side. In both cases, during 

discharging the electrolyte is consumed and replaced by the highly attenuating lithium, which 

results in a similar intensity pattern. In corroboration to the X-ray images, these 

measurements indicate that the position of the minima and maxima of the sinusoidal 

intensity variation over the electrode length vary from cell to cell, and may depend on the 

local electrode compression from the manufacturing process. The local intensity increase is 

also strong related to a local volume increase of the cathode. 

An irregular behaviour of the lithium intercalation at the inner and outer electrode 

windings is observed in Figure 89 and Figure 90.  

During the cell discharge the high c-rate X-ray tomograms (2.75 Ω), show no lithium 

intercalation in a range of about 6 mm for the inner cell winding and in a range of about 

3 mm for the outer cell winding, see Figure 89 a). The cathode endings of the medium c-rate 

discharged cell (4.5 Ω) show likewise no lithium intercalation in a range of about 5 mm for 

the inner cell winding and in a range of about 6 mm for the outer cell winding, see Figure 89 

b). A possible reason is that the lithium metal electrode stops before reaching the inner and 

outer endings of the wound LixMnO2 layer, as previously reported51; the lithium metal 

electrode is shorter in length than the LixMnO2 electrode. 

The LixMnO2 electrode went beyond the lithium electrode resulting in underutilized MnO2 

at the ends. The same behaviour is identified for about 5 mm of the inner and 7 mm of the 

outer electrode endings in the discharged neutron tomograms over the 4.7 Ω resistor, see 

Figure 90 a). But here, the lithium intercalation is prevented at the outer electrode ending 

until the last two discharge steps from about -580 mAh to -745 mAh. Similar to that, the 

lithiation is prevented of the about 5 mm of the inner and 10 mm of the outer electrode 

endings, of the cell discharged with -200 mA, see Figure 90 b). Here the lithiation starts at 
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about -600 mAh onwards. Consequently, the most likely mechanisms for the lithium 

insertion in the electrode endings is lithium diffusion through the LixMnO2 electrode or that 

a longer transport through the remaining electrolyte becomes more likely at a lower SoC 

assumed the endings are sufficient wetted by electrolyte. 

However, despite the behaviour of the four cells investigated here being very similar, we 

cannot say for certain that their behaviour is statistically significant and representative of all 

cells operated under similar conditions. 

 
Figure 89: Electrode endings and middle part at different SoC of the two, with X-ray imaged, CR2 cells 
discharged over an 2.75 Ω and 4.5 Ω resistor: The images and line plots in a) and b) show the attenuation of the 
LixMnO2 electrode during cell discharging for the X-ray imaged cells discharged over a 2.75 Ω and a 4.5 Ω resistor, 
respectively. In both cases the inner electrode parts show an almost homogeneous lithiation (not displayed here). 
But the electrode endings do not show any lithiation activity. 
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Figure 90: Electrode endings and middle part at different SoC of the two, with neutron imaged, CR2 cells 
discharged over an 4.7 Ω resistor and with -200 mA: The images and line plots in a) and b) show the attenuation 
of the LixMnO2 electrode during cell discharging for the neutron imaged cells discharged over a 4.7 Ω resistor and 
a constant current of -200 mA, respectively. In both cases the inner electrode parts show an almost homogeneous 
lithiation (not displayed here). But the electrode endings do not show any lithiation activity or with a late start of 
lithiation in case of the outer electrode ending in a) and for both endings in b). 
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only indirect information about the lithium intercalation inside the electrode by e.g. the 

thickness change of the electrodes. In contrast, neutron CT allows the direct tracking of the 

lithium diffusion from the lithium metal anode through the cathode and the intercalation by 

an intensity increase. Further, the high sensitivity to hydrogen enables the detection of 

electrolyte consumption where a part may be absorbed by the cracks formed in the MnO2 

electrode or react to form an EEI layer. For instance, for higher c-rates an inhomogeneous 

cell reaction is detected in the axial upper 2 mm electrode section of the cell discharged over 

the 4.7 Ω resistor, where during the first half discharge period the lithium anode is fully 

removed. Dry regions where no electrolyte is available to ensure the Li-ion conductivity 

between the anode and cathode were detected which in turn can affect the cell performance 

and maximal reachable sustainable capacity. 

With help of the novel virtual electrode unrolling method information can be accessed 

which is hidden by the wounded electrode architecture. This presents a new opportunity for 

data collection and analysis. The unrolling of multiple electrode sections shows the influence 

from the c-rate to the thickness change of the MnO2 electrode. A higher c-rate leads to a 

stronger electrode cracking which in turn increases the thickness change of the electrode. A 

more pronounced lithium intercalation is detected on the axial outer electrode side which 

may be a result of the lower material compression on that side. A sinusoidal intensity 

variation is identified over the unrolled single electrode length. The lower electrode 

compression in the axial outer windings seems to facilitate the lithium intercalation which is 

recognised by a stronger intensity increase. Further, at the inner and outer electrode endings 

less or no lithium intercalation is detected. However, a distinction between the lithium metal 

electrode and the electrolyte is difficult due to a similar attenuation coefficient which makes 

a quantitative evaluation of the dynamic lithium distribution change challenging. 

The presented use of the complementary X-ray and neutron CT strategy in combination 

with the virtual electrode unrolling techniques show immense advantages for analysing 

batteries. The method is not limited to primary battery cells, and therefore will be expanded 

to rechargeable cells in future work. Potential applications of the technique are on 

rechargeable secondary Li-ion batteries such as NMC 18650 spirally wound cells or pouch 

cells where the electrodes are folded. The complementary imaging in combination with the 

virtual unrolling has the potential to provide a new insight in electrode degradation 

mechanisms especially during the first dis-/charge cycle and can help to detect causes for 

e.g. performance losses or provides information for more efficient cell architectures.  
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6 High Speed 4D Polymer Electrolyte Fuel Cell (PEFC) 
Imaging 

6.1 Overview 

The water dynamics in the membrane electrode assembly (MEA) and the flow field 

channels is one of the crucial factors to ensure a satisfactory cell performance of a polymer 

electrolyte fuel cell (PEFC). Therefore, a sufficient understanding of the water build up and 

removal from the MEA pores in the flow field channels and finally from the cell is critical. 

Until now, time resolved neutron or X-ray radiography studies have been used for the 

examination of the water evolution. But that methods show a few drawbacks which makes 

a quantitative determination of the emerging water volume impossible. Here the first in-

operando 4-dimensional (4D) study on an operational single serpentine flow field PEFC is 

presented. The study shows a time resolved quantitative determination and visualisation in 

3-dimension (3D) of the water volume in each cell component under various current and 

potential hold conditions. Furthermore, the current and potential dependent water increase 

could be calculated, and saturation effects are found. The technique presented here shows 

a new characterisation method by the water volume for PEFCs. 

6.2 Introduction and Problem Statement 

Fuel Cells are one of the most promising devices for powering vehicles, mobile applications 

and off grid electrical power. Among the different fuel cell models, e.g. solid oxide fuel cells249 

(SOFC) or the direct methanol fuel cells250 (DMFC), the PEFCs fuelled with hydrogen gas are 

the most promising fuel cell type due to their superior operational conditions, performance 

and high efficiency251. 

The PEFC principle is based on the reverse chemical reaction of the electrolysis of water. 

At the anode side of the PEFC hydrogen gas is provided through a channel structure, the so-

called anode flow field, which guides and distributes the gas to the gas diffusion layer (GDL), 

microporous layer (MPL) and catalyst layer (CL). The GDL provides reactant transport, acts as 

current collector and controls the water flow. In the MPL and CL the hydrogen molecules H2 

are split, by the catalyst platinum, in hydrogen atoms and oxidised to protons and electrons. 

The protons travel through the proton conducting membrane, which is often a Nafion 

membrane, to the cathode side MPL-CL where the electrons travel through an external 

circuit. Simultaneously oxygen is provided, usually by air, from the cathode flow field and 
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diffuses to the CL where the oxygen molecules O2 are split into oxygen atoms and react with 

the protons and the electrons via a redox reaction to water. The greatest benefits of the 

PEFCs are the low operation temperature below 100 °C, the rapid start-up of the cell, the 

high efficiency, scalability and zero emissions. A more detailed description of the PEFC can 

be found in section 2.4. 

In order to optimise the performance and durability of a PEFC it is fundamental to improve 

the manufacture and operational conditions of the MEA252 and the water management inside 

the cell. It is difficult to get the perfect cell, because on one hand the polymer (Nafion) 

membrane in the MEA needs to be well-hydrated for a good ion conductivity and prevent 

from drying out which can result in increased ohmic and activation losses253. But on the other 

hand an enhanced water build-up can affect the reactant transport and cause flooding which 

leads to performance loses and cell failure254. For that reason, a balanced water management 

strategy is crucial to run the cell at optimal performance. 

To optimise the water management in fuel cells, a profound understanding of the water 

evolution and transport inside the cell is required. Typically, in-operando X-ray and neutron 

radiography is used to receive 2-dimensional (2D) local and time resolved information of the 

water build-up. Synchrotron radiography requires an X-ray energy in the intermediate energy 

spectra < 30 keV to visualise the water in the MEA and the flow fields. Due to the high 

attenuation from some of the usually used fuel cell components, such as the aluminium 

endplates, the cell needs to be optimised by the cell material, size, design and the X-ray 

energy to obtain an acceptable photon transmission through the cell255–260. In comparison, 

neutrons in the cold energy spectra show a good transmission for metals and a high 

attenuation for the hydrogen in the water, which make neutron radiography just as popular 

for the investigation of the water evolution15,16,124,134,135. However, both radiographical 

investigation techniques show the water evolution as a 2D image with the information 

summed along the photon or neutron path through the cell. It is difficult to distinguish 

between the water build-up in the anode and cathode flow field and the water evolution in 

the MEA in a through-plain radiography. X-ray or neutron CT instead provide local 

information resolved in 3D. To the author’s knowledge, until now neutron CT studies of fuel 

cell show only ex-situ or in-situ scans without any temporal resolved information17,18,261. 

In the following section a 4D high speed neutron imaging study on a PEFC is presented. For 

the first time the dynamic water evolution in an operating fuel cell is shown in 3D. The in-
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operando study provides quantitative information of the water management inside the MEA 

and the anode and cathode flow fields at various operating conditions. These measurements 

allow a quantitative comparison of the water management and the fuel cell performance of 

different e.g. flow field designs, different manufactured MEAs or cell compressions. 

6.3 Methodology and Experimental 

PEFC components and performance 

For the 4D neutron imaging experiment a miniaturised PEFC was designed and 

manufactured. Figure 91 a) shows the shape and size of the anode and cathode endplates 

with a single serpentine flow field design. The cell uses an active MEA area of about 2 cm2 

and the cell thickness is reduced in that area to ca. 8.8 mm to 14.4 mm in order to improve 

the neutron transmission for an optimised imaging quality. In Figure 91 b) a 3D schematic of 

the fuel cell and the mounting onto the goniometer is displayed. The cell consists of, from 

left to right, electrical isolating Nylon screws with nuts which hold the cathode endplate, the 

gaskets, the MEA and the anode endplate together and provide the cell compression. 

Further, the cell is mounted by the two lower screws on an aluminium holder which connects 

the cell via an adapter plate to the Goniometer (red colour). 

The 2 cm2 MEA was manufactured in-house by hot pressing a membrane of 20 µm 

thickness (GORE SELECT M8 30.25, W. L. Gore & Associates Inc., USA) to two 250 µm-thick 

gas diffusion electrodes (GDE) (Freudenberg H23C9262) on both sides using a 12-ton thermal 

press (Carver, 4122CE). The assembly was pressed with a pressure of 400 psi and a heat of 

150 °C for three minutes. The CL was sprayed onto the GDE with a loading of 0.4 mg/cm2 of 

platinum on the anode and cathode side by Hyplat. The used hot press conditions are 

described by Hack et al.263. The porosity of the GDL in the MEA is about 70 %. 

The cell compression was about 17 % and the anode and cathode were connected to a 

GAMRY Interface 5000e potentiostat. Hydrogen fuel and air were provided at the upper pipe 

inlets using flexible pipes on the anode and cathode side respectively and guided through the 

1 mm diameter channels of the flow fields. The anode and cathode single serpentine flow 

field design is inverse mounted. The hydrogen and air were humidified by passing the gases 

through a water bath before and delivered to the cell with flowrates of 20 ml min-1 on the 

anode and 100 ml min-1 on the cathode. Both gases were delivered from the beamline gas 

supply system and the gas pressure was controlled by gas valves. The unreacted fuel, air and 
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the evolved water were removed by the lower pipe outlets and guided through the beamline 

extraction system. A self-written LabView code was used to control the gas flow and the cell 

parameters. 

 
Figure 91: Single serpentine flow field design and schema of the fuel cell and holder mounting: a) shows the 
used anode and cathode flow field designs incorporated in the cell endplates. Both flow fields are inverted by the 
cell mounting. The active cell area is 2 cm2 and the hydrogen fuel and air were connected to the anode and 
cathode by the upper pipe inlets. The not reacted gases and evolved water were removed by the lower pipe 
outlets. Schema b) shows the cell mounting on the goniometer rotation stage. The cell is compressed by four 
Nylon screws and nuts where the lower screws connect the cell to the aluminium holder and the goniometer 
adapter plate (red). The PEFC is assembled, from left to right, starting with the cathode endplate, a gasket, the 
MEA, a second gasket and the anode endplate. 

Before performing the 4D neutron imaging, the single serpentine PEFC was tested in the 

lab and the polarisation curve and the power slope were determined. The V-I characteristic 

was measured from 0 to 880 mA/cm2 and is plotted in Figure 92 a). The average V-I slope is 

636 mV/(A/cm2) in the working region of the cell (see appendices 10.3.1 for the slope 

determination). The power curve is shown in Figure 92 b) with a power maximum of 

340 mW cm-2 at a current density of 627 mA cm-2 and a potential of 543 mV. In the linear 

working region the cell has a power slope of 690 mW/A (see appendices 10.3.1 for the slope 

determination). 
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Figure 92: polarisation and power curve of the single serpentine PEFC: a) shows the U-I characterisation curve 
of the used fuel cell with a U-I slope of about 636 mV/(A/cm2) in the working range. b) displays the corresponding 
power curve with a power maximum of ca. 340 mW cm-2 at 627 mA cm-2 and a power increase of ca. 690 mW/A 
in the working range. 

4D Neutron Imaging Setup 

The high speed 4D neutron imaging was performed at the CONRAD-2 neutron imaging 

beamline at the BER II research reactor at the Helmholtz Zentrum Berlin (HZB, Germany). The 

detector system was placed in ca. 1.4 m distance upstream the end of the NL-1B neutron 

guide to achieve a high neutron flux of about 1.5×109 n/(cm2 s). The PEFC was mounted on 

the top of the V7 rotation stage (Goniometer 409, HUBER Diffraktionstechnik, Germany) and 

connected as described above. Due to the limited length of the connected pipes and cables 

the cell was rotated forward and backward by 370 ° for tomography (see Figure 93 a) and 

b)). A more detailed overview of the CONRAD-2 beamline can be found in section 3.1.6.1. 

Radiographical projections were recorded by an indirect neutron imaging detector with a 

400 µm 6LiF/ZnS:Ag scintillator screen (Applied Scintillation technologies, UK) and a CMOS 

ASI178MM-Cool camera (ZWO, China) with a Nikon photo lens (Nikkor 20 mm, Nikon, Japan) 

with 20 mm focus. The cell was placed about 50 mm in front of the detector. The high 

neutron flux on the imaging position allowed an exposure time of 100 ms per projection by 

a spatial resolution of about 300 µm. For a faster readout of the detector and a higher count 

rate per pixel the 3096 x 2080 pixel detector array was binned by 2. The resulting pixel size 

of the projections was measured to be 63.6 µm. The maximal field of view (FoV) of the 

camera was 100 x 65 mm2, whereby about only 2/3 of the middle of the FoV was sufficiently 

illuminated by neutrons due to the limitation by the 30 mm diameter pinhole in front of the 

neutron guide which could not be removed. 
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Figure 93: Illustration of the neutron beam preparation, the fuel cell imaging process and the preparation of 
the data analysis: The BER II research reactor provides neutrons in the thermal energy spectrum which are 
moderated by a cold source (<30 K hydrogen) and guided by a ca. 28.55 m long bended neutron guide to the 
instrument (a)). At about 1.4 m behind the end of the neutron guide the PEFC is mounted on a rotation stage ca. 
50 mm in front of the indirect neutron imaging detector (b)). Owing to the connected gas inlet and outlet pipes 
the rotation is limited to 370 ° forward and backward rotation for tomography. For each tomography 394 
projections are recorded with an exposure time of 100 ms each over 360° with 40 s total exposure time. c) shows 
the data processing of the measurements beginning from the normalisation of the projections, creating of the 
sinograms, the 3D reconstruction and the measurement of the water evolution in the anode and cathode flow 
fields and the MEA. 

Fuel Cell operation and imaging 

Before the 4D neutron imaging was started the PEFC was conditioned for each scanning 

parameter. With polarisation curve scans an appropriate cell operation at the different gas 

flows, currents and potentials values were verified. The cell was conditioned for the later 

scans at constant current holds for 600 s from 100 mA/cm2 to 700 mA/cm2 in 100 mA/cm2 

steps and constant potential holds at 0.7 V, 0.5 V and 0.3 V. In the following all presented 

current, potential and water volumes are normalised by area. 

The in-operando tomography scans were started with the start of the fuel cell operation at 

the above described constant current and potential hold values. One tomography was 

recorded in ca. 40 s over a rotation of 2π with 394 projections per tomogram and an exposure 

time of 100 ms per projection. Due to the limited rotation angle by the connected pipes, the 

cell was rotated in intervals 370 ° forward and 370 ° backward. Between each tomography 

set the beamline shutter was closed and opened for a better differentiation between each 

tomography. The measured angular range was adopted to compensate errors from the 
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synchronisation between the closing of the shutter and the rotation of the rotation stage. 

Figure 93 c), shows one recorded projection and the resulting sinogram for the 400 mA/cm2 

current hold, at the figure bottom. The black vertical stripes mark the return points of the 

cell rotation, they are the result from the shutter closing. Every second sinogram is measured 

in backward rotational direction and each condition was investigated for about 600 s. 

Figure 94 shows the corresponding potential (a)) and current (b)) graphs of the current and 

potential hold measurements. The clearly visible potential and current over-shoots at the 

beginning of the cell operation, corresponds to a hydrogen oversupply at the reaction side 

which is stored from the hydrogen gas flow before the cell operation started. The excess 

hydrogen is consumed quickly at the beginning and the diffusion limitations start to influence 

and the cell reaches a steady state after about 150 s. The small potential and current peaks 

at higher currents are the result of an uncontrolled cell flooding, e.g at 600 mA/cm2 current 

hold or at 0.3 V potential hold. 

 
Figure 94: Line plots of the current and potential holds: The plots a) and b) show the potential and current course 
for the measured constant current holds, from 100 mA to 700 mA, and the constant potential holds, for 0.7 V, 
0.5 V and 0.3 V, respectively. The plots are normalised to an active cell area 1 cm2. The potential and current over-
shoots at the start of each cell operation are explained from a hydrogen gas build up at the reaction side before 
cell start. 

Tomography Reconstruction and Data Analysis 

After the experiment, the projections were prepared for the 3D reconstruction. In the first 

step the images were dark field corrected and normalised by the open beam. After that, the 

sinograms were stripe and noise filtered by using a 1-dimensional (1D) orientated median 

filter. In the next step, all projections from the in backward rotation measured sinograms 

were arranged in reverse order. That step prevents mirrored volume data after the 

tomography reconstruction between the forward and backward measured tomograms. In 

the following, from the first sinogram from the 100 mA/cm2 scan one of the first projections, 
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between 0 ° and 5 °of rotation after the start of the rotation, was selected and used as 

reference projection. The position of the fuel cell in the reference projection marks the first 

projection for each single tomography reconstruction. Due to the unsynchronized image 

recording and rotation of the fuel cell the first projection of each tomography was manually 

found by dividing the projections of each sinogram with the reference projection and finding 

the first projection in the sinogram where the averaged calculated value is closest to the 

value one. This step is necessary to get aligned fuel cells in the 3D reconstruction. 

Determination of the number of projections which are necessary for a 360 ° reconstruction 

was found by finding the second projection in each sinogram where the average value is close 

to one and calculate the number of projections between the first projection and that. The 

minimum projection number for a 360 ° tomography reconstruction was 394. In the last step 

before starting the tomography reconstruction the centre of rotation was determined for the 

first tomogram of the 100 mA/cm2 measurement. For that two tomography slices were 

reconstructed with different centre of rotation, one at the upper and one at the lower cell 

part. For both slice heights the optimal centre were found by eye. To correct the tilt in the 

later reconstructions the centres of rotation were calculated for each slice height by a linear 

interpolation of determined values. For the reconstruction of the single slices and for the 

tomography reconstructions afterwards the iterative reconstruction algorithm SIRT 

(simultaneous iterative reconstruction techniques) with 400 iterations from the ASTRA 

toolbox192,193 reconstruction library was used within the Python programming language. The 

SIRT reconstruction algorithm was used due to their superiority of the reconstructed 

tomography quality by very noisy projections in comparison to the standard filtered back 

projection (FBP) algorithm. After the tomography reconstruction the data sets were 

horizontally and vertically aligned parallel to the x-, y- and z-axes, by the rotation in all three 

directions. 

To quantify and compare the water volume evolution in the anode and cathode flow fields 

and the MEA, the related volumes were located and defined in the tomographies in a first 

step. The thickness of the defined anode and cathode regions are about 1.1 mm slightly more 

than the channel thickness owing to the poor spatial resolution of the neutron images. The 

thickness of the MEA is measured to be ca. 600 µm matching with the real value. Owing to 

the large pixel size of the tomography, the water volume could not be determined by defining 

a threshold due to the high resulting error. A more precise method is used to determine the 

water volume increase as a percentage calculated by the comparison of the intensity change 
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during cell operation. Equation 53 shows the formula which is used for the water volume 

calculation VH2O in a volume V, e.g. anode flow field volume, in a certain tomogram i. Inti and 

Intdry represent the average grey value intensities of the volumes V in tomogram i and a 

reference tomogram of the dry fuel cell. IntH2O is the intensity of pure water and presents 

100% water. 

 
𝑉R(I = �

𝐼𝑛𝑡7 − 𝐼𝑛𝑡0H*
𝐼𝑛𝑡R(I

�𝑉 
Equation 53 

6.4 Results and Discussion 

4D in-operando high speed neutron imaging was performed to study the water volume 

build up in a miniaturised PEFC with single serpentine flow field. The cell was run under 

different current and potential hold conditions as described in the Methods and 

Experimental section 6.3. In the following sections, the analysis of the water evolution in the 

anode and cathode flow fields and the MEA are discussed by the quantification of the water 

volume and the comparison with the theoretical water evolution. 

Water evolution in the anode and cathode flow fields 

The generated water in the anode (red) and cathode (blue) single serpentine flow fields is 

visualised by using a threshold in Figure 95 and the water volume is determined as described 

in the Methods and Experimental section 6.3. Figure 95 shows the 3D rendered water 

volume inside both flow fields at selected times of operation for the 400 mA/cm2 current 

hold measurement. During operation more and more water is built up in both flow fields 

with an enhanced increase at the cathode side due to the redox reaction of the diffused 

protons and oxygen from the air at the cathode MEA side. At the anode side a significantly 

higher water increase is visible in the lower cell section whereas the cathode side shows a 

more homogenous water build up over the whole flow field area. But even the cathode side 

has a slight gradient in the water distribution with a higher amount generated in the lower 

cell section as well. A reason for that may be the gravitational force and the gas stream in 

that direction which moves the water downwards and overcomes the adhesion force which 

holds the water on the channel walls. That may be the case when the water droplets are big 

enough. Especially notable is that the biggest water droplets are located in the corners of the 

channels and the flow field curves that is owing to the increased surface area in that regions 
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providing more possible locations for the condensation of water droplets as in the straight 

channel sections. The 3D visualisation of the water increase for all operation conditions can 

be found in the appendices section 10.3.2. 

 
Figure 95: Segmented water evolution in the single serpentine anode and cathode flow fields at a current hold 
of 400 mA/cm2: The image shows the water build up during cell operation with an increase of the water volume 
in the anode and cathode channels. The anode shows less water evolution and a higher concentration in the 
lower cell section. The cathode displays a more homogeneous water distribution with a slight increasing water 
gradient to the lower cell section as well. The highest water amount is located in the flow field curves due to the 
higher surface area where water condensation is benefited. 

From the determined water volumes, inside the anode and cathode flow fields graphical 

plots were generated, which visualise the water evolution over the time of operation. Figure 

96 a) shows the water volume increase over the time in the anode flow field, normalised to 

an active area of 1 cm2, for different current hold values from 100 mA/cm2 up to 700 mA/cm2 

in 100 mA/cm2 steps. The water volume increases with the current density. Until 400 mA/cm2 

where the amount of water is gradual increasing up to about 480 s where the water volume 

reaches a maximum and a part of the water is removed out of the cell channels. That 

behaviour can be seen for the higher currents as well, by a constant or decreasing water 

volume. The maximal amount of water in the anode flow field is about 4 to 6 mm3 increasing 

with the current density. 

The determined water volume increase and removal is consistent with the visualised water 

amount in appendices section 10.3.2. The visualised water amount grows with the plotted 

graphs, show the rearrangement of the water droplets and water removal such as in Figure 

A 33 for the anode flow field at 500 mA/cm2, where the amount is significant decreased in 

the time between 475.7 s to 571.3 s. 
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Figure 96 b) visualise the water growth up inside the anode flow field under potential hold 

conditions at 0.7 V, 0.5 V and 0.3 V. The graphs show a similar behaviour as for the current 

hold in a). The water volumes rise up faster for a lower potential hold due to the resulting 

higher current density. The water amount for the 0.5 V and the 0.3 V show a saturation at 

about 4 mm3 and 7 mm3 respectively. 

Resulting from both operational conditions, the maximal water amount in the anode flow 

field seems to be a function of the applied current and potential. In order to make an exact 

statement, longer measurement series are required. 

 
Figure 96: Water evolution in the single serpentine anode flow field during a) constant current and b) potential 
hold: Both graphs a) and b) are normalised to an active area of 1 cm2. The water increase in the anode flow field 
seems to be a function of the current density and the potential. The evolved volume increases with increasing 
current density and decreasing potential. For higher currents and lower potentials, the water amount seems to 
reach a maxima dependant on the current and potential height before starting to reject water. 

Figure 97 shows the similar plots for the water amount built up in the cathode flow field. 

Both conditions, a) for the constant current hold and b) for the potential hold, display a faster 

water volume increase with an apparently double as high maximal volume amount as inside 

the anode flow field. The current hold shows a continuous increase in the water volume slop 

from 100 mA/cm2 up to 700 mA/cm2. Here just the highest applied current from 700 mA/cm2 

reaches a plateau, at ca. 13 mm3 after a time of about 500 s, where the water amount in the 

flow field seems to be constant. All others show a continuous water volume increase. 

It could be expected that the maximal reached water amount in the cathode is about 

double that of the anode. In comparison, the current hold shows a maximal water volume of 

ca. 6 mm3 for the anode and 13 mm3 for the cathode flow field. In case of the potential hold 

conditions the maximal values are ca. 7 mm3 and > 16 mm3 for the anode and cathode 

respectively. For an exact determination of the water saturation longer measurement times 

are needed as discussed for the anode before. 
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Figure 97: Water evolution in the single serpentine cathode flow field during constant current and potential 
hold:  Both graphs a) and b) are normalised to an active area of 1 cm2. The water increase in the cathode flow 
field seems to be a function of the current density and the potential. The evolved volume increases with increasing 
current density and decreasing potential. For the highest current, the water amount seems to reach a maximum 
at about 13 mm3. 

In both flow fields, the water volume evolution increases by an increase of the current 

density or a decrease of the electrical potential of the cell. It seems to be a connection 

between the amount of water build up in the channels and the applied current or potential, 

respectively. 

In order to determine an existing connection between the water evolution and the current 

and potential, the linear slope of the water volume over the current and potential is 

calculated. For the determination of the slopes, linear lines are fitted through the linear 

increasing regions of the graphs. In order to achieve a high degree of accuracy of the 

determined values the fitting region was customised for each graph. The first few seconds 

up to a minute were removed, due to take into account the non-linear start of the cell where 

the cell has to come to a steady state of operation. That could be also found as potential and 

current over-shots of the potential and current plots of the current and potential holds in 

Figure 94 respectively. Furthermore, the slope was corrected from the region where the 

water amount inside the flow field went to a saturated state or was falling. The data points 

between show a very good linear behaviour and are fitted by using the linear fitting function 

shown in Equation 54, where m represents the slope of the water volume evolution 

measured in mm3/s and t the time in seconds. The variable y represents the water amount 

at the operation start and is close to 0 mm3. For the fitting the linear fit option of the 

OriginLab software is used. 

 𝑓(𝑡) = 𝑚𝑡 + 𝑦 Equation 54 
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In the Appendix section 10.3.3 and 10.3.4 the fitted slopes for the anode and cathode water 

build up are shown. Table 8 and Table 9 present the results of the determined slopes in 

mm3/s and mm3/min. The latter presents a more valuable scale for further calculations. 

Table 8: Slope of the water evolution in the single serpentine anode flow field for the different current and 
potential hold: The determined slopes represent the time dependant water evolution in the anode flow field for 
different constant current densities and potentials. 

Current density [mA cm-2] Water volume [mm3 s-1] Water volume [mm3 min-1] 

100 0.00082 0.0493 

200 0.00191 0.1146 

300 0.00414 0.2484 

400 0.00804 0.4824 

500 0.01125 0.6750 

600 0.01224 0.7344 

700 0.01641 0.9846 

Potential [V] Water volume [mm3 s-1] Water volume [mm3 min-1] 

0.7 0.00075 0.0452 

0.5 0.0082 0.4920 

0.3 0.01893 1.1358 

Table 9: Slope of the water evolution in the single serpentine cathode flow field for the different current and 
potential holds: The determined slopes represent the time dependant water evolution in the cathode flow field 
for different constant current densities and potentials. 

Current density [mA cm-2] Water volume [mm3 s-1] Water volume [mm3 min-1] 

100 0.00154 0.0924 

200 0.00378 0.2268 

300 0.00761 0.4566 

400 0.01152 0.6912 

500 0.01601 0.9606 

600 0.02256 1.3536 

700 0.0266 1.5960 

Potential [V] Water volume [mm3 s-1] Water volume [mm3 min-1] 

0.7 0.00494 0.2964 

0.5 0.0151 0.9060 

0.3 0.02912 1.7472 
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Following from the results shown in Table 8 and Table 9 it is possible to determine the 

more valuable relationship between the water volume increase per time in connection to the 

applied current and potential. For that, the achieved time dependent water evolution is 

plotted as function of the applied current and potential, shown in Figure 98 a) and b) 

respectively. The resulting current graphs show a linear increasing slope, whereas the 

potential show a decreasing slope, due to the resulting higher current at lower potentials. 

Here, also Equation 54 is used to determine the current and potential dependent water 

volume change per time. In that case m represents the current or potential time dependent 

water volume evolution in mm3 cm2/(mA min) or mm3 cm2/(mA min) and x the current 

density mA/cm2 and potential V respectively. 

 
Figure 98: Calculation of the current and potential dependent water evolution in the single serpentine flow 
field: The graphs in a) show the water volume increase over the current for the anode (red) and cathode (blue) 
flow fields. The slopes of the fitted graphs (pink and purple respectively) represent the current and time 
dependent water volume increase. The anode has a water volume increase of 1.6(mm3/min)/(A/cm2) and the 
cathode of 2.6(mm3/min)/(A/cm2). b) displays the potential and time dependent water volume decrease also for 
the anode and cathode flow field. The potential dependent water volume increase is |- 2.7 (mm3/min)/V| and 
|- 3.6 (mm3/min)/V| for anode and cathode respectively. The negative sign, the decrease results from the 
current-potential-dependency where for a higher potential derives a smaller current and a smaller water volume 
evolution per time. 

The fitted lines in Figure 98 show a good linear agreement with the previously determined 

values. Only for small currents < 200 mA/cm2 the water volume evolution differs from the 

linear course. This may be due to the fact that at lower current densities most of the evolved 

water is removed as water steam by the gas flow. However, for the linear region in the 

current dependent water evolution per time results a water increase of 

1.6 (mm3/min)/(A/cm2) for the anode and 2.6 (mm3/min)/(A/cm2) for the cathode side. In 

the case of the potential hold we get for the anode side |-2.7 (mm3/ min)/V| and for the 

cathode side |-3.6 (mm3/ min)/V|. The minus sign results from the current-potential-

dependency and represents that a higher potential result in a lower current flow. 
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Water evolution in the PEFC membrane electrode assembly (MEA): 

The analysis of the water evolution and removal in the MEA is of great interest due to the 

improvement of the fuel cell performance. But to yield sufficient imaging results is one of the 

most difficult tasks of neutron imaging. One of the main problems is the differentiation 

between the water in the flow field channels and the MEA in the standard radiography 

studies. The 4D imaging experiment presented here shows for the first time, to the authors 

best knowledge, a sufficient 3D imaging result which allows an easy distinction of the PEFC 

components locally and temporarily resolved. 

In the dry state the MEA is simple to distinguish by their brighter grey value, resulting from 

the higher neutron attenuation of the small content of hydrogen in the Nafion layer and the 

platinum catalyst in the CLs, between the darker anode and cathode aluminium flow fields. 

The 3D threshold segmented images of the MEA (green) in the appendices section 10.3.2 

allow a first visual analysis of the water evolution during the different operational conditions 

of the PEFC. In general, the MEA fills up with water during operation and the amount of water 

is increasing depending on the pre-set current density. A higher current or, consequently, a 

lower voltage causes a higher water evolution. At lower currents, and in the first phase of 

cell operation, the MEA shows good water drainage into the flow fields. A higher water 

accumulation is detected behind the flow field ribs which results from the blocking of the 

pores from the GDL by the flow field ribs. That blocking causes a poorer water evacuation in 

that areas and consequently a loss of reactivity and efficiency of the MEA and the fuel cell. 

Further, the MEA is filling with water continuously with time starting behind the flow field 

ribs and later in the lower cell section followed by the upper section. For higher current 

densities, e.g. 700 mA/cm2 (see Figure A 35), and possibly also for longer operation times the 

water amount is reduced caused by the water discharge from the flow field tot the cell gas 

outlets which facilitate the water evacuation from the GDL pores in the flow field channels. 

A quantitative analysis of the water evolution inside the MEA is presented in the following 

section. The water volume is calculated as described in the Methods and Experimental 

section 6.3 and applied such as for the flow fields in the section before. Figure 99 shows the 

water volume increase inside the MEA for the seven used current densities (a)) and the three 

potential holds (b)). The increase of the water amount shows a logarithmic curve 

characteristic for all measurements. With increasing current, the water graphs align their 

curve shape. A similar behaviour is visible for lower potentials. 
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Figure 99: Water evolution inside the MEA of the single serpentine flow field PEFC during constant current and 
potential hold: The graphs in plot a) and b) show the volume increase of the generated water inside MEA for a 
constant current density and potential respectively. Higher currents or lower potentials cause a faster water 
increase which aligns more and more to a similar amount for higher operational cell powers. 

All volume curves seem to reach a maximal value of water amount where the MEA is 

saturated. That value can be determined by fitting the resulting curve shape with the 

saturation function given in Equation 55. The fitted curve characteristics can be found in 

appendices section 10.3.5 and the determined maxima are presented in Table 10. 

 𝑓(𝑡) = 𝑎 m1 − 𝑒"
<
So + 𝑏 Equation 55 

Table 10: Current and potential dependent maximal water volume evolution in the MEA: The with the 
saturation function determined maximal water volumes in the MEA show a current density and potential 
dependent behaviour and seems to align to a constant value for higher powers. 

Current density [mA cm-2] Maximal water volume [mm3] 

100 0.75 

200 1.46 

300 2.15 

400 2.33 

500 2.23 

600 2.47 

700 2.43 

Potential [V] Maximal water volume [mm3] 

0.7 1.31 

0.5 2.05 

0.3 2.53 

The determined maximal water volumes show a current density and potential dependency. 

For increasing currents, the maximal water contents increase until about 400 mA/cm2 where 
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a maximal water amount is reached. In case of the potential values a similar characteristic is 

considered with certainties due to the small number of measuring points. 

The maximal water amount in the MEA by running in a constant current or potential hold 

mode can be determined by plotting the maximal water volumes, shown in Table 10, over 

the corresponding current densities and potentials. Then, the saturation function, Equation 

55, is used again to determine the maximal water amount. In the case of the potential hold, 

the values are reversed by the maximal potential value of 1.0 V, which represents the 

maximal open circuit potential of a fuel cell measured under real conditions, to enable the 

use of the saturation function. Figure 100 shows the plotted curves and the fitted saturation 

curves. Under constant current conditions the maximal reachable water amount in the MEA 

is determined to be about 2.5 mm3 and 3.4 mm3 under potential hold conditions. The 

determined maximal water volume under potential hold conditions shows a big variation to 

the current hold and is less trustable due to the small number of measured points. 

 
Figure 100: Calculation of the current and potential dependent water evolution inside the MEA of the single 
serpentine flow field fuel cell: The graphs a) and b) show the determination of the maximal reachable water 
volume in the MEA. To use for both graphs the saturation function as fit function the potential values in b) are 
reversed with a maximal open circuit potential of 1.0 V. 

The state where the MEA is most filled with water can be defined as equilibrium state 

because the emerging amount of water from the redox reaction is equal to the amount that 

is discharged in the flow field channels. That’s the case when the water amount in the flow 

fields reaches also an equilibrium state. After reaching the equilibrium state, the PEFC is 

running with an almost constant power, viz. a constant current and potential. 

The time that is needed to reach the equilibrium state can be calculated by rearranging the 

saturation function, Equation 55, to the time tequilibrium shown in Equation 56. The variable p 

represents a percentage which is reached of the equilibrium and lies between 0 < p < 1. Table 
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11 represents the calculated times which are needed to reach 95 % and 99 % of the 

equilibrium state of the MEA. 

 
𝑡4TU7;73H7UF = −𝜏 ∙ ln �1 − 𝑝

𝑓(𝑡) − 𝑏
𝑎

� 
Equation 56 

Table 11: Calculated times which are needed to reach 95 % and 99 % of the maximal water volume in the MEA 
and the equilibrium state for different current densities and potentials. 

Current density [mA cm-2] tequilibrium (p = 0.95) tequilibrium (p = 0.99) 

100 1283 2183 

200 724 1061 

300 663 1021 

400 530 787 

500 373 581 

600 424 662 

700 366 579 

Potential [V] tequilibrium (p = 0.95) tequilibrium (p = 0.99) 

0.7 369 634 

0.5 298 479 

0.3 365 554 

For high cell powers, i.e. high current densities and low potentials, a minimum time of 

operation can be determined which is needed to reach the equilibrium state. For that, the 

calculated equilibrium times in Table 11 are plotted over the corresponding currents and 

potentials, see Figure 101. The time needed, until the equilibrium is reached, can be 

determined by using the decay fitting function, Equation 57. Whereby tequilibrium represents 

the minimal time, which is needed to reach the equilibrium, x is the current density or 

potential, t is the tangent in t = 0 s and a + tequilibrium is the time at 0 mA/cm2 or 0 V respectively 

which is infinity in real. 

 𝑓(𝑥) = 𝑎 ∙ 𝑒"
%
S + 𝑡4TU7;73H7UF Equation 57 

At high current densities are about 345 s or 569 s needed to reach 95 % or 99 % of the MEA 

water volume equilibrium. For the potential hold it was not possible to calculate a similar 

value due to the very few measurement points and the related huge error, seen in Figure 

101 b). 
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The equilibrium times calculated here neglect the time which is needed to reach a constant 

cell temperature, or a sufficient cell size which is needed to get meaningful overall results of 

the MEA type. However, that method represents an easy measurement for the 

characterisation and comparison of different MEA components and designs, flow fields, cell 

sizes, etc. and under various environmental conditions. More measurements are needed to 

verify that techniques as a parameter for MEA or cell characterisation. 

 
Figure 101: Calculation of the minimal needed time to reach the water volume equilibrium in the MEA: a) 
represents the time which is needed to reach the water equilibrium at a certain current density at 95 % and 99 % 
of equilibrium and the correspondent fit functions. For high current densities the minimum time to reach the 
equilibrium state, in the MEA, to 95 % is ca. 345 s and 99 % is about 569 s. b) show an attempt to get a similar 
characterisation for the potential hold but the measured points are too few and show a big error. 

Water evolution in the whole single serpentine fuel cell and comparison with the 

theoretical water evolution: 

To verify the observed amount of water in the PEFC, it is important to get an idea of the 

possible maximal theoretical generated water amount in the cell during operation. In the 

following the theoretical generated water will be compared with the measured water 

amount in the cell. In the process the volume of generated water is linearly dependent on 

the current density. In section 2.4 the anode and cathode based catalytic reactions are shown 

in Equation 14 and Equation 15. Equation 16 combines both reactions in one overall reaction 

for the water generation in a PEFC. For the generated amount of water, the number of 

transported hydrogen ions H+ and consequently the number of electrons e- are important. 

Per reacted water molecule, two hydrogen ions are needed which results in a produced 

charge of 2×1.6022×10-19 C per molecule, see Equation 16. From that, a theoretical water 

production density WH2O theor is derived. That density describes the theoretical produced 
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water volume per time and cell area. The relationship with the current density is given by 

Equation 58 and Equation 59. 
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Equation 59 

Where MH2O is the molecular mass of water, rH2O is the water density and e the charge of 

the electrons. hH2O represents the produced substance amount density and NA is the 

Avogadro constant. From that equations it is possible to calculate a theoretical water volume 

which is produced from a current density of 1 A/cm2 in one second, which is 

937.5×10- 4 mm3.264 

Following from that, a theoretical water volume production per time is calculated for the 

applied operation conditions and plotted in Figure 102. In case of the potential hold 

conditions the real current flow was used for the calculation due to the generated current 

density fluctuations which is a characteristic of the individual cell and cannot be calculated. 

 

Figure 102: Theoretical water evolution inside the single serpentine fuel cell: Plot a) shows the theoretical water 
increase in the fuel cell for the different current densities and b) for the potential hold conditions where the 
measured current was used for the calculation. The values are normalised to an active area of 1 cm2. 

Figure 103 shows the water volume evolution determined from the measurements. The 

theoretical calculated and the measured volumes show a linear water increase with time. 

But the real water volume increases by about a half. A reason for that can be that 

approximately half of the produced water is removed as steam by the gas flow in the 

electrode channels. 
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Figure 103: Water evolution in the whole single serpentine PEFC: Plot a) and b) show the water increase for the 
current and potential hold measurements. The graphs are normalised to an active area of 1 cm2. 

A better comparison is possible by measuring the water volume slope of the experimental 

determined water volume increase and calculate a current and potential time dependent 

water volume evolution, in mm3 cm2/(mA min) and mm3 cm2/(mA min), for the comparison 

with the theoretical values. 

A better comparison is possible by measuring the water volume slope of the experimental 

determined water volume increase and calculate a current and potential time dependent 

water volume evolution, in mm3 cm2/(mA min) and mm3 cm2/(mA min), for the comparison 

with the theoretical values. 

Table 12: Experimental determined water volume slope of the current and potential hold measurements. 

Current density [mA cm-2] Water slope [mm3 s-1] Water slope [mm3 min-1] 

100 0.00323 0.1938 

200 0.00798 0.4788 

300 0.01406 0.8436 

400 0.02252 1.3512 

500 0.03159 1.8954 

600 0.04087 2.4522 

700 0.04475 2.6850 

Potential [V] Water slope [mm3 s-1] Water slope [mm3 min-1] 

0.7 0.00646 0.3876 

0.5 0.02508 1.5048 

0.3 0.04700 2.8200 
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Table 13: Theoretical calculated water volume slope for current and potential hold conditions. 

Current density [mA cm-2] Water slope [mm3 s-1] Water slope [mm3 min-1] 

100 0.00938 0.5625 

200 0.01875 1.1250 

300 0.02813 1.6875 

400 0.03750 2.2500 

500 0.04688 2.8125 

600 0.05625 3.3750 

700 0.06563 3.9375 

Potential [V] Water slope [mm3 s-1] Water slope [mm3 min-1] 

0.7 0.02017 1.2102 

0.5 0.04297 2.5782 

0.3 0.07239 4.3434 

A better comparison is possible by measuring the water volume slope of the experimental 

determined water volume increase and calculate a current and potential time dependent 

water volume evolution, in mm3 cm2/(mA min) and mm3 cm2/(mA min), for the comparison 

with the theoretical values. 

A better comparison is possible by measuring the water volume slope of the experimental 

determined water volume increase and calculate a current and potential time dependent 

water volume evolution, in mm3 cm2/(mA min) and mm3 cm2/(mA min), for the comparison 

with the theoretical values. 

Table 12 and Table 13 show the experimentally and theoretically determined water 

volume slope. Based on that data, the current and potential time dependent water volume 

evolution is plotted and linear fitted over the current density and potential in Figure 104. For 

the current hold condition the theoretical slope show a slightly higher increase and in case 

of the potential hold a slightly higher decrease. The experimentally determined slopes are 

4.45 mm3 cm2/(mA min) and - 6.08 mm3 cm2/(mA min) and the theoretical are 

5.62 mm3 cm2/(mA min) and -7.83 mm3 cm2/(mA min). As mentioned above the difference 

between the theoretical and experimental determined values can be explained that a part of 

the produced water is extracted as water steam by the gas flow in the flow field channels. 

However, the experimental and theoretical values show a good correlation. It can be derived 

that a part of the produced water is evacuated from the cell before it was condensed in the 

channels. 
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Figure 104: Water evolution in the whole single serpentine fuel cell in comparison to the theoretical water 
evolution: Plot a) and b) show the comparison of the theoretical and experimental determined time dependent 
water increase over the current and potential. The theoretical water volume increase shows a slightly steeper 
increase as the experimental and for the potential show the theoretical a slightly higher decrease. 

6.5 Conclusion 

4D neutron tomography data were obtained from a miniaturised PEFC, with single 

serpentine flow field design, while the cell was operating under various current and potential 

hold conditions. This work shows a reliable quantitative examination of the water evolution 

and removal in an operating fuel cell. 

Due to the high interaction with hydrogen, neutron imaging shows a high imaging contrast 

for water which enables short exposure times per projection and tomography under 

operando conditions. The evolution of water is observed in the anode and cathode flow fields 

and the MEA during the first 600 s of cell start. It could be found that the water generation 

rate in the anode is only half as high as in the cathode flow field. The water production 

increase in the flow fields could be quantified as a function of time, current and potential. 

The MEA shows a current/potential dependent water equilibrium between production and 

removal. A theoretical time which is needed to run the MEA in the equilibrium state could 

be determined. The comparison of the measured water amount in the cell with the 

theoretical water evolution has shown that a part of the produced water must be removed 

as steam by the gas flow. 

The values determined here show an excellent base for a new quantitative characterisation 

of PEFCs by the water production. This technique enables the quantitative comparison of the 

water volume between e.g. different flow field designs and materials, MEA 

compositions/thicknesses and the gas flow and humidification. Furthermore, the effect of 
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cell heating or cooling and the influence of cell damage can be examined. Longer examination 

times and long-time studies can yield valuable information such as the influence of MEA 

aging. However, future work is needed to push the spatial and temporal resolution of that 

techniques. Furthermore, a transfer of the investigation techniques to other devices, such as 

electrolyser, is quite conceivable.  
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Part II.  Diffraction Imaging 

Part II introduces the results of the diffraction imaging experiments which add the 

crystallographic behaviour to the 3-dimensional spatially resolved data and yield information 

from the crystal structure changes e.g. during the dis-/charge processes which allow to image 

the chemical/crystallographic state of charge locally resolved. Section 7 presents ex-situ 4-

dimensional neutron Bragg Edge Tomographies of thick directional ice templated graphite 

electrodes at different states of charge. The technique detects the crystallographic phase 

changes by the Bragg edge shifts and the slope change of the attenuation coefficient as 

function of the neutron wavelength. Finally, section 8 shows an X-ray Bragg-Ptychography 

test study on small natural single crystalline graphite flakes which show promising results to 

detect the crystallographic changes during dis-/charge on a nanometre length scale.
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7 4D Bragg Edge Tomography of Directional Ice 
Templated Graphite Electrodes 

7.1 Overview 

4-dimensional (4D) Bragg edge tomography (BET) was carried out on ultra-thick novel 

directional ice template (DIT) graphite electrodes for Li-ion battery cells. The wavelength-

resolved neutron tomography technique allows one to investigate the crystallographic 

lithiation phases of the electrodes and compare with the state of charge. The data were 

collected on a new sample position on the IMAT time of flight ToF neutron imaging beamline, 

on the pulsed ISIS spallation source (ISIS Neutron and Muon Source, UK). Wavelength 

dependent 3-dimensional (3D) tomography reconstructions recovered the total-cross-

section where the crystallographic lithiation phases, namely graphite, LiC12 and LiC6, are 

identified by the shifts of the coherent Bragg edges around 7 Å and the slope of the 

attenuation coefficient. This experiment represents a feasibility study where BET is tested on 

Li-ion battery electrode materials for the first time. 

7.2 Introduction 

Bragg edge neutron imaging is a non-destructive technique which combines direct probing 

of the sample in real space and scattering in reciprocal space by taking advantage of cold and 

thermal neutron energies which are sensitive to the interatomic distances and excitation 

energies, respectively. The technique resolves individual sample structures in real space, 

where the reciprocal information is contained as the coherent scattering cross section 

contribution to the total cross section. In contrast to the scattering counterparts, such as 

neutron diffraction, the information stems from the transmitted neutron beam intensity and 

not from the scattered beam. The transmitted signal is described by the position dependent 

total cross section via the Beer-Lambert law, which is presented in more detail in section 

3.1.5 and in the review of Woracek et al.265. 

The first studies using neutron transmission experiments to exam the cross section of 

crystalline materials were undertaken by Fermi et al.266 in 1947 and later Winsberg et al.267 

in 1949. But the first truly spatially and energy resolved transmission images to study the 

crystal structure of materials were started after 2000 using a continuous reactor source268,269 

(with a good spatial, but poor energy resolution) or using a pulsed neutron spallation 

source270 (with a poor spatial, but good energy resolution)270–272. Later the gap between both 
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experimental techniques was closed by using a double crystal collimator on continuous 

sources163 for a better energy resolution and ToF imaging detectors on pulsed sources273 to 

achieve an adequate spatial resolution. 

Today, Bragg edge imaging (BEI) techniques, whether using a continuous or pulsed neutron 

source, have been developed to provide an essential tool for e.g. mapping structural 

variations such as strain, texture or phase and compositions274,275, phase transformations276 

or using neutron resonance transmission analysis to map isotope distributions277,278. 

Although not being Bragg edge measurements as such, further combinations of this 

technique tested ToF grating interferometry, which uses the small-angle-scattering signal as 

a contrast mechanism279, and polarised neutron imaging to measure magnetic fields280. The 

first 4D BET studies, i.e. energy and 3D spatially resolved, used a double crystal 

monochromator (DCM) on a continuous reactor source, were carried out by Woracek et al.281 

to study the martensitic and austenitic phase transitions and distributions during the 

deformation of steel specimens. However, the first 4D BET experiments on a pulsed neutron 

source were demonstrated on a quenched steel cylinders by Watanabe et al.282 and on a 

reference sample made out of various polycrystalline materials by Carminati et al.11. This 4D 

technique is a powerful tool to study crystallographic variations and transformations 

introduced by e.g. mechanical stress or chemical reactions, such as lithium intercalation in a 

crystal structure used for Li-ion batteries, with a high local resolution. 

The first BEI experiments on Li-ion batteries were performed by Butler et al.110 in 2011 who 

studied the stepwise evolution of the LiC6 Bragg edge of graphite during charging of a 

prismatic LCO cell. Later in 2015 Kino et al.9,10 published a Bragg edge transmission study on 

an 18650 Li-ion cell where the crystallographic transition of the cathode and anode is shown 

at different states of charge (SoC). Both studies are limited to radiographic images, which 

only show the crystallographic phase transitions during dis-/charging of the cells as the 

transmission line is integrated along the neutron flight path through the Li-ion battery cell. 

The study presented here shows the first results of an ex situ 4D BET experiment on 

electrochemically lithiated DIT graphite electrodes with various states of lithiation. Due to 

the good scalability of the electrode thickness, of more than 1 mm, of DIT electrodes, they 

are well suited for these Bragg edge techniques because of the large pixel size (>55 µm) of 

the neutron imaging detector used. The DIT electrodes are made within a collaboration 

between the University College London (UCL) and the University of Oxford by Dr. Chun 
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Huang75. The 4D BET experiment was carried out on the IMAT neutron imaging beamline on 

the ISIS pulsed spallation source in UK. The aim of the work was to demonstrate that 4D BET 

is able to determine the different lithiation states inside the graphite electrodes locally 

resolved in a voxel by the change of the crystal d-spacings mainly along the c-axis of graphite 

and the wavelength-resolved reconstructed attenuation coefficient. The d-spacings increase 

during lithiation from the graphite phase to the stable LiC12 phase, to the final LiC6 phase. The 

three phases can be detected by the change of the Bragg edge positions in the neutron 

energy/wavelength spectrum owing to the different lattice parameters of the compounds. 

Complementary X-ray tomographies show the fine ‘coral-like’ channel structure and the local 

density distribution of the active electrode material. 

7.3 Methodology 

State-of-the-art Li-ion electrodes are tailored between 20 µm to ca. 100 µm thickness, to 

provide an optimal Li-ion diffusion between the positive and the negative electrode for a 

high-power output. With increasing electrode thickness, the lithium diffusion stagnates 

inside the electrode and, especially at high power, electrode regions which are further away 

from the electrode surface are undersupplied with lithium which can result in serious 

performance and capacity losses. To prevent a shortage of Li-ions at higher (dis)charge rates, 

thinner electrodes are used to shorten the Li-ion diffusion path which in turn increases the 

relative volume of inactive components such as current collectors or separators which 

reduces the total cell capacity. To prevent a shortage of lithium in the deeper electrode levels 

without thinning the electrode a highly porous electrode design is needed. Such a highly 

porous electrode structure is provided by the DIT technique which originally was developed 

for making ceramic supports283 and adapted for making electrodes later by Behr et al.284. The 

DIT technique provides a very porous, channel like electrode structure from the micro- to 

nano-meter scale which allows good electrode wetting by the electrolyte and an increase of 

the electrode-electrolyte interface area which provides a high Li-ion supply throughout the 

electrode thickness. The DIT electrodes design with electrode thicknesses of over 1 mm 

provides a high areal and gravimetric capacity as well as a sustained rate capacity and 

capability of conventional Li-ion batteries with comparable active electrode materials.75 An 

overview of the DIT electrodes are given in section 2.1.4. 
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Directional ice templated graphite electrodes / lithiation 

For the experiment, four 6 mm and one 12 mm diameter DIT graphite electrodes were 

manufactured by Dr. Chun Huang at The University of Oxford. For the manufacturing process 

a homogeneous aqueous suspension was mixed containing active graphite particles (BFC-

18,China), electrically conductive carbon black nano-particles and a sodium carboxymethyl 

cellulose (CMC) binder at a weight ratio of 25:1:1. This mixture was directionally and rapidly 

frozen by a cold finger made of copper at the in-house DIT apparatus shown in Figure 10 a). 

The finger was cooled down by one end immersed in liquid nitrogen. The cooling rate was 

about 0.1 K s-1 measured by thermocouples at various locations on the apparatus. A more 

detailed description of the electrode making process is presented by Huang and Grant75 for 

a DIT LCO electrode. Table 14 shows the dimensions of the manufactured electrodes named 

from electrode-0 to electrode-4 and in Figure 105 a) a photo shows two of the 6 mm and the 

12 mm electrodes in the pristine state after manufacturing. 

Table 14: Dimensions and lithiation states of the manufactured DIT graphite electrodes. 

Electrode height [mm] Diameter [mm] lithiation state [%] 

Electrode-0 2.57 ca. 12 0 (graphite) 

Electrode-1 0.81 6.1 33 (LiC12) 

Electrode-2 0.48 6.0 66 (LiC12) 

Electrode-3 0.53 6.1 100 (LiC6) 

Electrode-4 0.49 5.9 70 (LiC12, LiC6) 

For the experiment, the DIT electrodes were transferred into an Argon glovebox (M. Braun 

Inertgas-Systeme GmbH, Germany) and the four 6 mm diameter electrodes mounted in a 

lithium-metal vs. graphite half-cell using 1/4” diameter Swagelok-type PFA (perfluoralkoxy 

alkane) cells as described by Tan et al.285 for a 1/8” version. The cells use two steel pins, at 

both sides, as positive and negative current collectors, and between them the half-cell is 

arranged in an order of a lithium-metal anode (MTI Corp.), a polypropylene film separator 

(Celgard 2400, Celgard LLC, USA) and a DIT graphite cathode with a 1.0M LIPF6 in EC:EMC 

(50/50, v/v) electrolyte solution. The lithium-metal electrode and the separator film were 

punched to a 6 mm disc before assembling the cell inside the glove box. Finally, the cell was 

sealed by screwing the 1/4” PFA Swagelok (Swagelok Company, USA) straight unions, against 

the steel pins. 
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Outside the glove box, the 1/4” cells were connected to a GAMRY 1000E potentiostat 

(GAMRY Instruments, USA) and discharged to 33 %, 66 %, 100 % and 70 % of lithiation with 

a constant discharge current of -100 µA. Table 15 shows the electrode mass, theoretical 

electrode capacity, the discharge capacity of each electrode and the lithiation state in 

percent, and the dominant lithiation phase for each electrode. For the lithiation state is it 

expected that about 90% of the electrode weight is the active graphite which participates in 

the lithiation process. 

Table 15: Overview of the mass, theoretical capacity, discharge capacity, the lithiation state and dominant 
chemical phase of the DIT graphite electrodes. 

 Mass 
[mg] 

Theoretical 
capacity [mAh] 

Discharge 
capacity 
[mAh] 

Lithiation 
state (at 90% 
of theor. cap.) 

Dominant 

phase 

Electrode-0 159.8 59.13 0.00 0 % graphite 

Electrode-1 12.33 4.56 1.52 33 % LiC12 

Electrode-2 8.61 3.19 1.90 66 % LiC12 

Electrode-3 8.36 3.09 2.81 100 % LiC6 

Electrode-4 8.20 3.03 2.136 70 % LiC12, LiC6 

After the discharging process, the cells were brought back into the glove box and were 

disassembled to remove the lithiated electrodes. All electrodes showed a colour change due 

to the lithium intercalation from black, in the pristine graphite state, to gold, for the fully 

lithiated LiC6 state. The colour change is shown in Figure 105 b) and c). To achieve an optimal 

transmission for neutrons, the electrodes were washed by electrolyte, and all of the 

remaining, hydrogen containing, electrolyte was removed by vacuum drying overnight. The 

hydrogen in the electrolyte is a highly incoherent neutron scatterer, which produces a 

background that can blur the neutron images and which hampers a quantitative analysis, 

while correction is difficult. This can be prevented by removing the electrolyte. The dried 

electrodes were subsequently assembled in a fresh 1/4” Swagelok cell with 6 mm copper 

discs between them to separate the electrodes and prevent lithium diffusion between them. 

The uncycled pristine 12 mm DIT graphite electrode was vacuum dried, to remove condensed 

water, and assembled in a 1/2” Swagelok cell as well. The sealed Swagelok cells protect the 

electrodes from moisture and spontaneous delithiation by reacting with air. 
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Figure 105: Graphite DIT electrodes in different sizes, pristine and fully lithiated: Image a) shows two of the 
6 mm and the 12 mm diameter graphite DIT electrodes in the pristine SoC, b) a 6 mm pristine electrode in a 1/4” 
PFA Swagelok cell and c) a fully lithiated 6 mm electrode with the golden colour of the LiC6 phase (electrode-3). 

X-ray imaging of DIT electrodes 

To analyse the structural development and porosity inside the DIT graphite electrodes, X-

ray micro computed tomography (CT) was utilised. The X-ray imaging was carried out on the 

Diamond Manchester Imaging branchline (I13-2) of the I13L beamline on the Diamond Light 

Source (DLS, UK), see section 3.2.5.1. Due to the weak absorption contrast between the 

active graphite material and the carbon black binder, the electrodes were placed further 

away from the scintillator screen of the camera system to enhance the phase contrast caused 

by the refraction of the X-ray beam on the interfaces on the particles. 

For the X-ray micro CT, each cell was mounted on the I13-2 rotation stage system consisting 

of a HUBER 1002 Goniometer Head (HUBER Diffractiontechnik GmbH & Co. KG, Germany) on 

the top of two perpendicular mounted Newport MFA-PPD (Newport Corp., USA) linear stages 

on an Aerotech ABRT-260 (Aerotech Inc., USA) rotation stage. The	two linear stages help to 

align the sample with the rotation axis in respect to the field of view (FoV) of the camera 

system and the imaging mode used. The camera system consists of various objective lenses 

with different magnifications, controlled via rotation of a turret incorporating various 

scintillator-coupled objective lenses. For both tomographies, a 500 µm thick CdWO4 

scintillator foil on the entrance of a 2x objective, mounted ahead of a 2x lens providing 4x 

total magnification was selected. The camera is protected from the direct X-ray beam by 

utilising a mirror in 45 ° which reflects the visible light to the sCMOS camera chip placed in 

90 ° perpendicular to the beam. The usable FoV was 4.2 x 3.5 mm with an effective pixel size 

of 1.625 µm. For the imaging process a pink beam X-ray energy spectrum with graphite and 

aluminium filters and an energy maximum in the range between 20-25 keV was used. 

a) b) c)
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Due to the large diameter of the 12 mm DIT electrode, only an interior tomography of the 

electrode was made. The 1/2” Swagelok cell was aligned with the cell centre in the centre of 

the rotation axis of the sample stage and the FoV with a sample to scintillator distance of ca. 

215 mm to enhance the phase contrast. One tomography was made over an angular range 

of 180 ° with 1,800 steps and an exposure time of 20 µs per projection in the flight scan mode 

where projections are continuously recorded during sample rotation. The smaller electrodes 

were scanned in ‘double FoV’ mode with the rotation axis close to the left side of the detector 

edge which extends the FoV to approximately the double in horizontal direction and allows 

to scan the whole electrode size. Accordingly, the angular scanning range was extended to 

360 ° with 3,600 projections. In Figure 106 the small Swagelok cell mounted on the I13-2 

sample stage and the camera system is shown in a), before moving to a sample scintillator 

distance of ca. 115 mm, and a magnification of the cell is shown in b). Before 3D data 

reconstruction, the projections are corrected by the open beam images and the dark field of 

the camera. For the tomography reconstruction, the ASTRA toolbox192,193 and Tomopy286 

reconstruction libraries in Python are used. In case of the double FoV measurements the 

projections in the range from 0 ° to 180 ° are overlapped with the projects from 180 ° to 360 ° 

to generate a dataset from 0 ° to 180 ° with the double projection width. 

 
Figure 106: Mounting of the 1/4” diameter PFA Swagelok cell with the lithiated DIT graphite electrodes on the 
Diamond Manchester imaging branchline of the I13L imaging beamline on the DLS: a) shows the beamline setup 
with the mounted cell on the rotation stage (left) before aligning with the camera (right) and b) shows the 1/4” 
diameter Swagelok cell. 

Bragg edge / ToF tomography 

The BET was carried out on the IMAT neutron imaging beamline (see section 3.1.6.2) which 

is connected to the target station 2 (TS2) at the ISIS pulsed spallation source of the Rutherford 

a) b)
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Appleton Laboratory (RAL, UK)178,287,288. For the BET, a new sample position, at about 5 m 

downstream the end of the neutron guide and the pinhole collimator, was tested. The new 

sample position increases the neutron flux at the sample by about 4 times in comparison to 

the standard sample position, at about 10 m behind the pinhole collimator, for the same 

pinhole size and a resulting poorer spatial resolution due to the smaller L/D ratio. 

For the experiment, part of the vacuum flight tube system, between the pinhole collimator 

and the standard sample position, was removed and a provisional sample position with a 

microchannel plate/Timepix (MCP) detector and a PI precision rotation stage (Physik 

Instrumente LDT, UK) on the top of a make-shift, manual lift table was installed, see Figure 

107 a). The MCP detector used consists of a neutron sensitive MCP in front of a 2 x 2 array 

of Timepix charge readout  chips with 256 x 256 pixels each with 55 µm pixel size resulting in 

a FoV of about 28 x 28 mm2, for more details see Tremsin et al.289. To detect the (002) Bragg 

edge positions of the different lithiated DIT graphite electrode LiCx modifications, from the 

pure graphite phase with a d-spacing of 3.36 Å over the stable LiC12 phase with a d-spacing 

of 3.51 Å, to the fully lithiated LiC6 phase with a d-spacing of 3.69 Å of the (001) plane. For 

Bragg edge analysis, the accessible neutron wavelengths have to be at least double the d-

spacing values. In order to access the wavelength range, the standard IMAT neutron ToF 

range was shifted by 22.5 ms by an adjustment of the double disk choppers. With the new 

chopper configuration, the spectrum range was moved from a ToF range of 10 - 100 ms (0.7 Å 

- 6.7 Å) to 32.5 -122.5 ms (2.5 - 8.3 Å) which then included even the first (002) LiC6 Bragg edge 

at ca. 7.38 Å. For each sample angle of a radiographic projection, a stack of 2,685 images 

were obtained, each image corresponding to a narrow ToF bin of 40 µs. The ToF range with 

2,685 channels between two successive ISIS pulsed (100 ms) was subdivided into four 

acquisition frames per neutron pulse, in other words the MCP detector was read-out four 

times between pulses; this was done to reduce deadtime effects due to event-overlap. The 

data were summed over the total exposure time over many ISIS pulses. The flight path, from 

the neutron source to the detector, was calibrated by using the known Bragg edges of a 

ferritic iron rod as reference sample and using the time to wavelength conversion: 

 𝜆(𝑡) =
ℎ 𝑡 − 𝑡>67V<¡

𝑚2𝐿
 Equation 60 

With h the Planck constant, mn the neutron mass, t the ToF and tshift an electronic time shift. 

The resulting flight path was L = 51.45 m. The maximal reachable spatial resolution was 
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15 mm/62.5 = 240 µm, given by the L/D ratio with 62.5, due to a pinhole size of 80 mm and 

a pinhole detector distance of ca. 5 m, and the sample detector distance of ca. 15 mm. 

From the electrode-0, the pure DIT graphite electrode, only a radiographic Bragg edge 

image was made, and from the combined four lithiated electrodes one BET was collected. In 

the first case the 1/2” Swagelok cell was positioned close to the MCP detector for the 

radiographic measurement with an exposure of 60 µA ring proton current which is equal to 

an exposure time of about 1.5 h. For the tomography, the 1/4” Swagelok cell was mounted 

on the top of an aluminium rod which was connected to the PI rotation stage and positioned 

close to the left lower pixel array of the detector to prevent gaps between the single chips in 

the tomography, see Figure 107 b). The golden ratio (GR) scanning strategy was used which 

allows us to disturb the tomographic measurements at any time after a certain number of 

projections without losing a significant angular range which would make a reconstruction 

impossible. This technique uses angular increments, calculated from the GR, where every 

following projection angle lies between the biggest angular gap of all before measured 

projections, see section 3.3.1.3 for more details. The tomography was aborted after 50 

projections with an exposure time per projections of likewise 60 µA and one open beam 

radiography after the tomography. 

 
Figure 107: Provisional second sample position and sample positioning on the IMAT beamline on the ISIS 
neutron source. a) shows the test sample position about 5 m downstream the end of the neutron guide/pinhole 
collimator with MCP detector and lifting table with the 1/2” Swagelok cell in front of the detector and b) shows 
the 1/4” cell mounted on a stick on the top of rotation stage for tomography. 

After the data acquisition all images were ‘overlap corrected’ as described by Tremsin et 

al.290 and time binned by 5 consecutive images of each image stack which results in 537 

energy bins per image. This was made due to the low neutron count statistics, especially for 

a) b)
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the longer wavelength region, and to match better the intrinsic instrumental wavelength 

resolution of ∆l/l < 0.9 % at 2.6 Å as reported by Ramadhan et al.291. The resulting ToF 

increment after binning was 102.4 µs before 4.5 Å and 204.8 µs, or 0.00787 Å and 0.01575 Å, 

after. Finally, all radiographs/projections were white spot filtered to remove dead pixels 

and/or pixels with a much higher intensity from the image, intensity corrected using an open 

beam region (away from the sample), to correct for a slightly decreasing detector efficiency 

during the tomography scanning time. Finally, the sample images were corrected with 

respect to the open beam image stack. For the tomographic reconstruction of the 1/4” 

Swagelok cell, the projections were cropped to the region of interest that includes the 

sample.  

As a first step, all time bins of a stack were combined to produce white beam projections. 

These projections were used to find the centre of rotation for the energy selective 

tomographic data set due to a better signal to noise ratio (SNR) and higher contrast. 

Afterwards, tomographies were reconstructed for each energy bin using the filtered back 

projection (FBP) reconstruction algorithm of the ASTRA toolbox192,193 reconstruction library 

in python. The corresponding 537 tomographies contain the information of the wavelength 

dependent attenuation coefficients for each material component/structure of the sample. 

7.4 Results and Discussion 

Coral-like DIT electrode structure 

Figure 108 a) and b) show vertical and horizontal orthogonal slices of the reconstructed X-

ray tomogram of the ultra-thick 12 mm diameter DIT graphite electrode. The tomography 

displays the whole electrode height of ca. 2.5 mm and about 3.95 mm out of the middle 

electrode section. Clearly visible is the aligned coral-like electrode structure with a wider and 

longer bacillar features in the lower electrode region and decreasing sizes of the features in 

the upwards direction. The X-rays show the active graphite particles and carbon binder and 

the air filled channels as bright and black feature respectively. In a cell assembly, the channels 

are filled by electrolyte, to provides a good Li-ion conductivity all over the electrode volume 

and which allows a high power output. Figure 108 c) shows a magnified horizontal electrode 

section out of b) which provides a deeper insight into the aligned channel features formed 

by the frozen ice during the manufacturing process. The growth of the ice pattern started at 

the lower image section in a) and progressed to the top. 
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A similar coral-like structure is visible in the thinner, 6 mm diameter lithiated DIT graphite 

electrodes. For each electrode a horizontal and vertical orthogonal slice from the X-ray 

tomographies is shown in the appendices section 10.4. In contrast to the larger cell, the 

thinner cells show a more inhomogeneous structure with some big air bubbles particularly 

visible in electrode-1 (Figure A 47) and electrode-2 (Figure A 48) with diameters between a 

few hundredths of micrometres and one with about 1.5 mm. The remaining two electrodes 

electrode-3 (Figure A 49) and electrode-4 (Figure A 50) show a more homogeneous structure 

with a slight variation in the density of the active graphite particles and the binder material 

with various sizes of the coral-like structures. It should be noted that these electrodes 

represent the first proof of concept of making DIT electrodes containing graphite as the 

active electrode material. 

 
Figure 108: Orthogonal slices of the reconstructed X-ray tomography of the ultra-thick 12 mm diameter DIT 
graphite electrode. A) and b) show vertical and horizontal slices of the electrode. Well visible is the coral-like pore 
structure with bigger radii and longer branches in the lower electrode section which provides a good Li-ion 
conductivity of the electrode while soaked with electrolyte. C) displays a magnification from b) with the active 
graphite particles and carbon binder visible as bright features. The displayed electrode height, in a), is ca. 2.5 mm 
and the diameter of the electrode section, in b), is about 3.95 mm. 

Bragg edge transmission imaging 

Figure 109 a) shows cropped radiographic images of the neutron transmission through the 

bigger 1/2” Swagelok cell filled with the larger 12 mm diameter and about 2.5 mm thick DIT 

graphite electrode. The left image shows the transmission contrast of the polychromatic 

neutron beam containing all wavelength of the IMAT beamline spectrum. Clearly visible are 

a)
b)

c)
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all cell components including the steel pins/current collectors (dark) above and below the 

electrode, the PFA union around the electrode and pins with fittings screwed at the union 

endings on both sides for sealing. The radiography at the right shows the cell imaged with a 

narrow, almost monochromatic wavelength band at about 2.6 Å. Due to the lower neutron 

count rate for a single wavelength, the image is noisier. The three coloured boxes mark the 

locations where the transmission intensity is plotted as a function of wavelength. Marked 

with a grey box is the region of the lower steel pin with the corresponding line plot shown in 

b). In each case, grey values in the regions of interest are averaged for better statistics. 

Thereby, the recorded intensity represents the neutrons transmitted without interaction 

such as absorption, incoherent or coherent (Bragg) scattering. This means that the recorded 

transmission it is the “inverse” of the affected neutrons. For a given {hkl} family, the Bragg 

scattering angle increases as the wavelength is increased until the Bragg scattering condition 

cannot be fulfilled any longer, which occurs for wavelengths larger than l = 2dhkl. At this 

particular wavelength, the intensity increases remarkably and a transmission edge occurs. 

This edge is called a Bragg edge, and a detailed description is given in section 3.1.5.3. The 

plot of the steel pin shows three large Bragg edges at 2.54 Å, 3.59 Å and 4.14 Å which 

corresponds to the (002), (002), and (111) planes of steel with a face-centred cubic crystal 

structure such as gamma iron. C) and d) show the corresponding wavelength resolved 

horizontal slices for a single slice and averaged intensity, respectively, for the steel pin. The 

images show the Bragg edge contrast as a function of wavelength. In both cases the intensity 

‘jumps’ at the Bragg edges are clearly visible, obviously with less noise for the averaged 

version. The difference in the scale length before 4.5 Å and after, corresponds to the different 

time bins which are used and are not corrected for the images. Due to the fact that the 

neutrons pass also the PFA union connector on the way through the pins the transmission is 

a superposition of the attenuation of the PFA and steel. Because of that, a small intensity 

hump is visible after the (022) Bragg edge around 5 Å. That inverse hump at 4 Å corresponds 

to the short-range-order type feature of the PFA where the pure PFA casing spectrum is 

shown in e). The region of interest is shown in a) as blue box. F) shows the associated 

averaged wavelength-resolved slice. G) and h) display the line plot of the transmission 

through the DIT graphite electrode and the averaged wavelength-resolved slice from the 

area marked by the red box in a). As expected for a radiography, both show are superposed 

on the PFA transmission spectrum visible by the curvature of the Bragg edge curve. Clearly 

detectable are the two Bragg edges of graphite from the (01-1) plane at 4.07 Å and the 

higher-wavelength edge from the (002) plane at 6.78 Å. This shows that Bragg edge imaging 

can be used to analyse the crystal structure of the used cell and the electrode. 
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Figure 109: Bragg edge transmission radiography of the 12 mm diameter DIT graphite electrode inside the 1/2” 
Swagelok cell. A) shows the polychromatic neutron radiography (left) and a monochromatic radiography at about 
2.6 Å (right) of the 1/2” Swagelok cell. In the latter one region are marked where a transmission plot through the 
sample was made with the corresponding colour of the line plot. The Bragg edge transmission plot for the steel 
pin (grey) is shown in b) with the Bragg edges of the (111), (002) and (022) plane from right to left. The 
corresponding wavelength resolved slices for a single slice and the average of multiple slices over the image 
height, as shown in a), are displayed in c) and d). In e) the wavelength dependent transmission change in the PFA 
cell casing is shown, reminiscent of a short-range order, with the wavelength resolved slices shown in f). g) and 
h) show the dominant (01-1) and (002) Bragg edges at 4.07 Å and 6.78 Å as line plot, with wavelength resolved 
slice averaged over the red frame height shown in a). 

Wavelength-resolved radiographies show only the neutron transmission which are 

averaged along the neutron path length through the sample, and are thus often a 

superposition of two or multiple compounds which makes a quantitative analysis difficult or 

impossible if the sample size, material composition and the density of components is 

unknown. A wavelength-resolved tomographic reconstruction (the BET) provides additional 

information of the scanned sample such as the element, structure and density specific 

attenuation coefficient locally resolved on a voxel-level. 
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Figure 110: Polychromatic neutron tomography of the 1/4” Swagelok cell: in the centre a vertical orthogonal 
slice through the cell is displayed. Horizontal slices of the different cell components are shown including the 
homogeneous steel pins, the copper spacers between the four different lithiated 6 mm diameter DIT graphite 
electrodes and the surrounding PFA casing. Due to the rather poor spatial resolution and the small number of 
projections some of the components such as the copper spacer appear structured compared to the neighbouring 
electrodes. The PFA shows star artefacts. 

Figure 110 shows the cropped polychromatic neutron tomography reconstruction of the 

1/4” Swagelok cell which contains the four lithiated 6 mm diameter DIT graphite electrodes 

sandwiched between the two steel pins above and below. The four electrodes are separated 

by 0.25 mm thick copper spacer discs and the assembly is sealed by the surrounding PFA 

casing/union. The steel pins show a homogeneous structure in the reconstruction whereas 

the homogeneous copper spacer appears structured. On the one hand, this may be caused 

by the poor spatial resolution of the tomography of about 0.25 mm which is equal to the 

thickness of the spacers. On the other hand, machined copper is normally affected by strong 

crystallographic texture, which can appear as densities variation even in a white-beam 

tomography. Thus, the structure inside the copper slice may be due to interference from the 

neighbouring DIT electrodes and/or due to strong texture in the copper spacers. Further, due 

to the small number of projections the reconstruction of the surrounding PFA show notable 

star artefacts. However, large structural features of the electrodes, such as the air bubbles in 

electrode2

electrode1 electrode3

electrode4

steel pin

copper

PFA
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electrode-1 and electrode-2 are clearly visible. Moreover, huge contrast differences between 

the individual electrodes are detectable with the lowest intensity for electrode-1, with 33 % 

lithiation, and increasing intensity to electrode-2 and electrode-3 which are 66 % and 100 % 

lithiated. A clear difference is displayed by electrode-4 which is about 70 % lithiated but 

shows a higher intensity as the 100 % lithiated electrode-3. This may be caused by the density 

differences of the active electrode materials, between the individual electrodes and locally 

inside the single electrodes. For instance, the lithium density appears to be higher at the 

electrode edges than in the middle. But due to the anomalous intensity difference between 

70 % and 100 % of lithiation, where the higher lithium amount should normally exhibit higher 

intensity, the determination of the lithium amount or SoC by only the intensity change is not 

possible. 

Diffraction based imaging such as BET overcomes this problem by using the crystal 

structure as additional information, for example, the lithiation phase structure of a graphite 

electrode. BET yields the 3D reconstructed attenuation coefficient and the phase-separated 

Bragg edges from wavelength-resolved projections as described in the Methodology and 

Experimental section 7.3. In Figure 111 the reconstructed attenuation coefficients, from the 

1/4” Swagelok cell components: of the steel pins, copper spacers and the PFA casing are 

plotted and compared with the theoretically calculated wavelength dependent attenuation 

coefficients. Figure 111 a) and b) show the measured and reconstructed attenuation 

coefficients of steel and copper. Both curves are the average of a ca. 6 mm diameter area of 

a representative horizontal slice containing only steel or copper as shown in Figure 110. Like 

in the previously discussed Bragg edge radiography, the steel pin shows the expected (022), 

(002), (111) Bragg edges of the face centred cubic (FCC) lattice which is in agreement with 

the gamma iron phase of austenitic steel. The copper disc shows a similar distribution of the 

Bragg edges due to the same FCC crystal structure but with slightly different Bragg edge 

locations at 2.56 Å, 3.6 Å and 4.18 Å for the (022), (002) and (111) planes respectively. That 

is in a good agreement with the theoretically calculated position of the Bragg edges shown 

in Figure 111 c). For the calculation of the attenuation coefficient of the phase components 

from database structures the nxsPlotter developed from M. Boin was used292. The 

crystallographic information (cif) files of gamma Fe and copper are already provided in the 

program. The positions of the measured Bragg edges are in a good agreement with the 

calculated Bragg edge positions, with derivations smaller than 0.01 Å. The measured 

wavelength dependent attenuation coefficient of the steel pin is about 0.1 cm-1 higher than 

the calculated one. For cooper an about 0.1 cm-1 lower value is obtained which is due to a 
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scattering bias from the surrounding materials. In d) the attenuation coefficient of the PFA 

casing is plotted which indicates a short-range order scattering behaviour. E) and f) represent 

the wavelength-resolved attenuation coefficient of the steel pin as a grey scale image for a 

single line and averaged over the whole pin diameter. Both show a good contrast ‘jump’ at 

the Bragg edges with a better SNR for the averaged image. g) shows a similar averaged plot 

for the copper spacer. 

 
Figure 111: Bragg edge tomography reconstructed attenuation coefficients of the steel pins, copper spacer and 
the PFA casing of the 1/4” Swagelok cell. a) and b) present the reconstructed attenuation coefficients of the steel 
pins and the cooper spacers plotted over the wavelength. The reconstructed attenuation coefficients are in a 
good agreement with the simulated attenuation shown in c). d) displays the attenuation coefficient of the PFA 
cell casing, reminiscent of e short-range order scattering and e) the wavelength-resolved attenuation based grey 
value change of a single line of the steel pin. In f) and g) the same is plotted averaged over a whole horizontals 
slice for the steel pin and the copper spacer, respectively. 

For the analysis of the lithiation states of the four lithiated DIT graphite electrodes via the 

BET technique a representative slice from the middle of each electrode was selected. These 

slices are shown in Figure 112 in the left column. The colourmap displays a low attenuation 

as bright blue, which represents e.g. air, and a change-over dark blue, black to yellow which 

represents a high attenuation from e.g. LiC12 or LiC6. But, as already explained above, the 

densities of the active materials of the electrodes fluctuate, which has a high impact on the 

local attenuation coefficient and allows no conclusion of the overall attenuation coefficient 

changes related to the lithiation states of the graphite. In the neutron images, the contrast 
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is optimised for each electrode for a better visibility, which allows a qualitative analysis of 

the regions where a high graphite-phase density, and hence a higher amount of lithiation, is 

found. Each electrode shows strong fluctuations of the attenuation over the regions of 

interest, with a low attenuation indicating air bubbles, especially in electrode-1 and 

electrode-2, and notably in the middle regions of the electrodes. The graphite particle density 

seems to be higher at the electrode edges. The X-ray images in the right columns of Figure 

112 represent a good comparison for the graphite matrix density evaluation due to the fact 

that lithium is transparent for X-rays. The represented horizontal slices show the same 

electrode region as the neutron images. Here the areas with less graphite are displayed in 

dark blue and more graphite particles as yellow. The graphite density distribution shown by 

the X-rays are in good compliance with the low attenuation regions in the neutron images 

which leads to the conclusion that the main attenuation density difference is attributed to 

the local density variations of the graphite matrix and is not due to variations of the lithiation 

state. 

 
Figure 112: Comparison of the polychromatic neutron and X-ray attenuation inside the lithiated DIT graphite 
electrodes. The presented slices are the most representative for each electrode. The horizontal neutron slices 
show the attenuation-based distribution of the graphite, LiC12 and LiC6 with a contrast colourmap which show 
low attenuating regions in bright blue and blue, and higher attenuating areas in yellow. Areas with, e.g., air 
bubbles or a lower graphite particle densities are shown in blue. Due to the fact that the electrodes are not 
homogeneously manufactured the lithiation phase cannot be detected only by a change in contrast. For 
comparison the X-ray images show the graphite density distribution at the same electrode height. Blue areas 
show a less dense graphite particle distribution. 

To determine the lithiation state of each electrode the neutron attenuation coefficients 

are plotted wavelength-resolved in Figure 113. A) shows the calculated attenuation 

coefficients from the nxsPlotter. The used cif-files, of the graphite293, LiC12 and LiC6
294 phase, 

were downloaded from the Cambridge Crystallographic Data Centre. Clearly visible is the 
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increasing attenuation coefficient with increasing lithium content in the graphite (red) to 

LiC12 (blue) and LiC6 (green). The highest and clearest changes in the attenuation spectra are 

around 7 Å where the coherent contribution of the graphite and LiC12 (002) and LiC6 (001) 

planes disappear, i.e. at 6.79 Å, 7.03 Å and 7.37 Å for graphite, LiC12 and LiC6 respectively. 

The Bragg edge shifts to larger wavelengths is due to the d-spacing increase along the c-axis 

of graphite during lithium intercalation, which is half the wavelength of the corresponding 

Bragg edge. To show the graphs for a whole phase transition from graphite to LiC6 in b) the 

pristine DIT graphite electrode transmission from electrode-0 is added. This plot shows a 

pure graphite phase with the big (002) graphite Bragg edge at around 6.79 Å in accordance 

with the simulated data. Additionally, two smaller edges are detected at ca. 4.08 Å and 3.39 Å 

which belong to the (01-1) and (004) lattice planes, respectively. The slope and Bragg edge 

features of the transmission plot is reversed compared to the attenuation coefficient due to 

the Lambert-Beer law. The reconstructed attenuation coefficient for electrode-1 is shown in 

c). This electrode is about 33 % lithiated which theoretically shows mixed phases of graphite 

and LiC12, in the relaxed state; which is dominated by the latter phase. During lithiation of 

graphite, a few metastable phases are formed, such as LiC24 and LiC18, which disappear after 

a relaxation time to the more stable and energetically favourable graphite and LiC12 phases. 

Due to a long relaxation time between the cell making and measuring process all electrodes 

show only one or a mixture of the three stable phases; graphite, LiC12 and LiC6. In c) LiC12 is 

the dominant phase indicated by the strong Bragg edge of the (002)-lattice plane at about 

7.03 Å. Further, two additional edges are detectable which are the bigger (110) and the 

smaller (112) edge at about 4.27 Å and 3.64 Å. Difficult to distinguish but visible by a change 

of the slope between ca. 6.7 Å and 7.0 Å is the (002) edge from graphite, which matches the 

theoretical mix of the graphite and LiC12 phases before 50 % of lithiation is reached. At about 

66 % of lithiation only the (002) Bragg edge of the LiC12 is visible in electrode-2 shown in d). 

The theoretical mix of the LiC12 and LiC6 phase is not clearly detectable maybe caused by the 

high noise level in the data. But the single LiC6 phase at 100 % of lithiation can be seen in plot 

e) for electrode-4 where the (001) Bragg edge at ca. 7.37 Å is visible. Furthermore, visible are 

also the smaller (110) and ‘shared’ edge from the (002) and (111) lattice planes at 4.30 Å and 

3.70 Å. A clear mixed state is present in electrode4 which is lithiated to 70 % and evidenced 

by the Bragg edges of LiC12 and LiC6 in f). 

The attenuation values of the measured electrodes and of the determined lithiation phases 

in Figure 113 a) are about two to three times lower in comparison to the calculated ones. 

The smaller observed attenuation coefficients of the DIT electrodes can be explained by the 
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high porosity of the electrodes, which enables a good wetting by electrolyte and a high Li-ion 

flexibility for high power output and performance. Further, the similarity of the attenuation 

between different lithiation states such as between electrode-3 and electrode-4 (Figure 113 

e) and f)) is caused by local variations of the graphite densities inside the each single 

electrode and between the electrodes. 

 
Figure 113: Determination of the crystallographic lithiation states by the Bragg edges in calculated and 
measured, wavelength-resolved neutron transmission and attenuation curves. a) shows the calculated 
attenuation spectra for the single stabile graphite (red), LiC12 (blue) and LiC6 phases (green). The dashed vertical 
lines show the Bragg edges with the corresponding lattice planes and the lithiation phases, indicated by the 
colours. B) displays the pure graphite phase of the 12 mm diameter pristine DIT graphite electrode as transmission 
spectra with the dominant (002), (01-1) and (004) Bragg edges. c) to e) show each the averaged line plot of the 
most representative horizontal slice from the 6 mm diameter electrodes. The reconstructed wavelength-resolved 
attenuation coefficients show the mixed graphite and LiC12 phase in the 33 % lithiated electrode-1 in c), the LiC12 
in d) for electrode-2 at 66 % of lithiation, the pure LiC6 phase in electrode-3 with 100 % of lithiation in e) and the 
mixed LiC12 and LiC6 at 70 % of lithiation in electrode-4 in f). The positions of the Bragg edges are in good 
agreement with the calculated positions of a). The reconstructed attenuation coefficient is between two to three 
times lower than the calculated value which is due to the fact that the DIT electrodes are very porous to allow a 
high Li-ion conductivity by additional electrolyte. 

A more quantitative data analysis of the BET data will include the fitting of the Bragg edges 

with analytical functions and a local analysis pixel by pixel over the whole electrode volumes. 

Due to the high noise of the presented test data and the lack of beamtime due to the 
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shutdown of neutron facilities, a more advanced data analysis is beyond the scope of this 

thesis. 

7.5 Conclusion 

The presented study shows the useful application of Bragg edge radiography and 

tomography to investigate the crystallographic lithiation state of thick DIT graphite 

electrodes, which allows the comparison with the SoC. These test measurements give an 

insight in the crystallographic phase transitions from pure graphite over the mixed 

graphite/LiC12 and LiC12/LiC6 phases to the single LiC12 and finally LiC6 phases which can 

provide important information about electrode degradation processes which can cause 

serious performance losses. The current dataset suffers from the poor spatial resolution of 

about 0.25 mm, rather noisy data and long exposure times up to four days for a single BET 

data set which makes the technique unfavourable against others which can yield similar 

information such as neutron diffraction. However, with a theoretical gauge volume of 

0.0156 mm3 by the achieved resolution and the whole sample measured in one 

measurement BET delivers comparable results. It has been shown that lithiated graphite DIT 

electrodes with a low density and a highly unfavourable neutron absorption are less suitable 

for BET as e.g. steel or cooper which have a higher coherent scattering cross section and 

strong Bragg edges in the wavelength spectrum where a high neutron flux is available on the 

IMAT beamline, at around 7 Å which is optimal for graphite electrodes. 

However, the instrumentation setup used on IMAT was not optimized for the newly tested 

sample position which opens room for improvements. The new IMAT sample position will 

include the installation of a new MCP detector, based on TImepix-3 readout. The new camera 

will avoid losses due to the overlap effect, will have a larger field of view, and will include a 

new generation of neutron sensitive MCPs. Thus, the new MCP camera version will allow for 

a higher neutron detection efficiency which will improve the SNR and decrease the total 

exposure time by at least a factor of two. Additionally, new higher flux spallation sources 

such as the European Spallation Source in Lund (ESS, Sweden) with a higher neutron flux 295 

promises an improvement in terms of spatial and temporal resolution down to 110 µm, 

limited by the 55 µm of the used MCP detector, and total exposure times down to a few 

hours per BET. These are big improvement and overcome the spatial resolution of state-of-

the-art neutron diffraction instruments. But also, high flux neutron reactor sources such as 

HFR on the Institut Laue-Langevin (ILL, France) or the FRM-II on the Heinz Maier-Leibnitz 
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Zentrum (MLZ, Germany) can quickly scan short wavelength bands by using a DCM setup and 

are not limited in spatial resolution by the lower fluxes at spallation sources used ToF pixel 

camera systems. 

In future research, newly developed, more homogeneously structured DIT graphite 

electrodes will be analysed at different SoC and throughout the cycle history. For this, the 

second imaging position of the IMAT neutron imaging beamline should be optimised for a 

higher neutron detection efficiency which in turn will reduce the exposure time and the SNR. 

Further, the use of a reactor source, for faster lithiation studies using a DCM, will be 

investigated.
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8 3D Bragg Ptychography of natural single crystalline 
Graphite Flakes – Negative Li-ion Electrode Material 

8.1 Overview 

The mechanism of degradation of active electrode materials for Li-ion batteries is of high 

interest due to evaluate factors which influence e.g. capacity fading, power loses or changes 

of the ion and electrical conductivity. A lot of techniques are used to study these processes 

but show restrictions for the collection of information. Novel 3-dimensional (3D) X-ray Bragg 

ptychography (B-Pty) offers a wide range of new information such as crystal quality, strain or 

intercalation phases of single particles at nano-meter resolutions. Here 3D B-Pty is 

investigated as possible technique for use on small single crystalline graphite flakes, as used 

in Li-ion battery electrodes. It is shown that the technique is able to reconstruct the layered 

graphite structure and defect cracked crystalline parts at a high spatial resolution and yield 

information about the crystallographic strain along the reflection axis. 

8.2 Introduction 

Lithium batteries are the key answer to the energy storage problems of today and the 

future and an important instrument in the fight against climate change. In particular the Li-

ion battery has a wide range of applications, such as single battery cells in mobile phones and 

laptops and large scale battery stacks used in electrical vehicles and aeroplanes. A 

fundamental understanding of the processes inside the battery electrode will help to 

improve and optimise the performance, lifetime and capacity of existing battery chemistries 

and the development of new battery electrode materials. Electrode degradation processes 

are of particular interest and one of the key problems of power fade and properties such as 

electrical and ion conductivity, porosity and columbic efficiency. To study such phenomena, 

which happen in the micron and sub-micron scales, advanced imaging methods are required 

in order to yield a deeper insight, such as absorption and phase contrast X-ray computed 

tomography (CT)82,296, diffraction (XRD)297–300, transmission or scanning electron microscopy 

(TEM, SEM)301,302 and focused ion beam scanning electron microscopy (FIB-SEM)303. However, 

each technique presents limitations, such as: spatial resolution; destruction of the sample 

during investigation; limitations to 2-dimensions (2D); or the need for investigation under 

vacuum, prohibiting in situ studies. 
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X-ray ptycho-tomography satisfies many attributes which are necessary to characterise 

anode degradation processes such as non-destructive investigation, nano-scale resolution, 

3D information and a high sensitivity to different structural features, and the potential to 

investigate parts out of large samples224,304. Furthermore, X-ray B-Pty gives a deeper insight 

into the chemical lithiation state of the investigated intercalation compounds, e.g. graphite 

or NMC, and provides local information of the lithium amount derived from the variation of 

the Bragg angle as result of the 1-dimensional (1D) d-spacing change of the crystal. Until now, 

only a few studies show successful 2D220,305 or 3D12,13,221,306,307 reconstructed objects mostly 

of a simple shape. 

In the following, the first 3D B-Pty reconstructions on two natural single crystalline graphite 

samples are presented and discussed. This result is the first part of a project where 3D B-Pty 

is used to characterise a single graphite flake out of a Li-ion battery anode at different state 

of charge (SoC). The graphite is analysed in the nano-metre scale, during lithium inter- and 

deintercalation and shows the crystallographic changes, the exact chemical lithiation state 

and the evolved stress in the crystal structure. The imaging work is performed on the 

coherent branchline of the I13L beamline, at the Diamond Light Source (DLS, UK), which is 

dedicated for imaging in reciprocal space.187 

8.3 Methodology and Experimental 

Conventional Li-ion anodes consist of an about 30 to 100 µm thick active carbon and binder 

mixture which is sprayed on the surface of a copper foil current collector. The standard active 

carbon flakes are in the order of 1 µm to 20 µm in diameter and are lithiated during the 

charging of the battery cell. 

Throughout lithiation, the graphite flakes are intercalated by lithium ions which change the 

d-spacing of the hexagonal crystal structure from the ABAB structure of pure graphite (002) 

with a d-spacing of 3.364 Å to the fully intercalated AA structure of LiC6 (001) with 3.680 Å65. 

During battery cycling (i.e. a large number of charging/discharging processes) the graphite 

electrode undergoes degradation processes which negatively affect the cell performance and 

lower the electrical capacity. The anode undergoes degradation on each single graphite flake, 

including the exfoliation of single graphene layers or a stack of layers, crystalline defects, 

interruption of lithium intercalation, or deintercalation by losing electrical- or ion-

conductivity. Standard investigation tools are not able to detect graphite degradation 

processes with the following conditions: 3D detection of intercalation phase, non-
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destructive, in situ or spatially resolved to nano-meter resolution. 3D B-Pty is chosen here 

because it satisfices all of the above listed requirements. 

The Ptychography (Pty) techniques is a variation combination of the coherent X-ray 

diffraction imaging (CDI) combined with scanning transmission X-ray microscopy (STXM)‚ 

that combination offers the advantage of quantitative phase imaging at high resolution to 

image across an extended larger field of view (FoV) or just a part out of a bigger sample and 

probing strain inside as CDI. B-Pty detects variations in crystal structures, nano-meter 

resolved, by numerically inverting coherent diffraction intensity patterns which are Bragg 

scattered from the crystal lattice of the sample. A typical B-Pty dataset contains of a 

collection of a series of overlapping Bragg scattered far-field diffraction patterns scanned in 

x and y direction. The diffraction pattern is the result of the interaction of the incident 

focussed monochromatic coherent X-ray beam with the sample. The area of interest is 

covered by a series of overlapping beam positions with an overlap (oversampling) of > 50 %. 

For a single angle scan the data set can be reconstructed using a 2D Pty reconstruction 

algorithm such as the extended ptychographical iteration engine (ePIE)216. The 2D 

reconstruction algorithm recovers the object and probe waveforms from the diffraction 

patterns, starting by refining an initial estimate guess for the waveforms, over a number of 

iterative steps until the results converge. After some iteration steps of the probe retrieval 

algorithm, the amplitude and phase information, of both the probe and the scanned object 

area, are recovered. The output contains two 2D complex-valued images where one contains 

the absorption (or amplitude) information and the other is a measure of the phase delay. The 

3D B-Pty reconstruction utilises 2D B-Pty datasets with fine angular steps around the Bragg 

peak (rocking curve). The 3D reconstruction can be implemented by using a standard imaging 

reconstruction algorithm such as filtered back projection (FBP) as shown by Hill et al.221 or a 

more advanced algebraic iterative reconstruction algorithm such as the simultaneous 

iterative reconstruction techniques (SIRT) which show advantages in the 3D reconstruction 

with projections over a limited angular range. A more detailed description of the Pty and B-

Pty techniques can be found in section 3.3.2. 
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Figure 114: Schematic overview of the Bragg-Ptychography application at the I13-1 branch of the I13L imaging 
beamline at DLS: from left to right the schematic shows the incident monochromatic and coherent X-ray beam 
with a used energy of 9.7 keV. A mask selects the used FZP, from a membrane with multiple FZPs of different sizes 
and to avoid higher order diffraction, a central beam stop blocks the middle beam which is not affected by the 
FZP. The FZP is focusing the beam, an OSA prevents higher orders and the graphite samples are shortly after the 
focal point. The sample is mounted on a piezo positioning system which allows fine steps in the nm range. In the 
experiment the samples are scanned several steps in-plane in x’ and y’, with a beam overlap of 50 % to 70 %, and 
rocked around the Bragg peak in fine angular steps. The diffraction signal was detected by an Excalibur MCP 
detector in ca. 2.95 m distance. 

As mentioned above due to the complexity and difficulty of the 3D B-Pty experiment, here 

are the first successful imaging results on two different natural graphite single crystals 

presented. The measurement on partly and fully lithiated graphite flakes, such as those used 

in Li-ion battery cells, will be completed in a future experiment. 

Both 3D B-Pty imaging experiments were performed on the I13-1 branchline of the I13L 

imaging beamline at the DLS. That branch is dedicated for advanced coherent imaging 

techniques such as CDI and Pty (a detailed description of the beamline is given in section 

3.2.5.1). Figure 114 shows the used beamline setup for the B-Pty. 

During this work an X-ray energy of 9.7 keV was selected by a Si (111) double crystal pair 

out of a quattro crystal monochromator (QCM) at about 210 m positioned upstream of the 

experiment 308. A 400 µm blazed Fresnel zone plate (FZP) (PSI collaboration, group: ‘X-ray 

Optics and Applications’, group leader: Dr. Christian David) with 150 nm outer zone width 

was utilized to focus the incident coherent X-ray beam on the sample plane with a spot size 

of about 3.5 µm. A 60 µm Au central beam stop blocked the direct beam and a 20 µm order 

sorting aperture (OSA) (Agar Scientific Ltd., UK) was placed just upstream of the sample, 

suppressing all but the first diffraction order. The graphite samples were mounted on a x-y-z 

piezo sample stage (P-563 PIMars Nanopositioning Stage, Physik Instrumente (PI) GmbH & 

Co. KG, Germany) on the top of a three axis rotation stage (Ultra precision rotation stage 

miCos UPR-270 Air (Physik Instrumente (PI) GmbH & Co. KG, Germany) on top of a two Huber 

mask/
aperture

[400 µm]

Coherent
X-ray beam

[9.7 keV]

graphite
single crystal

Excalibur
MCP detector

central
stop

OSA (order
sorting aperture)

[20 µm]

FZP (Fresnel
Zone Plate)

[400 µm]

x’-y’ scan x

z

y

x’

y’



 265 

goniometer stages (2-CIRCLE SEGMENT 5203.80, HUBER Diffractiontechnik GmbH & Co. KG, 

Germany)) which allowed fine linear movements in the nano-meter range and rotations 

about that Bragg angle at a precession better than 0.001 °. To achieve the 3.5 µm spot size, 

the focal point was slightly upstream of the eucentric point, where the sample was mounted. 

A light microscope mounted at the side of the sample environment and a 2D X-ray 

scintillation camera after the sample were used to move the sample region of interest into 

the eucentric point. By rotating each sample around the vertical axis perpendicular to the 

beam the Bragg angle of the sample could be determined by rocking the angle. The Bragg 

scattered beam was detected from an ExcaliburRX-3M X-ray Photon Counter Area 

Detector309 at the end of a flight tube at a distance of ca. 2.95 m. The detector and flight tube 

were moved into the Bragg position by two robot arms (Yaskawa Motoman Robotics, USA). 

After the angular region was found, where the Bragg condition was fulfilled, the samples 

were scanned in fine angular steps over the Bragg angle and at each position a 2D B-Pty was 

made by scanning the sample 2D in-plane with a beam overlap of 50 % to 70 %. The in-plane 

scan uses the by the Bragg angle transformed x and y coordinates to x’ and y’ in order to keep 

the beam size constant for each angle. Whereby x’ is parallel to the short horizontal side of 

the graphite sample and y’ to the height, see Figure 114. 

For the Pty reconstructions, the PtyREX software219 was used. Due to some movements of 

the optical axis in between the angular positioning, the rotation axis was determined for 

every angle in the scattered diffraction pattern by calculating the centre of mass of the 

diffraction patterns. After the 2D B-Pty reconstruction of the amplitude and phase the 

projections were reconstructed into 3D volumes by using the tomopy283 reconstruction 

libraries in python and rendered using the ASTRA toolbox192,193.286 

Two samples were scanned in this study; both are natural single crystalline graphite 

samples of high crystalline quality mined in the state of New York (Naturally Graphite 

Nanotech Innovations - Michigan Technological University, USA). The first scanned sample is 

a ca. 10 µm large rectangular graphite crystal cut out of a larger crystal and the second one 

is a large graphite crystal of about 150 µm thickness. 



 266 

 
Figure 115: Sample preparation of the small natural single crystal graphite sample: The images from a) to d) 
show the manufacturing process of the small natural single crystalline graphite sample , which is cut out of a big 
graphite flake of a dimension of about 2 mm diameter an 200 µm thickness photographed in a) by using a light 
microscope. In one straight side of the flake a ca. 10 µm high lamella was cut with a Ga-ion beam in a FIB-SEM 
shown in b). After that the lamella was welded with Pt (Pt deposition) on the ending of a small needle, cut from 
the graphite flake and transferred on the top of a copper plate c).In the last step the small single crystalline sample 
was positioned on the surface of the copper with the(002) crystal orientation perpendicular to the surface and 
fixed by a Pt ‘welding’ seam displayed in d). 

Sample 1 – small single crystalline graphite sample 

The first sample (small single crystalline graphite) was cut out of a bigger ca. 2 mm diameter 

and 200 µm thick single crystalline graphite flake, with the typical hexagonal crystal shape of 

graphite, shown in Figure 115 a). Out of one of the flake edges a ca. 10 µm high lamella was 

cut out via a Gallium-ion beam in a Crossbeam FIB-SEM (Carl Zeiss AG, Germany). Figure 115 

b) shows the cut lamella and the layered structure of the graphite crystal with the c-axis, the 

(002) plain, pointing perpendicular from the layers. The lamella was platin welded (i.e. 

deposition of Pt atoms) on to a tip of a fine needle, cut from the flake and transferred to a 

1 mm thick copper plate (Figure 115 c)) and welded onto the copper surface with the (002) 

crystal orientation perpendicular to the surface (Figure 115 d)). 
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Figure 116: Sample mounting of the small single crystalline graphite sample on the i13-1 beamline, positioning 
and detected Bragg diffraction pattern: Image a) shows the graphite sample on copper glued to a SEM stub and 
mounted on the piezo sample stage on the i13-1 imaging beamline. b) shows the alignment of the sample, in the 
middle of the red cross, by the light microscope on the beamline side and c) displays a diffraction pattern imaged 
by the MCP detector under Bragg condition. 

The graphite sample, on the top of the copper, was glued to an SEM stub and mounted on 

the piezo sample stage in such a way that the (002) crystal orientation was pointing in the x-

direction of the beamline, see Figure 116 a). By using the light microscope, mounted on the 

side of the beamline, the sample was positioned within a few microns in the eucentric point 

of the sample environment. Figure 116 b) shows the alignment by the light microscope. For 

a more precise sample positioning the transmission X-ray absorption detector, with a 

magnification of 10 and a resulting pixels size of 0.45 µm, was used. After the rough sample 

positioning the full beam intensity without the use of the OSA and FZP was used to determine 

the Bragg scattered X-ray beam by the graphite sample. For that the MCP detector was 

positioned horizontally in 2QBragg of the graphite c-axis scattering plane for the used 9.7 keV 

energy which is 21.92 °. The sample was then rocked around QBragg (9.7 keV) = 10.96 ° in fine 

angular steps. The precise Bragg condition for this section of the material was determined 

first by scanning through theta with an increased flux (incoherent) beam. The resultant 1D 

intensity plot shows the optimal Bragg condition as well as the range over which useful could 

be acquired. The Bragg condition was fulfilled for an angular range of about 0.5 °. To define 

the final scanning parameter the OSA and FZP were moved in and at the angle of highest 

a) b)

c)
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scattering intensity the sample was scanned in x and y direction with a focused beam spot of 

about 3.5 µm to find the edges of the graphite sample. 

After the sample alignment a 3D B-Pty scan was started in the angular range from 5.24 ° to 

5.74 ° with a number of angular steps of 168, which results in an angular step size of 0.003 °. 

The difference between the scanning angle and the theoretical Bragg-angle is due to an offset 

by the sample positioning and the sample mounting on the copper plate. Per angular step, x 

and y was scanned with 48 x 34 steps with a y-step size of 0.5 µm, resulting in an 

oversampling of >85 % and 2.5 µm in x with respect to the beam geometry with an expansion 

in x by scattering in the deeper crystal layers. The exposure time was set to 0.1 s per scanning 

point which resulted in a total scan time of about 15 hours including time for sample 

movement. 

 
Figure 117: Determination of the centre of the diffraction pattern and the reconstruction range: The graphs a) 
and b) illustrate the movement of the centre of intensity by the change of the scanning angle from 0 to 167, 5.24 ° 
to 5.74 ° and c) plot the summed diffracted beam intensity to verify the region of reconstruction. Graph d) show 
the movement of the maximal intensity in the x and y scan directions. 

For the reconstruction of the 2D projections from the scattered signal, with a shape like 

shown in Figure 116 c), the point of the highest Intensity for all images of the same angle was 

calculated and plotted in Figure 117 a) and b) over the scan number. That x and y values are 

the centre of the scattering signal for the reconstructions of the 2D images by using the 

PtyREX software, like as mentioned above, with the ePIE reconstruction algorithm, an 

upsampling of 2x2310, 600 iteration steps and individually manual determined optical axis for 

each angle with a cropping of 256x256 pixel around was used. Due to a used larger angular 

a) b)

c) d)
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scanning range the number of angles for the 2D B-Pty reconstruction could be reduced to 56 

angles (42 to 97). The used angular range for the reconstruction was determined by the 

scattering intensity for each angle visualised in Figure 117 c). 

 
Figure 118: jittering correction of the 2D B-Pty reconstructed projection before 3D reconstruction: The images 
show two 2D B-Pty amplitude reconstructions of different angles. Clear visible is the displacement of the images 
from the centre. The ‘jittering’ needs to be corrected before the 3D reconstruction. 

After the 2D reconstruction the resulted amplitude and phase projections, with a pixel size 

of 26.78 nm, were slightly moved against another such as shown in Figure 118 for the 

amplitude. Therefore, the projections were corrected for the jittering and a gaussian filter is 

applied to homogenise the projections before 3D reconstruction. For the 3D reconstruction 

the SIRT reconstruction algorithm was used. For the 3D visualisation the AVIZO visualisation 

software (Thermo Fisher Scientific, USA) is utilised for the data analysis. 

 
Figure 119: Sample mounting of the large cracked crystalline graphite sample on the i13-1 beamline, positioning 
and detected Bragg diffraction pattern: To align the graphite sample to the eucentric point of the beamline a) 
the, on the side mounted, light microscope was used to position the sample in y and z b) the 2D X-ray detector to 
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set the deep x in the sample. a) shows the cracked surface of the top layers of the graphite crystal and b) the 
layered horizontal structure. To define the angular scanning region the sample was rocked to the angular range 
around the theoretical Bragg diffraction. The angular scan region was determined by the intensity detected by 
the Excalibur MCP detector, which was poisoned in the Bragg angle, seen in c). The Bragg scattered diffraction 
pattern d) is a modulation of the incident wave with the sample and contains amplitude and phase information 
of the sample. 

Sample 2 – large cracked crystalline graphite sample 

As second sample, a similar large crystalline graphite sample of high crystalline quality like 

as described above, was used, but without any processing work on it. The used crystal had a 

diameter of about 3 mm and a thickness of ca. 150 µm. The sample was glued by a double-

sided tape on a SEM stub and mounted on the piezo sample stage. The region of interest was 

moved to the eucentric point by using the light microscope and the 2D transmission X-ray 

detector of the beamline. Figure 119 a) shows the positioning in y and z by using the light 

microscope which shows the cracked surface of the first layers of the natural single crystal 

and b) displays the fine adjustment in x and y direction. The X-ray absorption image show the 

horizontal layered structure of the graphite crystal. Thereby, each graphite layer represents 

an individual single crystalline graphite layer slightly shifted to the neighbouring crystals 

above and below. The c-axis of the graphite crystal pointed in the x direction, sideward. The 

x/y centre of the crystal was then moved to the eucentric point. To find the right Bragg angle 

and the scattering signal on the MCP detector the sample was rocked around the theoretical 

Bragg angle of QBragg (9.7 keV) = 10.96 ° liked described above. The maximum of the 

measured diffracted beam was found at -12.16 ° with respect to an angular offset of -1.2 ° 

and negative rotation direction. The MCP detector was in 2QBragg plus the offset and a rocking 

pitch scan was made to determine the angular scanning range. Figure 119 c) shows the 

intensity plot over the scanned angular range from -12.5 ° to -11.5 ° and d) the Bragg 

scattered diffraction pattern which represents the shape of the collimated beam slightly 

deformed from the shifted graphite scattering layers. Here the diffracted beam is more 

intense as for the smaller crystal, that is due to the thicker sample were more layers are 

reflecting the incoming X-ray beam. The Bragg condition was fulfilled in a range from about 

-12.3 ° to -11.9 °. A 3D B-Pty scan was started in the angular range from -12.5 ° to -11.7 ° with 

a number of 267 angular steps resulting in an angular step size of 0.003 °. Per angular step, x 

and y were scanned with 25x25 steps with an y step size 0.5 µm, resulting in an oversampling 

>85 % and 2.85 µm in x with respect to the beam expansion in y by scattering in the deeper 

crystal layers. The exposure time was set to 0.1 s per scanning point which resulted in a total 

scan time of about 12 hours with respect to the sample movement. 
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By the reason that the angular scanning range was larger as the rang where the Bragg 

condition was satisfied the number of angles for the 2D B-Pty reconstruction was reduced to 

71 from -12.18 ° to -11.97 ° determined by plotting the highest intensities in x and y direction 

and the total intensity over the scan number such as show above for the small graphite 

crystal. The 2D reconstructions were made by using the PtyRex software, with the ePIE 

reconstruction algorithm, an upsampling of 4x4310, 600 iteration steps and individual manual 

determination of the optical axis for each angle with a cropping of 128x128 pixels of the 

projections around was used. The reconstructed pixel size was 63.5 nm and for the 3D 

reconstruction the SIRT reconstruction algorithm was used and AVIZO for the visualisation. 

8.4 Results and Discussion 

From the 2D and 3D B-Pty reconstructions we get information about the local crystalline 

structure and the stress and strain inside the scanned areas of the graphite crystals. Thereby, 

the results are related to a particular scattering plane. In that case the reconstructions yield 

information from the (002) plane of the graphite crystals, that means along the c-axis of the 

crystalline structure. 

The 3D reconstructions of the amplitude, e.g. for the small cut natural single crystalline 

graphite in Figure 120 a), show a layered structure of the graphite crystal. That layered 

pattern can be seen also in the side few of the sample in the SEM image in Figure 115 d) and 

is in a good agreement with the theory. Each single layer represents a graphite single 

crystalline crystal which is slightly shifted or tilted through the neighbouring crystalline layer. 

The amplitude image of the B-Pty reconstruction shows that layers and reveals the crystalline 

quality locally resolved. A higher intensity (yellow) indicates a good or high crystalline 

symmetry or mosaicity whereas a lower intensity (gray) or transparent region indicates a 

poor crystal structure or voids. That is due to the beam intensity which is locally scattered on 

the different crystalline structures. Thereby, a higher mosaicity yield a higher amount of 

scattered intensity under the Bragg condition or angle. But also, a more shifted or tilted 

crystal layer can lead to a loss of scattered intensity on the detector screen. In such a case 

the Bragg law is just partly fulfilled, or the scattered beam is reflected somewhere outside 

the detector area. For both investigated graphite samples no secondary Bragg scattered 

intensities could be found on the detector screen which covers an angular region of about 

2 °. Based on the fact that the here utilised natural single crystalline samples are 

characterised as highly aligned can be concluded that the most probable case for the 
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intensity fluctuations is related to the crystalline quality and not the local variation of the 

direction of the c-axis. A more profound answer can be achieved by Laue diffraction 

measurements on the samples. 

The reconstructed phase, seen in Figure 120 b) for the small graphite crystal, indicates 

stress or strain in the crystal parallel of antiparallel to the c-axis of the crystal, i.e. ±y direction 

of the 3D visualised data. That direction results from the used scattering plane for the Bragg 

scattering which was the (002) plane. The strain shows a layered distribution similar to the 

layered crystal structure revealed by the amplitude information. Red areas indicate strain in 

the upward direction, parallel to the c-axis, and blue antiparallel to the c-axis. The 

determined strain is very weak and ranged between about 0.01 ° and – 0.01 °. That values 

are in a good agreement with the behaviour of a single crystal which show mostly much less 

stain as poly crystalline materials. 

 
Figure 120: 3D B-Pty reconstruction of the amplitude and phase of the small natural single crystalline graphite 
sample: Images a) and b) show the 3D B-Pty reconstructions of the small cropped natural single crystalline 
graphite sample, where a) shows the amplitude reconstruction with information of the quality of the crystal 
structure and b) the phase with information about the strain between the crystalline structure along the crystal 
c-axis. 

The amplitude and phase reconstructions of the small cut natural single crystalline sample in 

Figure 120 indicate a relationship between the crystalline quality and the phase shift of the 

coherent X-ray beam. That means, the local crystalline structure and mosaicity seems to be 

related to the strain inside the sample. A good comparison between the amplitude and phase 

behaviour provide the 2D orthogonal slices in Figure 121. a) shows cuts through the 3D 

amplitude volume and b) the related phase information. The cut through the xy-plane 

displays multiple intensity changes along the c-axis due to the layered crystalline structure 
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of the sample. The related phase slice reveals an about twice the number of changes of the 

phase shift between positive (red) and negative (blue) in the same direction. It is possible to 

predict that a phase change is occurring on the boundary of a single crystalline layer. The 

strength of the phase shift seems to be not connected to the crystalline quality. An easier 

comparison allows the cut through the xz-plane which show a high crystalline quality in the 

right top and lower left corner of the slice. The transitions between the crystalline quality 

seems to be accompanied by a phase shift transition. But the direction of the phase shift is 

not correlated to crystalline quality transition. The comparison in the yz-plane shows a 

consequent phase transition between the left and the right side of the plane which may 

related to the up and down movements of the single crystalline layers in that direction. 

 
Figure 121: 2D orthogonal slices from the 3D B-Pty reconstruction of the small natural single crystalline graphite 
sample: a) and b) show orthogonal slices from the reconstructed 3D B-Pty represented in Figure 120. A) presents 
cuts through all three planes of the amplitude reconstruction where a high Intensity is a measure of a good crystal 
structure and b) show the corresponding phase information which displays the strain along the c-axis of the 
sample. 

In Figure 122 the reconstructed 3D volumes of the partly scanned large single crystalline 

graphite sample is shown. A small area on the surface of the large graphite sample was 

scanned. The visible light microscope image in Figure 119 a) shows that there is a rough 

structure, with a number of cracked graphite layers. In comparison to the small graphite 

crystal the crystalline quality, indicated by the amplitude volume displayed in Figure 122 a), 

is not organised in a thin layered structure of intensity variations. Here the higher quality 

crystal structures are concentrated at the top and bottom and a bigger region at the middle 

of the volume. The shape of the intensity changes show just a slight horizontal arrangement 
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and an inhomogeneous transition mosaicity. That can be explained by the rough and cracked 

surface area i.e. the cracked crystalline layers. The related phase information shows mostly 

positive phase shifts from - 0.06 ° (blue) to +0.80 °. Here the comparison between the 

crystalline quality, the amplitude, and the phase shift shows a good correlation with the 

transition of the crystal quality. More negative or regions with a phase shift around zero 

(blue) indicate a low crystalline quality of the graphite (grey or transparent). The higher 

quality regions show a more positive phase shift (light brown or red). 

 
Figure 122: 3D B-Pty reconstruction of the amplitude and phase of the partly scanned large natural single 
crystalline graphite sample: a) shows reconstructed amplitude of the sample where intensity is a measure of the 
quality of the crystal structure. A higher intensity represents a higher mosaicity. In b) the related reconstructed 
phase shift is displayed which represents the strain in the crystal along the c-axis. 

The orthogonal cuts through the 3D volumes, shown in Figure 123, display a similar 

relationship between amplitude and phase. All regions that display negative phase shifts or 

phase shifts around zero are regions with a lower single crystalline structure whereby the 

more positive phase shifts indicate a higher crystalline quality along the c-axis of the sample. 

Noticeable is the fact that higher positive phase shifts are located at the transition zones 

between lower and higher mosaicity. For example, the transition from a zero phase shift to 

a higher positive phase shift, from the middle bottom part upwards along the c-axis, seen in 

the xy-plane is accompanied with a transition from a lower to a higher crystalline quality. A 

similar behaviour is shown in the xz-plane example, it represents the cut through the lower 

middle part of the shown xy-plane. That means it is the cut along the transition zone between 

the zero phase shift to the higher positive shift and simultaneously from the lower to the 

higher crystalline mosaicity. At the top of the middle region with higher mosaicity the same 

transition effect can be seen between the phase shift change and the change of the 

crystalline quality. The presented yz-plane shows a similar behaviour each bigger shift in the 

phase is followed by a bigger change of the mosaicity of the crystal. 
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Figure 123: 2D orthogonal slices from the 3D B-Pty reconstruction of the partly scanned large natural single 
crystalline graphite sample: a) and b) show 2D orthogonal slice of all three planes for the amplitude and phase 
information represented in Figure 122. A high crystalline quality is displayed by a high intensity in a) and the 
crystal strain along the c-axis is shown in b). 

The phase shifts of the incident coherent X-ray beam discussed here is caused by strain in 

the crystalline structure of the graphite in the direction along the c-axis. A visualisation of 

that is given in Figure 124 a). The atomic lattice, in the c-axis direction, consist of a number 

of repeating AB-AB hexagonal ordered carbon atomic planes which are slightly shifted each 

against the other. The distance between each AB layer, the d-spacing, is about 3.355 Å in an 

ideal relaxed crystal. In such a graphite crystal scanned with the B-Pty techniques no phase 

change will be detected, because there is no differentiation between each scattering plane. 

But the crystalline structure of a natural crystal is pervaded with defects such as cracks, or 

the lattice is under pressure (in this case from neighbouring crystals which press against each 

other). All of that strain causes small deviations, positive or negative, in the d-spacing of the 

crystal lattice or show big shifts of neighbouring crystalline parts such as caused by cracks. 

Such variations in the crystal structure cause phase changes which are detectable here. 
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Figure 124: atomic structure and orientation of a graphite sample and phase shift histograms of the small cut 
and large partly scanned graphite sample: a) shows the layered ABAB structure of graphite with the crystalline 
orientation, d-spacing and the strain coordinates along the c-axis. b) represents the phase histograms of the both 
measured, small cropped and large partly scanned, graphite samples. The histograms show the overall strain 
along the c-axis. Of particular note is that the small cropped sample has a summed strain of about zero and the 
partly scanned an almost positive one. 

In an ideal spatially limited crystalline system, all energy which causes strain and therefore 

also phase shifts has to be zero in sum. Based on that, the phase shifts which are measured 

here can be characterised in the sum of their phase shifts. Figure 124 b) represents the 

histograms of the reconstructed phase shifts of the small natural single crystalline graphite 

sample (red) and the partly scanned graphite sample (black) which contains more cracked 

crystalline parts. Outgoing from the theory above, the sum of the phase shifts of each voxel 

has to be zero for a crystal which is completely scanned and reconstructed such as the small 

sample. The calculated average of the phase shift of the small sample is about -2.5×10-6 rad, 

whereas the average for the partly scanned crystal is much bigger with 8.6×10-4 rad. Two 

things can be concluded from these phase histograms. Firstly, the more single crystalline 

smaller graphite sample shows less strain in the crystal structure as the cracked partly 

scanned crystal which is visible by the spreading of the histogram. And secondly, the average 

of the phase shift of the two measured graphite samples the smaller sample shows an overall 

strain of nearly zero, which matches with the fact that nearly the whole crystal is scanned 

and the total strain has to be zero, and the partly scanned sample hast a not compensated 

higher average strain in positive direction due to that just a part of the crystal is scanned and 

the strain is not compensated there. 

8.5 Conclusion 

In this work the 3D crystalline structure of two different natural single crystalline graphite 

samples is investigated by using 3D B-Pty in nano-meter resolution. The quality of the single 
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crystalline structure, along the c-axis, could be evaluated by the intensity of the 

reconstructed amplitude information. The strain along the (002) direction could be 

determined and show nearly relaxed graphite samples. The typical layered structure of 

graphite is found and a relationship between the layer transition and strain is found. The 

average strain inside an almost complete scanned crystal is determined to be about zero. 

Whereas a partial scan of the surface of a large natural graphite crystal shows strain in mainly 

a single direction. 

The experimental results demonstrate the successful 3D B-Pty reconstructions using multi-

angle diffraction pattern measurements at a series of points and an iterative 3D 

reconstruction algorithm. That techniques allow the reconstruction of complex crystalline 

structures and local regions out of larger samples with information about the crystal 

behaviour along the reflected crystal axis. This, to the author best knowledge, is the first time 

that such a use of 3D B-Pty has been presented – opening up a wide field for measurements 

that is transferable to a huge number of experiments and crystalline samples. The technique 

has a high level of angular sensitivity which enables the detection of the lithiation phases 

during lithium intercalation in graphite. It also shows the potential to be transferable to any 

other crystalline intercalation compounds used in Li-ion batteries such as the cathode active 

materials NMC, NCA or LCO.
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9 Summary, Conclusion and Outlook 

This section provides a short summary of the experiments which are performed in context 

of that thesis and are presented in the result sections 4 to 8. The focus was directed to time 

resolved neutron computed tomography (CT) with complimentary X-ray imaging on 

commercial lithium batteries and a miniaturised polymer electrolyte fuel cell (PEFC) in the 

first result part and neutron and X-ray diffraction imaging techniques on Li-ion graphite 

electrode material in the second part. All of that five experiments present a new innovative 

measurement method in terms of e.g. temporal and spatial resolution or contrast 

mechanism (Bragg scattered signal). Finally, a discussion about future work related to the 

experiments is provided. 

9.1 Summary and Conclusion 

Within the framework of that thesis several advances have been made regarding the 

temporal and spatial resolution of neutron tomography on lithium batteries and fuel cells 

and diffraction-based neutron and X-ray imaging techniques is demonstrated to determine 

the lithiation phase of graphite anode material. The projects have shown that 

complementary neutron and X-ray imaging is helpful to determine information which are 

hidden or transparent for one technique, such as lithium for X-rays, or difficult to distinguish 

due to a similar attenuation coefficient of two not spatially separated materials or elements. 

The first part of the thesis investigates time resolved complementary neutron and X-ray 

imaging techniques on commercial lithium batteries and high speed time resolved neutron 

tomography on a PEFC. In the second part neutron and X-ray diffraction imaging methods 

are used to study the lithium intercalation phases in graphite. 

Neutrons are the perfect probe to study the lithium transport inside lithium batteries due 

to the high absorption cross-section. But up to now, neutron imaging studies are often 

suffering on the low temporal and spatial resolution which limits the work often to 2-

dimensional (2D) radiography or ex situ studies. One reason may the low neutron flux of the 

neutron sources, the high absorption by the lithium itself and the additional incoherent 

scattering hydrogen contained in the battery electrolyte. But the thesis shows that the 

imaging of the dynamic lithium diffusion process inside the battery cells can be examined in 

operando and 3-dimensional (3D) spatial resolved. That is shown in section 4, where two 

different commercial thionyl chloride (SOCl2) battery cell types studied by 4-dimensional (4D) 

neutron imaging. For the simpler bobbin type cell design of the LS 14250 cell, made for low 
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current discharges, operando CT scans could be performed even on lower flux neutron 

sources. The application of an appropriate scanning strategy, such as the her used Golden-

Ratio (GR) technique, and detector systems with a high neutron detectability are the key 

elements. For the imaging process of more complex battery cell designs such as the spirally 

wound design of the studied ER14505M faster and higher spatially resolved scans are 

necessary which require a higher neutron flux. The main reasons for that are the faster 

structural changes by the higher power output for which the cells are designed. For both 

battery cell types the lithium removal from the lithium metal electrode could be quantitative 

determined, by the lithium volume change on the anode, and analysed within the context of 

the relation between lithium volume and the current output. The lithium diffusion inside the 

SOCl2 cathode is detected and mechanisms which reducing the cell capacity are found such 

as; blocking of the lithium transport from the lithium metal electrode by evolved SO2 gas, 

blocking the lithium diffusion inside the cathode by solid sulphur or leftovers of the LiCl 

protection layer on the anode surface. 

In section 5, the advantages of 4D neutron and X-ray complementary imaging on four, 

under different conditions discharged, commercial CR2 spirally wound Li-ion manganese 

dioxide (MnO2) primary battery cells are shown. Where X-ray imaging is used to study the 

mechanical effects such as cracks in the MnO2 electrodes from the manufacturing process 

and later cracking from the discharge process. But due to the low sensitivity of X-rays for light 

elements such as the lithium of the lithium metal anode or the hydrogen in the electrolyte 

neutron imaging is used to study the electrochemistry. With the help of neutron CT, the 

direct detection of the lithium intercalation in the MnO2 cathode was possible which is only 

indirect feasible for X-rays e.g. by the thickness change of the electrode. Due to the high 

sensitivity of neutrons for lithium the lithium removal on the anode and diffusion inside the 

MnO2 cathode could be observed and further the hydrogen containing electrolyte 

distribution could be imaged thanks to the high sensitivity to hydrogen. In this study the 

dynamic structural and chemical process are analysed which include the lithium transport, 

the consumption of the excess electrolyte and gas evolution by e.g. electrolyte decay. At 

higher discharge rates a very inhomogeneous cell activity is detected with a higher activity 

of the top electrode section during the first discharge part. Further, with the help of a novel 

virtual electrode unrolling technique the inhomogeneity of the lithium diffusion process 

could be visualised. The technique reveals a sinusoidal inhomogeneity in the lithium 

intercalation process along the electrode length which is explained by the difference in the 

local electrode compression which benefits the lithium intercalation on several areas. The 
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average thickness change of the MnO2 electrode during discharging is analysed with a higher 

thickness increase at higher discharge rates due to an increase of electrode cracking. 

Novel high speed time resolved neutron CT is used to investigate the water management 

inside PEFC’s at different operational conditions presented in section 6. Neutron radiography 

is the standard investigation tool to examine the water built up in fuel cell systems during 

operation due to the high sensitivity of neutrons to the hydrogen in water. The here shown 

time resolved neutron tomography technique on a miniaturised PEFC with single serpentine 

flow field design allow for the first time the true 3D analysis of the water evolution separated 

in the anode, cathode flow fields and the MEA. Further, the operando neutron tomographies 

allow for a new way to compare quantitative fuel cells by e.g. the water volume evolution 

during the start-up. The comparison of the amount of evolved water with the theoretical on 

base of the current density showed that already a big part is removed by the gas flow. 

The last two result sections present visibility studies where neutron Bragg edge 

tomography (BET) and X-ray Bragg Ptychography (B-Pty) is used to investigate the chemical 

lithiation of graphite anode material. Section 7 shows first ex situ energy resolved neutron 

BET reconstructions of new up to 2.5 mm thick lithiated directional ice templated (DIT) 

graphite electrodes with different states of lithiation between non- and fully lithiated. The 

over an energy spectrum from ca. 2.5 Å to 8.0 Å about 500 single tomographies represent 

for each single reconstructed energy band the attenuation coefficient of the material. The 

local lithiation state can be determined by the Bragg edge positions which are changing 

during lithium inter- and de-intercalation. The study shows that the three chemical stable 

graphite, LiC12 and LiC6 phases are detectable as well as the mixed states graphite/LiC12 and 

LiC12/LiC6. The drawback of that techniques is the long measure time of up to days and the 

poor spatial resolution in the range of a few 100 µm.  

A higher spatial resolution in the nanometre range and a measurement time of a few hours 

per Bragg angle can be achieved with the X-ray B-Pty technique presented in section 8. The 

study shows so far unseen 3D reconstructions of two natural single crystalline graphite 

samples with the information collected from the (002) scattering plane of the graphite 

crystals. The reconstructed amplitude and phase provide information about the quality of 

the crystal structure (local mosaicity) along the c-axis and the strain. It is possible to image 

the slightly shifted graphite layers of the nearly relax samples. The outcome demonstrates 

possibility to image the different chemical lithiation states in graphite electrode material by 
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the change of the Bragg angle due to the change of the graphite d-spacing during lithium 

intercalation. 

The here presented experiments show advantages of the newest neutron and X-ray 

imaging techniques. In summary, that thesis show the benefits in time resolved neutron and 

X-ray complementary imaging techniques during the discharge process of lithium batteries 

in combination with a novel virtual electrode unrolling technique. Operando neutron 

tomography on a PEFC which opens the quantitative measurement of the true time resolved 

water volume evolution in the anode/cathode flow fields and the MEA. Finally, the both 

diffraction imaging techniques neutron BET and X-ray B-Pty enable the direct detection of 

the chemical lithiation state in active Li-ion electrode material locally resolved. 

In future works, the here applied techniques will be improved and transferred e.g. to 

rechargeable Li-ion batteries and bigger fuel cells or fuel cell stacks. The diffraction imaging 

techniques have shown a high potential for imaging of the crystal structural changes by 

lithium inter-/deintercalation and have a big potential for new unseen information. The next 

section provides a short outlook and future work in combination with that work. 

9.2 Outlook and Future Work 

In general, the here presented imaging techniques can be used for a big number of 

different lithium battery chemistries and cell designs and fuel cells. That section provides an 

overview of future planed experiments which are based on the experience of the in this 

thesis shown techniques and results. 

9.2.1 Complementary Neutron and X-ray Imaging of rechargeable lithium 
and Li-ion batteries 

The in this thesis studied commercial lithium batteries are primary cells which allow only 

for one discharge cycle. However, the most daily used electronic devices such as mobile, 

phones or laptops are powered by Li-ion secondary cells which allow a high number of dis-

/charge cycles and their development to higher power output and capacity is of high interest 

and in the focus of research. 

The adaption of the complementary neutron and X-ray measurement strategy for Li-ion 

battery cells such as the standard 18650 cell design is difficult due to the need of high spatial 

resolution caused by the electrode thicknesses which ranges from 100 µm down to 20 µm 
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for state-of-the-art high power output Li-ion battery cells. This demand on high spatial 

resolution is challenging for neutron CT. Further, the state-of-the-art cathode material such 

as NMC containing cobalt and manganese which are high neutron attenuating elements 

which reducing the neutron transmission, of the for neutron imaging used cold energy 

spectrum significant, which often cause a poor signal to noise ratio (SNR) and strong beam 

hardening artefacts in the 3D reconstruction. Standard neutron imaging instruments 

achieving pixel sizes around 20 µm to 50 µm with exposure times up to minutes for a single 

radiography. For the need of higher spatial resolution of a few micrometres and an 

appropriate count rate behind the battery cell the exposure times easily increases to several 

minutes which are impractical for in situ tomography studies. Therefore, only high flux 

neutron imaging instruments with camera systems designed for high spatial resolutions such 

as the D50 beamline6,7 at ILL (Institut Laue-Langevin, France) are suitable.  

Figure 125, shows the imaging results from a test experiment made on an INR 18650 MJ1 

Li-ion battery from LG Electronics Inc. (South Korea). The cell has a height of about 65 mm 

and a diameter of about 18 mm. The active cell cathode material is high neutron attenuating 

NMC and for the anode a mixture of graphite and silicon. The ca. 50 µm to 60 µm thick 

electrodes allow a high-power output of up to 1.5C by a capacity of 3.5 Ah and a normal 

voltage of 3.6 V. The horizontal and vertical orthogonal slices in Figure 125 show 

reconstructions of an X-ray scan at the top and a neutron scan at the bottom of a MJ1. The 

X-ray scan was made in a Nikon XTH 225 laboratory X-ray system (Nikon Corporation, Japan) 

and the neutron tomography on the D50 neutron imaging beamline. In both cases a ca. 

20 mm high region of the cell was scanned with a pixel size of ca. 13 µm for both and 

exposure times of about 1 h for X-rays and 3 h for neutrons. The used pixel size provides 

about 5 pixels over the electrode thickness which seems to be to less for a sufficient study. 

However, the experiment reveals difficulties neutron imaging has with that large cell type 

which mainly depends on the low neutron transmission which cause beam hardening effects 

in the 3D reconstruction, visible in the cell centre after applying hardening correction. 

Further, the poor SNR makes the distinction between the single cell components difficulty. 
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Figure 125: Complementary X-ray and neutron imaging of a MJ1 18650 Li-ion battery cell from LG: The figure 
shows horizontal and vertical orthogonal slices of a 18650 Li-ion battery cell with a NMC cathode and a graphite-
silicon anode and 3.5 Ah capacity. The top slices show the reconstructed X-ray CT which visualise the mechanical 
and structural behaviour of the battery. In the bottom are high spatial resolved neutron CT slices presented which 
give information about the electrochemistry of the cell such as the electrolyte wetting or lithium transport 
between the electrodes. 

But for other cell designs such as small pouch cells (e.g. 16 x 25 x 5 mm2) the technique is 

applicable. Hence, as a continuation of the in section 5 presented experiment, it is planned 

to scan small commercial and lab-made rechargeable pouch cells with different cathode and 

anode materials such as NMC and graphite or silicon. However, 2D laterally expanded pouch 

cells are much less suitable for standard tomographic setups. For rotation projections where 

the pouch cell is close to a parallel orientation to the incoming beam, the neutron 

transmission through the sample drops down because of the thick material layer in these 

orientations. The 3D reconstruction of those data sets produces serious artefacts along the 

sample plane due to the poor SNR. To overcome this limitation, computed laminography was 

developed as a method to conduct CT for 3D imaging of objects with high aspect ratios. In 

case of a laminography experiment, the rotation axis is perpendicular to the plane of the 

sample and is tilted toward the detector by 20-30 degrees in order to guarantee a uniform 

average transmission for the full set of rotation projections. The 3D reconstruction is based 

on adapted algorithm using an algebraic technique.311 To identify weak fluctuations in 
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intensity caused by lithium insertion, electrode wetting or mechanical degradation, virtual 

electrode ‘unfolding’ and equalisation on the multiple electrode sections and over the full 

length of the unfolded single electrodes will be applied. The virtual electrode ‘unfolding’ 

techniques shall simplify the data analysis such as the in that thesis applied virtual ‘unrolling’ 

technique. From the ‘unfolding’ and equalisation similar benefits expected by detecting 

uneven lithiation and degradation processes inside the cell which can cause capacity and 

performance losses. That information is important for the future engineering of cells with 

improved performances. With the, on the D50 beamline, installed X-ray imaging setup a 

similar neutron and X-ray data acquisition is possible. For both setups a pixel size of about 

5 µm will allow for a sufficient information over the electrode thickness. 

The in Figure 126 presented orthogonal X-ray (left) and neutron (right) slices demonstrate 

the high achievable spatial resolution with the X-ray imaging option and the high resolution 

neutron imaging camera system on the D50 beamline. The neutron system allows a spatial 

resolution better as 7 µm in an appropriate scanning time between 2 and 8 hours for the 

here shown 4 mm diameter small ML414RU SMD Li-ion battery, which is used e.g. as power 

backup in mobile phones. The results show the complementary imaging contrast of both 

imaging modes. X-rays show a high sensitivity to the metal casing and the MnO2 structure in 

the cathode whereas neutrons show additional the Li-Al-metal anode, electrolyte and the 

battery sealing which contains of light elements which are X-ray transparent. 

 
Figure 126: Complementary high spatially resolved X-ray and neutron CT of a small ML414RU SMD Li-ion 
battery cell from Sanyo: To investigate small Li-ion cells such as the ML414 SMD cell from Sanyo which is used as 
backup battery cell in mobile phones a high spatial resolution is necessary. The here presented X-ray and neutron 
data present a test measurement on such a cell. On the left side are vertical and horizontal X-ray slices shown 
collected from the X-ray imaging setup and on the right side are the similar neutron slices shown measured 
simultaneously on the D50 neutron imaging beamline (ILL, France). The neutron tomography shows a similar 
spatial resolution of 7 µm like the X-ray tomography with about 10 µm and a comparable exposure time. 
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9.2.2 High speed Neutron Tomography on Polymer Electrolyte Fuel Cells 

The in section 6 presented high speed neutron CT study on a miniaturised PEFC is already 

continued on two other flow field designs with a double serpentine and a parallel design. The 

data analysis will be start subsequently. In future 4-dimensional (4D) imaging studies on 

operating fuel cells will be continued at the D50 high flux neutron imaging beamline on ILL 

due to the shutdown of the BERII research reactor at HZB. But with the move of the work to 

ILL an about 10 times higher neutron flux is available on the D50 beamline, in comparison to 

the old CONRAD-II beamline on HZB, which allow 4D imaging with a higher time and spatial 

resolution. With the use of a slip ring system the gas supply and electrical connection of the 

fuel cells can be guaranteed during a continuous rotation of the cell during operation. The 

continuous rotation in one rotation direction has a big advantage compared to the used 

‘forward-backward’ rotation method, presented in that thesis, such as no dead time between 

the forward and backward rotation switch, the centre of rotation is the same for all 

tomography reconstructions, the tomographies can be normalised each with the other, 

which allow the visualisation of changes over the time, and the reconstruction process is 

much easier and enables an overlapping reconstruction e.g. after every 90 °, as applied in 

section 4.4, which results in a better time resolution. With that advantages the scanning of 

cells with a bigger active area and even fuel cell stacks should be possible. Further, it is 

planned to investigate the fuel cell operations in the steady state and the use of various new 

flow field design such as the from nature inspired designs 121–123. Furthermore, studies with 

different MEA designs and the use of cell heating are also conceivable.  

9.2.3 Bragg Edge Tomography of Li-ion Batteries 

The BET’s on the thick DIT graphite electrodes, presented in section 7, show the successful 

use of that technique to image the stable chemical lithiation phases; graphite, LiC12, LiC6 and 

their mixed states graphite/LiC12 and LiC12/LiC6. But the high absorption cross-section of 

natural lithium and the low neutron flux around 7 Å, where the dominant Bragg edges of 

graphite and their lithiated versions are located, resulting in long exposure times up to days 

per tomography which are impractical. In future work the exposure time can be significant 

reduced by replacing the high absorbing natural lithium by the isotope 7Li which reduces the 

absorption cross-section from about 70.5 barn to 0.05 barn 151(for thermal neutrons) which 

in turn will reduce the exposure times from days to a few hours on the IMAT neutron imaging 

beamline on the ISIS Neutron and Muon Source (UK). 
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However, the replacement of the lithium isotopes is only possible in lab made samples and 

not applicable on commercial Li-ion battery cells such as the 18650 HE4 battery cell from LG 

Electronics Inc. (South Korea) with an NMC vs. graphite electrode chemistry and a capacity 

of 2.5 Ah. Due to the low neutron transmission caused by the high attenuating battery 

components such as cobalt, lithium and hydrogen, as already discussed in section 9.2.1 for a 

MJ1 cell with the same big cell design, the energy resolved transmission spectra show a poor 

SNR and only small Bragg edges. A measurement on a HE4 battery cell is shown in Figure 127 

for four different states of charge (SoC). The experiments are made in the frame of a visibility 

study to test Bragg edge imaging (BEI) on commercial Li-ion batteries at the IMAT time of 

flight (ToF) neutron imaging beamline 178,287,288,312. The HE4 battery cell was examined in the 

charged, 1/3, 2/3 and fully discharged state. Due to the small field of view (FoV) of the micro-

channel plate (MCP) detector the middle part of the battery was imaged, which is marked by 

a red frame in Figure 127. The cell was discharged with a constant current to the different 

SoC, respectively. For imaging, the charging was interrupted for 2 hours of exposure time. 

Due to the high attenuation the neutron transmission is less than 4 % which makes it 

necessary to average the signal over the whole measured battery part and use a logarithmic 

scale. For a better differentiation the results of a previous diffraction measurement, at the 

GEM beamline 313 on ISIS, of lithiated graphite electrodes are included as grey, green and 

golden lines for graphite, LiC12 and LiC6, respectively. With the help of the diffraction data the 

Bragg edge shifts during the change of the SoC are detectable but only for the graphite 

electrode and no Bragg edges related to the NMC electrode are detected. The improve of 

the detectability of the Bragg edges, the spatial resolution and the simultaneous reduction 

of the exposure time are the challenge for future measurements. 

The easiest way to consider all of the raised drawbacks is to increase the provided neutron 

flux which is possible by transferring the experiments to a more suitable facility such as the 

planed Odin multi-purpose imaging beamline on the European Spallation Source (ESS, 

Sweden) which shall provide the brightest peak flux of any neutron sources to date and the 

time averaged flux will be comparable to the flux of the world leading high flux reactor 

neutron sources such as HFR at ILL or FRM-II at MLZ (Heinz Maier-Leibnitz Zentrum, 

Germany).295,314–316 But also the use of the continuous high neutron flux e.g. from the HFR 

reactor at ILL is available by using a double crystal monochromator (DCM) for scanning single 

energies in a defined wavelength range around the Bragg edges. 
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Figure 127: Bragg edge radiography at four different SoC from charged to discharged of a 18650 HE4 Li-ion 
battery cell from LG: The graphs show the Bragg edges and Bragg edge shifts of the graphite anode during 
discharging of a HE4 Li-ion battery from LG. Additional peaks inside the plots show the position of the expected 
Bragg edges from data measured in a previous diffraction measurement. The battery was measured in the 
charged and 1/3, 2/3 and fully discharged state at the IMAT ToF neutron imaging beamline on the neutron source 
ISIS (UK). Due to the high attenuation of lithium, cobalt and hydrogen, in the electrolyte, the measurements show 
a very low transmission of the neutron beam and tiny Bragg edges. 

In future, a DCM will be installed on the D50 neutron imaging beamline, on ILL, which make 

the BEI technique also available on one of the best continuous high flux neutron sources. As 

one of the first experiments it is planned to investigate the lithium inter- and deintercalation 

in large commercial pouch cells as a radio- and possibly laminography study at various 

charge/discharge conditions. Further, with the available high resolution setup it shall be set 

a new bench mark for BET using DIT electrodes and commercial available electrodes at 

different SoC. Both experiments will be tested in situ and operando. The last experiment will 

also similar repeated on the IMAT neutron imaging beamline, on ISIS; with the use of 7Li for 

a higher neutron transmission. The use of deuterated electrolyte is equally conceivable for 

an in situ study due to the reduction of the incoherent scattering from the hydrogen in the 

electrolyte. 

9.2.4 Bragg-Ptychography on Li-ion electrodes 

The successful B-Pty reconstruction on two natural single crystalline graphite samples is 

presented in section 9. The 2D B-Pty reconstruction of the single projections are performed 

by using the i13L inhouse PtyREX software 219 developed for in-line ptychography (Pty) 

reconstructions. In a next step the used reconstruction code will be altered for the special 

HE4 - LG
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needs of the Bragg geometry. Therefore, e.g. the suggestion and the probe shape will be 

modified for the reflection geometry which should improve the reconstruction of the 2D B-

Pty projections and also the tomography reconstruction. 

In a next beamline experiment the study on graphite will be continued and extended by 

the lithiation of the graphite crystals. Due to the change of the scanned graphite (002) d-

spacing, during lithiation, the Bragg angle changes for the LiC12 and LiC6 phases which allow 

to image all three stable lithiation phases separately. The under the three different angles 

collected B-Ptys allow a deep insight in the lithiation behaviour close to the atomic length 

scale. The results will provide inter alia a more detailed understanding of degradation 

processes in the nanometre scale, the spatial distribution of the different lithiation phases 

and the influence of e.g. crystalline defects and the shape of the graphite flakes. 

In a last step the measurement technique will be combined with the standard in-line Pty 

CT which will provide a 3D geographical overview e.g. when commercial graphite electrodes 

with multiple single graphite flakes are studied. The use of 3D B-Pty for other electrode 

chemistries such as “single crystal” NMC532 (SC532)317, NMC622 (SC622)318 or NMC811 

(SC811)319 is conceivable as well.



 290 

  



 291 

Publication and Conferences 

Primary Publications 

Ziesche, R. F. et al. 4D imaging of lithium-batteries using correlative neutron and X-ray 

tomography with a virtual unrolling technique. Nat. Commun. 11, 1–11 (2020). 

Ziesche, R. F. et al. Editors’ Choice—4D Neutron and X-ray Tomography Studies of High 

Energy Density Primary Batteries: Part I. Dynamic Studies of LiSOCl2 during Discharge. J. 

Electrochem. Soc. 167, 130545 (2020). 

Ziesche, R. F. et al. Editors’ Choice—4D Neutron and X-ray Tomography Studies of High 

Energy Density Primary Batteries: Part II. Multi-Modal Microscopy of LiSOCl2 Cells. J. 

Electrochem. Soc. 167, 140509 (2020). 

Secondary Publications 

Wu, Y. et al. Characterization of water management in metal foam flow-field based 

polymer electrolyte fuel cells using in-operando neutron radiography. Int. J. Hydrogen Energy 

5, (2019). 

Wu, Y. et al. Effect of compression on the water management of polymer electrolyte fuel 

cells: An in-operando neutron radiography study. J. Power Sources 412, 597–605 (2019). 

Cho, J. I. S. et al. Visualization of liquid water in a lung-inspired flow-field based polymer 

electrolyte membrane fuel cell via neutron radiography. Energy 170, 14–21 (2019). 

Kulkarni, N. et al. Effect of cell compression on the water dynamics of a polymer electrolyte 

fuel cell using in-plane and through-plane in-operando neutron radiography. J. Power Sources 

439, 227074 (2019). 

Wu, Y. et al. Investigation of water generation and accumulation in polymer electrolyte fuel 

cells using hydro-electrochemical impedance imaging. J. Power Sources 414, 272–277 (2019). 

Dhiman, I. et al. Setup for polarized neutron imaging using in situ 3He cells at the Oak Ridge 

National Laboratory High Flux Isotope Reactor CG-1D beamline. Rev. Sci. Instrum. 88, (2017). 



 292 

Kockelmann, W. et al. Time-of-Flight Neutron Imaging on IMAT@ISIS: A New User Facility 

for Materials Science. J. Imaging 4, 47 (2018). 

Tan, C. et al. Four-Dimensional Studies of Morphology Evolution in Lithium− Sulfur 

Batteries. ACS Appl. Energy Mater. 1, 5090–5100 (2018). 

Wu, Y. et al. Effect of serpentine flow-field design on the water management of polymer 

electrolyte fuel cells: An in-operando neutron radiography study. J. Power Sources 399, 254–

263 (2018). 

Rau, C. et al. Fast Multi-scale imaging using the Beamline I13L at the Diamond Light Source. 

in Developments in X-Ray Tomography XII (eds. Müller, B. & Wang, G.) 11113, 68 (SPIE, 2019). 

Dhiman, I. et al. Visualization of magnetic domain structure in FeSi based high permeability 

steel plates by neutron imaging. Mater. Lett. 259, (2020). 

Maier, M. et al. Mass transport in polymer electrolyte membrane water electrolyser liquid-

gas diffusion layers: A combined neutron imaging and X-ray computed tomography study. J. 

Power Sources 455, (2020). 

W. Kockelmann et al. Wavelength-Resolved Neutron Imaging on IMAT. in Neutron 

Radiography - WCNR-11, vol. 15, pp. 29–34, (2020). 

Conference Attended 

• STFC Early Careers Research Conference (ECRC) on electrochemical energy devices, 

Abingdon, United Kingdom, 28th – 29th March 2017 

Talks 

• The 11th World Conference on Neutron Radiography, Sydney, Australia, 2nd – 7th 

Sep. 2018, Title: Dynamic Lithium Diffusion in Lithium Batteries studied by Rapid 

Neutron Tomography 

• UK Neutron and Muon Science and User Meeting, Warwick, Coventry, United 

Kingdom, 29th April – 1st May 2019, Title: Neutron Imaging of Li-ion and Lithium-

Metal Batteries 



 293 

Poster Presentations 

• 19th Hercules Specialized Course, Grenoble, France, 15th – 19th May 2017, Title: 

Simulation of flux trapping behaviour in Type II Superconductor using Polarized 

Neutron Imaging 

Attending specialised Courses 

• 19th Hercules Specialized Course, Grenoble, France, 15th – 19th May 2017, Course 

Title: Quantitative Imaging using X-Rays and Neutrons 



 294 

  



 295 

References 

1. Goodenough, J. B. & Park, K. S. The Li-ion rechargeable battery: A perspective. J. Am. 

Chem. Soc. 135, 1167–1176 (2013). 

2. Liu, C., Neale, Z. G. & Cao, G. Understanding electrochemical potentials of cathode 

materials in rechargeable batteries. Mater. Today 19, 109–123 (2016). 

3. Bruce, P. G., Freunberger, S. A., Hardwick, L. J. & Tarascon, J.-M. Li–O2 and Li–S 

batteries with high energy storage. Nat. Mater. 11, 172–172 (2011). 

4. Wang, B. Recent development of non-platinum catalysts for oxygen reduction 

reaction. J. Power Sources 152, 1–15 (2005). 

5. Tötzke, C., Kardjilov, N., Manke, I. & Oswald, S. E. Capturing 3D Water Flow in Rooted 

Soil by Ultra-fast Neutron Tomography. Sci. Rep. 7, 6192 (2017). 

6. Tötzke, C. et al. What comes NeXT ? – High-Speed Neutron Tomography at ILL. 27, 

28640–28648 (2019). 

7. Tengattini, A. et al. NeXT-Grenoble, the Neutron and X-ray tomograph in Grenoble. 

Nucl. Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc. 

Equip. 968, 1–11 (2020). 

8. Song, B. et al. Dynamic Lithium Distribution upon Dendrite Growth and Shorting 

Revealed by Operando Neutron Imaging. ACS Energy Lett. 4, 2402–2408 (2019). 

9. Kino, K. et al. First Imaging Experiment of a Lithium Ion Battery by a Pulsed Neutron 

Beam at J-PARC/MLF/BL09. Phys. Procedia 69, 612–618 (2015). 

10. Kino, K., Yonemura, M., Ishikawa, Y. & Kamiyama, T. Two-dimensional imaging of 

charge/discharge by Bragg edge analysis of electrode materials for pulsed neutron-

beam transmission spectra of a Li-ion battery. Solid State Ionics 288, 257–261 (2016). 

11. Carminati, C. et al. Bragg-edge attenuation spectra at voxel level from 4D wavelength-

resolved neutron tomography 4D wavelength-resolved neutron tomography. J. Appl. 



 296 

Crystallogr. 53, 188–196 (2020). 

12. Hruszkewycz, S. O. et al. High-resolution three-dimensional structural microscopy by 

single-angle Bragg ptychography. Nat. Mater. 16, 244–251 (2016). 

13. Godard, P. et al. Three-dimensional high-resolution quantitative microscopy of 

extended crystals. Nat. Commun. 2, 568 (2011). 

14. Andújar, J. M. & Segura, F. Fuel cells: History and updating. A walk along two 

centuries. Renew. Sustain. Energy Rev. 13, 2309–2322 (2009). 

15. Alrwashdeh, S. S. et al. Neutron radiographic in operando investigation of water 

transport in polymer electrolyte membrane fuel cells with channel barriers. Energy 

Convers. Manag. 148, 604–610 (2017). 

16. Wu, Y. et al. Effect of serpentine flow-field design on the water management of 

polymer electrolyte fuel cells: An in-operando neutron radiography study. J. Power 

Sources 399, 254–263 (2018). 

17. Markötter, H. et al. Neutron tomographic investigations of water distributions in 

polymer electrolyte membrane fuel cell stacks. J. Power Sources 219, 120–125 (2012). 

18. Santamaria, A., Tang, H. Y., Park, J. W., Park, G. G. & Sohn, Y. J. 3D neutron tomography 

of a polymer electrolyte membrane fuel cell under sub-zero conditions. Int. J. 

Hydrogen Energy 37, 10836–10843 (2012). 

19. Lide, D. CRC Handbook of Chemistry and Physics, 87th ed. J. Am. Chem. Soc. 129, 724–

724 (2007). 

20. Root, M. The Tab Battery Book - An In-Depth Guide to Construction, Design, and Use. 

(The McGraw-Hill Companies, 2011). 

21. Mizushima, K., Jones, P. C., Wiseman, P. J. & Goodenough, J. B. LixCoO2 (0<x≤1): A 

new cathode material for batteries of high energy density. Solid State Ionics 3–4, 171–

174 (1981). 



 297 

22. Murphy, D. W., Di Salvo, F. J., Carides, J. N. & Waszczak, J. V. Topochemical reactions 

of rutile related structures with lithium. Mater. Res. Bull. 13, 1395–1402 (1978). 

23. Lazzari, M. A Cyclable Lithium Organic Electrolyte Cell Based on Two Intercalation 

Electrodes. J. Electrochem. Soc. 127, 773 (1980). 

24. Tarascon, J.-M. & Armand, M. Issues and challenges facing rechargeable lithium 

batteries. Nature 414, 359–367 (2001). 

25. Julien, C. M., Mauger, A., Zaghib, K. & Groult, H. Comparative Issues of Cathode 

Materials for Li-Ion Batteries. Inorganics 2, 132–154 (2014). 

26. Manthiram, A., Fu, Y., Chung, S. H., Zu, C. & Su, Y. S. Rechargeable lithium-sulfur 

batteries. Chem. Rev. 114, 11751–11787 (2014). 

27. Yu, S. H., Feng, X., Zhang, N., Seok, J. & Abruña, H. D. Understanding Conversion-Type 

Electrodes for Lithium Rechargeable Batteries. Acc. Chem. Res. 51, 273–281 (2018). 

28. Netz, A. & Huggins, R. A. Amorphous silicon formed in situ as negative electrode 

reactant in lithium cells. Solid State Ionics 175, 215–219 (2004). 

29. Winter, M., Besenhard, J. O., Spahr, M. E. & Novák, P. Insertion electrode materials 

for rechargeable lithium batteries. Adv. Mater. 10, 725–763 (1998). 

30. Linden, D. & Reddy, T. B. Handbook of Batteries Third Edition. Handbook of Batteries 

(McGraw-Hill, 2002). 

31. Auborn, J. J., French, K. W., Lieberman, S. I., Shah, V. K. & Heller, A. Lithium Anode 

Cells Operating at Room Temperature in Inorganic Electrolytic Solutions. J. 

Electrochem. Soc. 120, 1613 (1973). 

32. Behl, W. K., Christopulos, J. a., Ramirez, M. & Gilman, S. Lithium Inorganic Electrolyte 

Cells Utilizing Solvent Reduction. J. Electrochem. Soc. 120, 1619 (1973). 

33. Dey, A. N. S.E.M. studies of the Li-film growth and the voltage-delay phenomenon 

associated with the lithium-thionyl chloride inorganic electrolyte system. Electrochim. 



 298 

Acta 21, 377–382 (1976). 

34. Schlaikjer, C. R., Goebel, F. & Marincic, N. Discharge Reaction Mechanisms in Li / SOCI2 

Cells. J. Electrochem. Soc. 126, 513–522 (1979). 

35. Jain, M., Nagasubramanian, G., Jungst, R. G. & Weidner, J. W. Analysis of a 

Lithium/Thionyl Chloride Battery under Moderate-Rate Discharge. J. Electrochem. 

Soc. 146, 4023–4030 (1999). 

36. Moshtev, R. V. The Primary Passive Film on Li in SOCl2 Electrolyte Solutions. J. 

Electrochem. Soc. 128, 1851 (1981). 

37. Bailey, J. B. Investigation of Thionyl Chloride Decomposition and Open- Circuit 

Potential in Lithium-Thionyl Chloride Cells. J. Electrochem. Soc. I, 2794–2797 (1985). 

38. Dey, A. N. Primary Li/SOCl2 cells. X. Optimization of D cells with respect to energy 

density, storability and safety. J. Power Sources 5, 57–72 (1980). 

39. Thackeray, M. M. Manganese oxides for lithium batteries. Prog. Solid State Chem. 25, 

1–71 (1997). 

40. Thackeray, M. M. et al. The versatility of MnO2 for lithium battery applications. J. 

Power Sources 43, 289–300 (1993). 

41. Ikeda, H., Mitsunori, H. & Narukawa, S. PROCESS FOR PRODUCING A POSITIVE 

ELECTRODE FOR A NON-AQUEOUS CELL. 8 (1979). 

42. Ohzuku, T., Hitai, T. & Kitagawa, M. Electrochemistry of Manganese Dioxide in Lithium 

Nonaqueous Cell III. X-Ray Diffractional Study on the Reduction of Electrolytic 

Manganese Dioxide. J. Electrochem. Soc. 137, 769 (1990). 

43. Gummow, R. J., de Kock, A. & Thackeray, M. M. Improved capacity retention in 

rechargeable 4 V lithium/lithium-manganese oxide (spinel) cells. Solid State Ionics 69, 

59–67 (1994). 

44. Lubin, F., Lecerf, A., Broussely, M. & Labat, J. Chemical lithium extraction from 



 299 

manganese oxides for lithium rechargeable batteries. J. Power Sources 34, 161–173 

(1991). 

45. Humbert, M. a. et al. A high performance LixMnOy cathode material for rechargeable 

lithium cells. J. Power Sources 44, 681–687 (1993). 

46. Rossouw, M. H., Liles, D. C., Thackeray, M. M., David, W. I. F. & Hull, S. Alpha 

manganese dioxide for lithium batteries: A structural and electrochemical study. 

Mater. Res. Bull. 27, 221–230 (1992). 

47. Thackeray, M. M., De Kock, A., De Picciotto, L. A. & Pistoia, G. Synthesis and 

characterization of γ-MnO2 from LiMn2O4. J. Power Sources 26, 355–363 (1989). 

48. Nardi, J. C. Characterization of the Li/MnO2 Multistep Discharge. J. Electrochem. Soc. 

132, 4–8 (1982). 

49. Pistoia, G. Some Restatements on the Nature and Behavior of MnO2 for Li Batteries. 

J. Electrochem. Soc. 129, 1861 (1982). 

50. Shao-Horn, Y., Hackney, S. A. & Cornilsen, B. C. Structural characterization of heat-

treated electrolytic manganese dioxide and topotactic transformation of discharge 

products in the Li-MnO2 cells. J. Electrochem. Soc. 144, 3147–3153 (1997). 

51. Finegan, D. P. et al. Quantifying Bulk Electrode Strain and Material Displacement 

within Lithium Batteries via High-Speed Operando Tomography and Digital Volume 

Correlation. Adv. Sci. 3, 1500332 (2016). 

52. Pillot, C. The Rechargeable Battery Market and Main Trends 2013-2025. 31st Int. 

Batter. Semin. Exhib. 2–69 (2015). 

53. Pacala, SSocolow, R. (Talk) Stabilization Wedges: Solving the Climate Problem for the 

Next Half-Century with Technologies Available Today. Science 305, 968–972 (2004). 

54. Vikström, H., Davidsson, S. & Höök, M. Lithium availability and future production 

outlooks. Appl. Energy 110, 252–266 (2013). 



 300 

55. Voelker, P. Trace Degradation Analysis of Lithium-Ion Battery Components. R&D Mag. 

1–9 (2014). 

56. Nitta, N., Wu, F., Lee, J. T. & Yushin, G. Li-ion battery materials: Present and future. 

Mater. Today 18, 252–264 (2015). 

57. Ozawa, K. Lithium-ion rechargeable batteries with LiCoO2 and carbon electrodes: the 

LiCoO2/C system. Solid State Ionics 69, 212–221 (1994). 

58. Rougier, A., Gravereau, P. & Delmas, C. Optimization of the composition of the Li1-

zNi1+zO2 electrode materials: Structural, magnetic, and electrochemical studies. J. 

Electrochem. Soc. 143, 1168–1175 (1996). 

59. Padhi, A. K., Nanjundaswamy, K. S. & Goodenough, J. B. Phospho-olivines as Positive-

Electrode Materials for Rechargeable Lithium Batteries. J. Electrochem. Soc. 144, 

1188–1194 (1997). 

60. Chung, S. Y., Bloking, J. T. & Chiang, Y. M. Electronically conductive phospho-olivines 

as lithium storage electrodes. Nat. Mater. 1, 123–128 (2002). 

61. Newman, J. Optimization of Porosity and Thickness of a Battery Electrode by Means 

of a Reaction-Zone Model. J. Electrochem. Soc. 142, 97 (1995). 

62. Wang, J. W. et al. Two-phase electrochemical lithiation in amorphous silicon. Nano 

Lett. 13, 709–715 (2013). 

63. Zhang, W. J. A review of the electrochemical performance of alloy anodes for lithium-

ion batteries. J. Power Sources 196, 13–24 (2011). 

64. Endo, M., Kim, C., Nishimura, K., Fujino, T. & Miyashita, K. Recent development of 

carbon materials for Li ion batteries. 38, 183–197 (2000). 

65. Wang, X.-L. et al. Visualizing the chemistry and structure dynamics in lithium-ion 

batteries by in-situ neutron diffraction. Sci. Rep. 2, 747 (2012). 

66. Qian, X., Gu, X., Dresselhaus, M. S. & Yang, R. Anisotropic Tuning of Graphite Thermal 



 301 

Conductivity by Lithium Intercalation. J. Phys. Chem. Lett. 7, 4744–4750 (2016). 

67. Leung, K. Predicting the voltage dependence of interfacial electrochemical processes 

at lithium-intercalated graphite edge planes. Phys. Chem. Chem. Phys. 17, 1637–1643 

(2015). 

68. Doughty, D. & Roth, E. P. A General Discussion of Li Ion Battery Safety. Electrochem. 

Soc. Interface 37–44 (2012) doi:10.1021/cm901452z. 

69. Zaghib, K. et al. Safe and fast-charging Li-ion battery with long shelf life for power 

applications. J. Power Sources 196, 3949–3954 (2011). 

70. Goodenough, J. B. & Singh, P. Review — Solid Electrolytes in Rechargeable 

Electrochemical Cells. 162, (2015). 

71. Zhang, S. S., Jow, T. R., Amine, K. & Henriksen, G. L. LiPF 6 ± EC ± EMC electrolyte for 

Li-ion battery. J. Power Sources 107, 18–23 (2002). 

72. Aurbach, D. et al. Design of electrolyte solutions for Li and Li-ion batteries: A review. 

Electrochim. Acta 50, 247–254 (2004). 

73. Zhang, S. S. A review on the separators of liquid electrolyte Li-ion batteries. J. Power 

Sources 164, 351–364 (2007). 

74. Ebner, M., Chung, D. W., García, R. E. & Wood, V. Tortuosity anisotropy in lithium-ion 

battery electrodes. Adv. Energy Mater. 4, 1–6 (2014). 

75. Huang, C. & Grant, P. S. Coral-like directional porosity lithium ion battery cathodes by 

ice templating. J. Mater. Chem. A 6, 14689–14699 (2018). 

76. Zavareh, S. et al. Fabrication of cellular and lamellar LiFePO4/C Cathodes for Li-ion 

batteries by unidirectional freeze-casting method. J. Ceram. Soc. Japan 124, 1067–

1071 (2016). 

77. Delattre, B. et al.  Impact of Pore Tortuosity on Electrode Kinetics in Lithium Battery 

Electrodes: Study in Directionally Freeze-Cast LiNi 0.8 Co 0.15 Al 0.05 O 2 (NCA) . J. 



 302 

Electrochem. Soc. 165, A388–A395 (2018). 

78. Stolze, C. et al. Investigation of Ice-Templated Porous Electrodes for Application in 

Organic Batteries. ACS Appl. Mater. Interfaces 8, 23614–23623 (2016). 

79. Williard, N., He, W., Hendricks, C. & Pecht, M. Lessons learned from the 787 

dreamliner issue on Lithium-Ion Battery reliability. Energies 6, 4682–4695 (2013). 

80. Balakrishnan, P. G., Ramesh, R. & Prem Kumar, T. Safety mechanisms in lithium-ion 

batteries. J. Power Sources 155, 401–414 (2006). 

81. Tarascon, J. M., Gozdz, A. S., Schmutz, C., Shokoohi, F. & Warren, P. C. Performance 

of Bellcore’s plastic rechargeable Li-ion batteries. Solid State Ionics 86–88, 49–54 

(1996). 

82. Heenan, T. M. M., Tan, C., Hack, J., Brett, D. J. L. & Shearing, P. R. Developments in X-

ray tomography characterization for electrochemical devices. Mater. Today 31, 

(2019). 

83. Finegan, D. P. et al. Identifying the Cause of Rupture of Li-Ion Batteries during Thermal 

Runaway. Adv. Sci. 5, 1700369 (2018). 

84. Reyntjens, S. & Puers, R. A review of focused ion beam applications in microsystem 

technology. Journal of Micromechanics and Microengineering vol. 11 287–300 (2001). 

85. Shearing, P. R., Howard, L. E., Jørgensen, P. S., Brandon, N. P. & Harris, S. J. 

Characterization of the 3-dimensional microstructure of a graphite negative electrode 

from a Li-ion battery. Electrochem. commun. 12, 374–377 (2010). 

86. Liu, Z. et al. Three-dimensional morphological measurements of LiCoO2 and 

LiCoO2/Li(Ni1/3Mn1/3Co1/3)O 2 lithium-ion battery cathodes. J. Power Sources 227, 

267–274 (2013). 

87. Daemi, S. R. et al. Visualizing the Carbon Binder Phase of Battery Electrodes in Three 

Dimensions. ACS Appl. Energy Mater. 1, 3702–3710 (2018). 



 303 

88. Tan, C. et al. Four-Dimensional Studies of Morphology Evolution in Lithium− Sulfur 

Batteries. ACS Appl. Energy Mater. 1, 5090–5100 (2018). 

89. Eastwood, D. S. et al. The application of phase contrast X-ray techniques for imaging 

Li-ion battery electrodes. Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. 

with Mater. Atoms 324, 118–123 (2014). 

90. Taiwo, O. O. et al. The use of contrast enhancement techniques in X-ray imaging of 

lithium–ion battery electrodes. Chem. Eng. Sci. 154, 27–33 (2016). 

91. Taiwo, O. O. et al. Microstructural degradation of silicon electrodes during lithiation 

observed via operando X-ray tomographic imaging. J. Power Sources 342, 904–912 

(2017). 

92. Finegan, D. P. et al. Tracking Internal Temperature and Structural Dynamics during 

Nail Penetration of Lithium-Ion Cells. J. Electrochem. Soc. 164, A3285–A3291 (2017). 

93. Finegan, D. P. et al. In-operando high-speed tomography of lithium-ion batteries 

during thermal runaway. Nat. Commun. 6, 1–10 (2015). 

94. Finegan, D. P. et al. Characterising thermal runaway within lithium-ion cells by 

inducing and monitoring internal short circuits. Energy Environ. Sci. 10, 1377–1388 

(2017). 

95. Kallmann, H. & Kuhn, E. US Patent No 2186 757. (1940). 

96. Kamata, M. et al. Application of Neutron Radiography to Visualize the Motion of 

Lithium Ions in Lithium-Ion Conducting Materials. J. Electrochem. Soc. 143, 1866–1870 

(1996). 

97. Kamata, M., Esaka, T., Fujine, S., Yoneda, K. & Kanda, K. Lithium batteries: Application 

of neutron radiography. J. Power Sources 68, 459–462 (1997). 

98. Takai, S. et al. Diffusion coefficient measurement of lithium ion in sintered 

Li1.33Ti1.67O4 by means of neutron radiography. Solid State Ionics 123, 165–172 

(1999). 



 304 

99. Takai, S., Mandai, T., Kawabata, Y. & Esaka, T. Diffusion coefficient measurements of 

la2/3-xLi3xTiO3using neutron radiography. Solid State Ionics 176, 2227–2233 (2005). 

100. Siegel, J. B. et al. Neutron Imaging of Lithium Concentration in LFP Pouch Cell Battery. 

J. Electrochem. Soc. 158, A523–A529 (2011). 

101. Siegel, J. B., Stefanopoulou, A. G., Hagans, P., Ding, Y. & Gorsich, D. Expansion of 

Lithium Ion Pouch Cell Batteries: Observations from Neutron Imaging. J. Electrochem. 

Soc. 160, A1031–A1038 (2013). 

102. Zhou, H. et al. Probing Multiscale Transport and Inhomogeneity in a Lithium-Ion 

Pouch Cell Using In Situ Neutron Methods. ACS Energy Lett. 1, 981–986 (2016). 

103. Lanz, M., Lehmann, E., Imhof, R., Exnar, I. & Novák, P. In situ neutron radiography of 

lithium-ion batteries during charge/discharge cycling. J. Power Sources 101, 177–181 

(2001). 

104. Michalak, B. et al. Gas Evolution in Operating Lithium-Ion Batteries Studied In Situ by 

Neutron Imaging. Sci. Rep. 5, 1–9 (2015). 

105. Michalak, B. et al. Gas Evolution in LiNi0.5Mn1.5O4/Graphite Cells Studied In 

Operando by a Combination of Differential Electrochemical Mass Spectrometry, 

Neutron Imaging, and Pressure Measurements. Anal. Chem. 88, 2877–2883 (2016). 

106. Goers, D. et al. In situ neutron radiography of lithium-ion batteries: The gas evolution 

on graphite electrodes during the charging. J. Power Sources 130, 221–226 (2004). 

107. Same, A., Battaglia, V., Tang, H. Y. & Park, J. W. In situ neutron radiography analysis 

of graphite/NCA lithium-ion battery during overcharge. J. Appl. Electrochem. 42, 1–9 

(2012). 

108. Kardjilov, N. et al. Industrial applications at the new cold neutron radiography and 

tomography facility of the HMI. Nucl. Instruments Methods Phys. Res. Sect. A Accel. 

Spectrometers, Detect. Assoc. Equip. 542, 16–21 (2005). 

109. Riley, G. V., Hussey, D. S. & Jacobson, D. L. In Situ Neutron Imaging of Alkaline and 



 305 

Lithium-Ion Batteries. ECS Trans. 25, 75–83 (2010). 

110. Butler, L. G. et al. Neutron imaging of a commercial Li-ion battery during discharge: 

Application of monochromatic imaging and polychromatic dynamic tomography. 

Nucl. Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc. 

Equip. 651, 320–328 (2011). 

111. Senyshyn, A., Mühlbauer, M. J., Nikolowski, K., Pirling, T. & Ehrenberg, H. ‘In-

operando’ neutron scattering studies on Li-ion batteries. J. Power Sources 203, 126–

129 (2012). 

112. LaManna, J. M., Hussey, D. S., Baltic, E. M. & Jacobson, D. L. Improving material 

identification by combining x-ray and neutron tomography. Proc. SPIE 1039104, 1–7 

(2017). 

113. Tirnovan, R., Miraoui, A., Munteanu, R., Vadan, I. & Balan, H. Polymer electrolyte fuel 

cell system (PEFC) performance analysis. 2006 IEEE Int. Conf. Autom. Qual. Testing, 

Robot. AQTR 457–462 (2006) doi:10.1109/AQTR.2006.254580. 

114. Huang, X., Zhang, Z. & Jiang, J. Fuel Cell Technology for Distributed Generation: An 

Overview. 2006 IEEE Int. Symp. Ind. Electron. 1613–1618 (2006). 

115. Kirubakaran, A., Jain, S. & Nema, R. K. A review on fuel cell technologies and power 

electronic interface. Renew. Sustain. Energy Rev. 13, 2430–2440 (2009). 

116. Janssen, G. J. M. & Overvelde, M. L. J. Water transport in the proton-exchange-

membrane fuel cell: Measurements of the effective drag coefficient. J. Power Sources 

101, 117–125 (2001). 

117. Bazylak, A., Sinton, D., Liu, Z. S. & Djilali, N. Effect of compression on liquid water 

transport and microstructure of PEMFC gas diffusion layers. J. Power Sources 163, 

784–792 (2007). 

118. Holdcroft, S. Fuel cell catalyst layers: A polymer science perspective. Chem. Mater. 26, 

381–393 (2014). 



 306 

119. Wang, Y., Chen, K. S., Mishler, J., Cho, S. C. & Adroher, X. C. A review of polymer 

electrolyte membrane fuel cells: Technology, applications, and needs on fundamental 

research. Appl. Energy 88, 981–1007 (2011). 

120. Li, X. & Sabir, I. Review of bipolar plates in PEM fuel cells: Flow-field designs. Int. J. 

Hydrogen Energy 30, 359–371 (2005). 

121. Cho, J. I. S. et al. Visualization of liquid water in a lung-inspired fl ow- fi eld based 

polymer electrolyte membrane fuel cell via neutron radiography. Energy 170, 14–21 

(2019). 

122. Trogadas, P. et al. A lung-inspired approach to scalable and robust fuel cell design. 

Energy Environ. Sci. 11, 136–143 (2018). 

123. Bethapudi, V. S. et al. A lung-inspired printed circuit board polymer electrolyte fuel 

cell. Energy Convers. Manag. 202, 112198 (2019). 

124. Bellows, R. J., Lin, M. Y., Arif, M., Thompson, A. K. & Jacobson, D. Neutron Imaging 

Technique for In Situ Measurement of Water Transport Gradients within Nafion in 

Polymer Electrolyte Fuel Cells. J. Electrochem. Soc. 146, 1099–1103 (1999). 

125. Kramer, D. et al. In situ diagnostic of two-phase flow phenomena in polymer 

electrolyte fuel cells by neutron imaging: Part A. Experimental, data treatment, and 

quantification. Electrochim. Acta 50, 2603–2614 (2005). 

126. Yoshizawa, K. et al. Analysis of Gas Diffusion Layer and Flow-Field Design in a PEMFC 

Using Neutron Radiography. J. Electrochem. Soc. 155, B223 (2008). 

127. Meyer, Q. et al. Effect of gas diffusion layer properties on water distribution across 

air-cooled, open-cathode polymer electrolyte fuel cells: A combined ex-situ X-ray 

tomography and in-operando neutron imaging study. Electrochim. Acta 211, 478–487 

(2016). 

128. Zhang, J. et al. In situ diagnostic of two-phase flow phenomena in polymer electrolyte 

fuel cells by neutron imaging: Part B. Material variations. Electrochim. Acta 51, 2715–

2727 (2006). 



 307 

129. Biesdorf, J., Forner-Cuenca, A., Schmidt, T. J. & Boillat, P. Impact of Hydrophobic 

Coating on Mass Transport Losses in PEFCs. J. Electrochem. Soc. 162, F1243–F1252 

(2015). 

130. Owejan, J. P. et al. Voltage instability in a simulated fuel cell stack correlated to 

cathode water accumulation. J. Power Sources 171, 626–633 (2007). 

131. Oberholzer, P. & Boillat, P. Local Characterization of PEFCs by Differential Cells: 

Systematic Variations of Current and Asymmetric Relative Humidity. J. Electrochem. 

Soc. 161, F139–F152 (2014). 

132. Kätzel, J. et al. Effect of ageing of gas diffusion layers on the water distribution in flow 

field channels of polymer electrolyte membrane fuel cells. J. Power Sources 301, 386–

391 (2016). 

133. Geiger, A. B. et al. In Situ Investigation of Two-Phase Flow Patterns in Flow Fields of 

PEFC’s Using Neutron Radiography. Fuel Cells 2, 92–98 (2002). 

134. Boillat, P. et al. In situ observation of the water distribution across a PEFC using high 

resolution neutron radiography. Electrochem. commun. 10, 546–550 (2008). 

135. Kulkarni, N. et al. Effect of cell compression on the water dynamics of a polymer 

electrolyte fuel cell using in-plane and through-plane in-operando neutron 

radiography. J. Power Sources 439, 227074 (2019). 

136. Manke, I. et al. Quasi-in situ neutron tomography on polymer electrolyte membrane 

fuel cell stacks. Appl. Phys. Lett. 90, (2007). 

137. Lange, A. et al. Reconstruction of limited computed tomography data of fuel cell 

components using Direct Iterative Reconstruction of Computed Tomography 

Trajectories. J. Power Sources 196, 5293–5298 (2011). 

138. Boillat, P., Lehmann, E. H., Trtik, P. & Cochet, M. Neutron imaging of fuel cells – Recent 

trends and future prospects. Curr. Opin. Electrochem. 5, 3–10 (2017). 

139. Chadwick, J. The existence of of a neutron. Nature 129, 312 (1932). 



 308 

140. Chadwick, J. The Existence of a Neutron. Proceedings of the Royal Society A: 

Mathematical, Physical and Engineering Sciences vol. 136 692–708 (1932). 

141. Squires, G. L. Introduction to the Theory of Thermal Neutron Scattering. (Dover 

Publications, 1996). doi:10.1017/CBO9781139107808. 

142. Willis, B. T. M. (Univerity of Oxford, U. K. . & Carlile, C. J. (Lund University, S. 

Experimental Neutron Scattering. (Oxford University Press, 2009). 

143. Strobl, M. et al. Advances in neutron radiography and tomography. J. Phys. D. Appl. 

Phys. 42, 243001 (2009). 

144. Banhart, J. Advanced Tomographic Methods in Materials Research and Engineering. 

New York: Oxford University Press (Oxford University Press, 2008). 

doi:10.1093/acprof:oso/9780199213245.001.0001. 

145. Zeilinger, A., Gaehler, R., Shull, C. G., Treimer, W. & Mampe, W. Single- and double-

slit diffraction of neutrons. Rev. Mod. Phys. 60, 1067–1073 (1988). 

146. Chatterji, T. Neutron Scattering from Magnetic Materials. (2006). doi:10.1016/B978-

044451050-1/50002-1. 

147. Tipler, P. A. & Llewellyn, R. A. Modern Physics. (W. H. Freeman and Company, 2012). 

148. Pynn, R. Neutron Scattering—A Non-destructive Microscope for Seeing Inside Matter. 

in Neutron Applications in Earth, Energy and Environmental Sciences 1–29 (2009). 

doi:10.1007/978-0-387-09416-8. 

149. Bragg, W. L. The Structure of Some Crystals as Indicated by Their Diffraction of X-rays. 

Proc. R. Soc. A Math. Phys. Eng. Sci. 89, 248–277 (1913). 

150. Bragg, W. H. & Bragg, W. L. The Reflection of X-rays by Crystals. Proc. R. Soc. A Math. 

Phys. Eng. Sci. 88, 428–438 (1913). 

151. Sears, V. F. Neutron scattering lengths and cross sections. Neutron News 3, 26–37 

(1992). 



 309 

152. Pynn, R. Neutron Scattering - A Primary. Los Alamos Neutron Science Center (1990). 

153. Helms, I. (Helmholtz Z. B. How does a nuclear reactor work. http://www.helmholtz-

berlin.de/quellen/ber/ber2/kernreaktor_en.html (2018). 

154. Findlay, D. J. S. ISIS - Pulsed neutron and muon source. Proc. IEEE Part. Accel. Conf. 

695–699 (2007) doi:10.1109/PAC.2007.4441104. 

155. Škoro, G., Lilley, S. & Bewley, R. Neutronics analysis of target, moderators and 

reflector design for the ISIS TS-1 project. Phys. B Condens. Matter 1–5 (2017) 

doi:10.1016/j.physb.2017.12.060. 

156. Adams, D. J. et al. OPERATIONAL EXPERIENCE AND FUTURE PLANS AT ISIS. Proc. 

HB2016 333–337 (2016). 

157. STFC. home page - ISIS Neutron and Muon Source. 

https://www.isis.stfc.ac.uk/Pages/home.aspx (2018). 

158. Helms, I. How is the HZB reasearch reactor structured? Helmholtz Zentrum Berlin 

https://www.helmholtz-berlin.de/quellen/ber/ber2/reaktoraufbau_en.html (2013). 

159. Paul Scherrer Institute. Neutron Physics. Web 1 https://www.psi.ch/niag/neutron-

physics (2020). 

160. Peter, O. Neutronen-Durchleuchtung. Aus der Forschungsanstalt der Dtsch. 

Reichspost 3–5 (1946). 

161. Thewlis, J. Neutron Radiography. Br. J. Appl. Phys. 7, 345–350 (1956). 

162. Heller, A. K. & Brenizer, J. S. Neutron Imaging and Applications. in Neutron Imaging 

and Applications 67–80 (2009). doi:10.1007/978-0-387-78693-3. 

163. Treimer, W., Strobl, M., Kardjilov, N., Hilger, A. & Manke, I. Wavelength tunable device 

for neutron radiography and tomography. Appl. Phys. Lett. 89, 2–5 (2006). 

164. Santisteban, J. R., Edwards, L., Priesmeyer, H. G. & Vogel, S. Comparison of Bragg-edge 



 310 

neutron-transmission spectroscopy at ISIS and LANSCE. Appl. Phys. A Mater. Sci. 

Process. 74, 1616–1618 (2002). 

165. Dubus, F., Bonse, U., Zawisky, M., Baron, M. & Loidl, R. First phase-contrast 

tomography with thermal neutrons. IEEE Trans. Nucl. Sci. 52, 364–370 (2005). 

166. Strobl, M., Treimer, W. & Hilger, A. Small angle scattering signals for (neutron) 

computerized tomography. Appl. Phys. Lett. 85, 488–490 (2004). 

167. Kardjilov, N. et al. Three-dimensional imaging of magnetic fields with polarized 

neutrons. Nat. Phys. 4, 399–403 (2008). 

168. Tremsin, A. S. et al. High resolution neutron resonance absorption imaging at a pulsed 

neutron beamline. IEEE Trans. Nucl. Sci. 59, 3272–3277 (2012). 

169. Strobl, M., Kardjilov, N., Hilger, A., Penumadu, D. & Manke, I. Advanced neutron 

imaging methods with a potential to benefit from pulsed sources. Nucl. Instruments 

Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc. Equip. 651, 57–61 

(2011). 

170. Kardjilov, N., Manke, I., Hilger, A., Strobl, M. & Banhart, J. Neutron imaging in 

materials science. Mater. Today 14, 248–256 (2011). 

171. Schillinger∗, B. Estimation and measurement of l/d on a cold and thermal neutron 

guide. Nondestruct. Test. Eval. 16, 141–150 (2001). 

172. Kardjilov, N. et al. A highly adaptive detector system for high resolution neutron 

imaging. Nucl. Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. 

Assoc. Equip. 651, 95–99 (2011). 

173. Tremsin, A. S. et al. High resolution Bragg edge transmission spectroscopy at pulsed 

neutron sources: Proof of principle experiments with a neutron counting MCP 

detector. Nucl. Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. 

Assoc. Equip. 633, S235–S238 (2011). 

174. Manke, I. et al. Fuel Cell Research with Neutron Imaging at Helmholtz Centre Berlin. 



 311 

Phys. Procedia 69, 619–627 (2015). 

175. Kardjilov, N., Hilger, A., Manke, I., Woracek, R. & Banhart, J. CONRAD-2: The new 

neutron imaging instrument at the Helmholtz-Zentrum Berlin. J. Appl. Crystallogr. 49, 

195–202 (2016). 

176. Kardjilov, N., Hilger, A., Manke, I. & Banhart, J. CONRAD-2: The neutron imaging 

instrument at HZB. Neutron News 25, 23–26 (2014). 

177. Kardjilov, N., Hilger, A. & Manke, I. CONRAD-2: Cold Neutron Tomography and 

Radiography at BER II (V7). J. large-scale Res. Facil. JLSRF 2, 1–6 (2016). 

178. Minniti, T., Watanabe, K., Burca, G., Pooley, D. E. & Kockelmann, W. Characterization 

of the new neutron imaging and materials science facility IMAT. Nucl. Instruments 

Methods Phys. Res. 888, 184–195 (2017). 

179. Tremsin, A. S., Vallerga, J. V., McPhate, J. B., Siegmund, O. H. W. & Raffanti, R. High 

resolution photon counting with MCP-timepix quad parallel readout operating at > 1 

KHz frame rates. IEEE Trans. Nucl. Sci. 60, 578–585 (2013). 

180. Röntgen, W. C. Eine neue art von strahlen. Springer-Verlag 137, 16 (1896). 

181. Röntgen, W. C. Über eine neue Art von Strahlen. Ann. Phys. 300, 1–11 (1898). 

182. Hertz, H. Ueber einen Einfluss des ultravioletten Lichtes auf die electrische Entladung. 

Ann. der Phys. und Chemie 267, 983–1000 (1887). 

183. Einstein, A. Über einen die Erzeugung und Verwandlung des Lichtes betreffenden 

heuristischen Gesichtspunkt. Ann. Phys. 322, 132–148 (1905). 

184. Compton, A. H. A Quantum Theory of the Scattering of X-rays by Light Elements. Phys. 

Rev. 21, 483–502 (1923). 

185. Reimers, W., Pyzalla, A. R., Schreyer, A. K. & Clemens, H. Neutrons and Synchrotron 

Radiation in Engineering Materials Science: From Fundamentals to Material and 

Component Characterization. Neutrons and Synchrotron Radiation in Engineering 



 312 

Materials Science: From Fundamentals to Material and Component Characterization 

(WILEY-VCH Verlag GmbH & Co. KGaA, 2008). doi:10.1002/9783527621927. 

186. Diamond_Light_Source. I13: X-ray Imaging and Coherence. Source, Copyright © 2018 

Diamond Light 02_absorption_phase_bin5 (2018). 

187. Rau, C. et al. Fast Multi-scale imaging using the Beamline I13L at the Diamond Light 

Source. in Developments in X-Ray Tomography XII (eds. Müller, B. & Wang, G.) vol. 

11113 68 (SPIE, 2019). 

188. Hounsfield, G. N. Computerized transverse axial scanning (tomography): Part I. 

Description of system. Br. J. Radiol. 46, 1016–1022 (1973). 

189. Hounsfield, G. N. United States Patent 3,919,552: METHOD OF AND APPARATUS FOR 

EXAMINING A BODY BY RADATION SUCH AS X OR GAMMA RADATION. vol. 468,522 

(1973). 

190. Anderson, I. S., Mcgreevy, R. L. & Bilheux, H. Z. Neutron Imaging and Applications. 

(2009). doi:10.1007/978-0-387-78693-3. 

191. Gordon, R., Bender, R. & Herman, G. T. Algebraic Reconstruction Techniques (ART) for 

three-dimensional electron microscopy and X-ray photography. J. Theor. Biol. 29, 

471–481 (1970). 

192. van Aarle, W. et al. The ASTRA Toolbox: A platform for advanced algorithm 

development in electron tomography. Ultramicroscopy 157, 35–47 (2015). 

193. van Aarle, W. et al. Fast and flexible X-ray tomography using the ASTRA toolbox. Opt. 

Express 24, 25129 (2016). 

194. Hilger, A. Charakterisierung magnetischer Strukturen durch bildgebende Verfahren 

mit kalten Neutronen. (2010). 

195. Gilbert, P. Iterative methods for the three-dimensional reconstruction of an object 

from projections. J. Theor. Biol. 36, 105–117 (1972). 



 313 

196. Kaestner, A., Münch, B., Trtik, P. & Butler, L. Spatiotemporal computed tomography 

of dynamic processes. Opt. Eng. 50, 123201 (2011). 

197. Kohler, T. A projection access scheme for iterative reconstruction based on the golden 

section. Nucl. Sci. Symp. Conf. Rec. 2004 IEEE 6, 3961-3965 Vol. 6 (2004). 

198. Abbe, E. Beiträge zur Theorie des Mikroskops und der mikroskopischen 

Wahrnehmung. Arch. für Mikroskopische Anat. 9, 413–468 (1873). 

199. Hoppe, W. Beugung im inhomogenen Primärstrahlwellenfeld. I. Prinzip einer 

Phasenmessung von Elektronenbeungungsinterferenzen. Acta Crystallogr. Sect. A 25, 

495–501 (1969). 

200. Hoppe, W. & Strube, G. Beugung in inhomogenen Primärstrahlenwellenfeld. II. 

Lichtoptische Analogieversuche zur Phasenmessung von Gitterinterferenzen. Acta 

Crystallogr. Sect. A 25, 502–507 (1969). 

201. Hoppe, W. Beugung im inhomogenen Primärstrahlwellenfeld. III. Amplituden- und 

Phasenbestimmung bei unperiodischen Objekten. Acta Crystallogr. Sect. A 25, 508–

514 (1969). 

202. Road, M. & Zealand, N. The theory of super-resolution electron microscopy via 

Wigner-distribution deconvolution. Philos. Trans. R. Soc. London. Ser. A Phys. Eng. Sci. 

339, 521–553 (1992). 

203. Friedman, S. L. & Rodenburg, J. M. Optical demonstration of a new principle of far-

field microscopy. J. Phys. D. Appl. Phys. 25, 147–154 (1992). 

204. McCallum, B. C. & Rodenburg, J. M. Two-dimensional demonstration of Wigner 

phase-retrieval microscopy in the STEM configuration. Ultramicroscopy 45, 371–380 

(1992). 

205. Rodenburg, J. M., McCallum, B. C. & Nellist, P. D. Experimental tests on double-

resolution coherent imaging via STEM. Ultramicroscopy 48, 304–314 (1993). 

206. Nellist, P. D. & Rodenburg, J. M. Beyond the conventional information limit: the 



 314 

relevant coherence function. Ultramicroscopy 54, 61–74 (1994). 

207. Nellist, P. D., McCallum, B. C. & Rodenburg, J. M. Resolution beyond the ‘information 

limit’ in transmission electron microscopy. Nature 374, 630–632 (1995). 

208. Chapman, H. N. Phase-retrieval X-ray microscopy by Wigner-distribution 

deconvolution. Ultramicroscopy 66, 153–172 (1996). 

209. Rodenburg, J. M. Ptychography and related diffractive imaging methods. Adv. 

Imaging Electron Phys. 150, 87–184 (2008). 

210. Gerchberg, R. W. & Saxton, W. O. PRACTICAL ALGORITHM FOR DETERMINATION OF 

PHASE FROM IMAGE AND DIFFRACTION PLANE PICTURES. Optik (Stuttg). 35, 237- 

(1972). 

211. Fienup, J. R. Reconstruction of an object from the modulus of its Fourier transform. 

Opt. Lett. 3, 27 (1978). 

212. Fienup, J. R. Phase retrieval algorithms: a comparison. Appl. Opt. 21, 2758 (1982). 

213. Miao, J., Charalambous, P., Kirz, J. & Sayre, D. Extending the methodology of X-ray 

crystallography to non-crystalline specimens. 400, 342–344 (2003). 

214. Faulkner, H. M. L. & Rodenburg, J. M. Movable aperture lensless transmission 

microscopy: A novel phase retrieval algorithm. Phys. Rev. Lett. 93, 023903–1 (2004). 

215. Rodenburg, J. M. & Faulkner, H. M. L. A phase retrieval algorithm for shifting 

illumination. Appl. Phys. Lett. 85, 4795–4797 (2004). 

216. Maiden, A. M. & Rodenburg, J. M. An improved ptychographical phase retrieval 

algorithm for diffractive imaging. Ultramicroscopy 109, 1256–1262 (2009). 

217. Thibault, P. et al. High-Resolution Scanning X-ray Diffraction Microscopy. Science (80-

. ). 321, 379–382 (2008). 

218. Thibault, P., Dierolf, M., Bunk, O., Menzel, A. & Pfeiffer, F. Probe retrieval in 



 315 

ptychographic coherent diffractive imaging. Ultramicroscopy 109, 338–343 (2009). 

219. Batey, D. Ptychographic imaging of mixed states. Univ. Sheff. (2014). 

220. Godard, P., Allain, M. & Chamard, V. Imaging of highly inhomogeneous strain field in 

nanocrystals using x-ray Bragg ptychography: A numerical study. Phys. Rev. B - 

Condens. Matter Mater. Phys. 84, 21–23 (2011). 

221. Hill, M. O. et al. Measuring Three-Dimensional Strain and Structural Defects in a Single 

InGaAs Nanowire Using Coherent X-ray Multiangle Bragg Projection Ptychography. 

Nano Lett. 18, 811–819 (2018). 

222. Kim, C. et al. Three-Dimensional Imaging of Phase Ordering in an Fe-Al Alloy by Bragg 

Ptychography. Phys. Rev. Lett. 121, 256101 (2018). 

223. Chamard, V. et al. Strain in a silicon-on-insulator nanostructure revealed by 3D x-ray 

Bragg ptychography. Sci. Rep. 5, 1–8 (2015). 

224. Dierolf, M. et al. Ptychographic X-ray computed tomography at the nanoscale. Nature 

467, 436–439 (2010). 

225. Peetermans, S. & Lehmann, E. H. Simultaneous neutron transmission and diffraction 

imaging investigations of single crystal nickel-based superalloy turbine blades. NDT E 

Int. 79, 109–113 (2016). 

226. Van Langh, R., Lehmann, E., Hartmann, S., Kaestner, A. & Scholten, F. The study of 

bronze statuettes with the help of neutron-imaging techniques. Anal. Bioanal. Chem. 

395, 1949–1959 (2009). 

227. Salvemini, F. et al. Neutron computed laminography on ancient metal artefacts. Anal. 

Methods 7, 271–278 (2015). 

228. Salvemini, F. et al. Quantitative characterization of Japanese ancient swords through 

energy-resolved neutron imaging. J. Anal. At. Spectrom. 27, 1494–1501 (2012). 

229. Maier, M. et al. Mass transport in polymer electrolyte membrane water electrolyser 



 316 

liquid-gas diffusion layers: A combined neutron imaging and X-ray computed 

tomography study. J. Power Sources 455, 227968 (2020). 

230. Nie, Z. et al. Probing lithiation and delithiation of thick sintered lithium-ion battery 

electrodes with neutron imaging. J. Power Sources 419, 127–136 (2019). 

231. Williams, S. H. et al. Detection system for microimaging with neutrons. J. Instrum. 7, 

P02014–P02014 (2012). 

232. SAFT. Data Sheet - SAFT LS 14250. 1–2 (2009). 

233. Hills, A. J. & Hampson, N. A. The LiSOCl2 cell - a review. J. Power Sources 24, 253–271 

(1988). 

234. Schindelin, J. et al. Fiji : an open-source platform for biological-image analysis. Nat. 

Methods 9, 676–682 (2012). 

235. Ziesche, R. F. et al. 4D imaging of lithium-batteries using correlative neutron and X-

ray tomography with a virtual unrolling technique. Nat. Commun. 11:777, 11 (2020). 

236. Shearing, P. R. et al. Multi Length Scale Microstructural Investigations of a 

Commercially Available Li-Ion Battery Electrode. J. Electrochem. Soc. 159, A1023–

A1027 (2012). 

237. Finegan, D. P. et al. Investigating lithium-ion battery materials during overcharge-

induced thermal runaway: an operando and multi-scale X-ray CT study. Phys. Chem. 

Chem. Phys. 18, 30912–30919 (2016). 

238. Zielke, L. et al. A combination of X-ray tomography and carbon binder modeling: 

Reconstructing the three phases of LiCoO2 Li-ion battery cathodes. Adv. Energy 

Mater. 4, 2–7 (2014). 

239. Kashkooli, A. G. et al. Multiscale modeling of lithium-ion battery electrodes based on 

nano-scale X-ray computed tomography. J. Power Sources 307, 496–509 (2016). 

240. Wu, Y. et al. Investigation of water generation and accumulation in polymer 



 317 

electrolyte fuel cells using hydro-electrochemical impedance imaging. J. Power 

Sources 414, 272–277 (2019). 

241. Lee, C. H. et al. The effect of cathode nitrogen purging on cell performance and in 

operando neutron imaging of a polymer electrolyte membrane electrolyzer. 

Electrochim. Acta 279, 91–98 (2018). 

242. Mocella, V., Brun, E., Ferrero, C. & Delattre, D. Revealing letters in rolled Herculaneum 

papyri by X-ray phase-contrast imaging. Nat. Commun. 6, 1–6 (2015). 

243. Seales, W. B. et al. From damage to discovery via virtual unwrapping: Reading the 

scroll from En-Gedi. Sci. Adv. 2, 1–10 (2016). 

244. Baum, D. et al. Revealing hidden text in rolled and folded papyri. Appl. Phys. A Mater. 

Sci. Process. 123, 1–7 (2017). 

245. Duracell. Duracell, Ultra CR2 Lithium/Manganese dioxide datasheet. 2 (2008). 

246. Di Michiel, M. et al. Fast microtomography using high energy synchrotron radiation. 

Rev. Sci. Instrum. 76, 1–7 (2005). 

247. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to ImageJ: 25 years of 

image analysis. Nat. Methods 9, 671–675 (2012). 

248. Gauthier, M. et al. Electrode − Electrolyte Interface in Li-Ion Batteries: Current 

Understanding and New Insights. J. Phys. Chem. Lett. 6, 4653–4672 (2015). 

249. Singhal, S. C. & Kendall, K. High Temperature and Solid Oxide Fuel Cells. High-

temperature Solid Oxide Fuel Cells: Fundamentals, Design and Applications (Elsevier, 

2003). doi:10.1016/B978-1-85617-387-2.X5016-8. 

250. Li, X. & Faghri, A. Review and advances of direct methanol fuel cells (DMFCs) part I: 

Design, fabrication, and testing with high concentration methanol solutions. J. Power 

Sources 226, 223–240 (2013). 

251. Xu, H., Kong, L. & Wen, X. Fuel cell power system and high power DC-DC converter. 



 318 

IEEE Trans. Power Electron. 19, 1250–1255 (2004). 

252. Meyer, Q. et al. Investigation of Hot Pressed Polymer Electrolyte Fuel Cell Assemblies 

via X-ray Computed Tomography. Electrochim. Acta 242, 125–136 (2017). 

253. Morgan, J. M. & Datta, R. Understanding the gas diffusion layer in proton exchange 

membrane fuel cells. I. How its structural characteristics affect diffusion and 

performance. J. Power Sources 251, 269–278 (2014). 

254. Li, H. et al. A review of water flooding issues in the proton exchange membrane fuel 

cell. J. Power Sources 178, 103–117 (2008). 

255. Hartnig, C. et al. Cross-sectional insight in the water evolution and transport in 

polymer electrolyte fuel cells. Appl. Phys. Lett. 92, 90–93 (2008). 

256. Maier, W. et al. Correlation of synchrotron X-ray radiography and electrochemical 

impedance spectroscopy for the investigation of HT-PEFCs. J. Electrochem. Soc. 159, 

F398–F404 (2012). 

257. Sasabe, T., Tsushima, S. & Hirai, S. In-situ visualization of liquid water in an operating 

PEMFC by soft X-ray radiography. Int. J. Hydrogen Energy 35, 11119–11128 (2010). 

258. Lee, J. et al. Synchrotron investigation of microporous layer thickness on liquidwater 

distribution in a PEM fuel cell. J. Electrochem. Soc. 162, F669–F676 (2015). 

259. Markötter, H. et al. Influence of cracks in the microporous layer on the water 

distribution in a PEM fuel cell investigated by synchrotron radiography. Electrochem. 

commun. 34, 22–24 (2013). 

260. Krüger, P. et al. Synchrotron X-ray tomography for investigations of water distribution 

in polymer electrolyte membrane fuel cells. J. Power Sources (2011) 

doi:10.1016/j.jpowsour.2010.09.042. 

261. Alrwashdeh, S. S. et al. In-situ investigation of water distribution in polymer 

electrolyte membrane fuel cells using high-resolution neutron tomography with 6.5 

μm pixel size. AIMS Energy 6, 607–614 (2018). 



 319 

262. Freudenberg Performance Materials SE & Co. KG. Freudenberg Gas Diffusion Layers 

Technical Data Freudenberg Gas Diffusion Layers Gdl Recommendation for Different 

Lt-Pemfc Applications. 3–4 (2014). 

263. Hack, J. Use of X-ray Computed Tomography for Understanding Localised, Along-the-

Channel Degradation of Polymer Electrolyte Fuel Cells. Electrochem. Acta (2020). 

264. Markötter, H. Entwicklung und Optimierung von radiographischen und 

tomographischen Verfahren zur Charakterisierung von Wassertransportprozessen in 

PEM - Brennstoffzellenmaterialien Henning Markötter. Schriftenr. des HZB - 

Examensarbeiten 120 (2013). 

265. Woracek, R., Santisteban, J., Fedrigo, A. & Strobl, M. Diffraction in neutron imaging-A 

review. Nucl. Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. 

Assoc. Equip. 878, 141–158 (2018). 

266. Fermi, E., Sturm, W. J. & Sachs, R. G. The Transmission of Slow Neutrons through 

Microcrystalline Materials. Phys. Rev. 71, 589–594 (1947). 

267. Winsberg, L., Meneghetti, D. & Sidhu, S. S. Total neutron cross sections of compounds 

with different crystalline structures. Phys. Rev. (1949) doi:10.1103/PhysRev.75.975. 

268. Kardjilov, N. Further developments and applications of radiography and tomography 

with thermal and cold neutrons. PhD thesis (2003). 

269. Kardjilov, N. et al. New features in cold neutron radiography and tomography Part II: 

Applied energy-selective neutron radiography and tomography. Nucl. Instruments 

Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc. Equip. (2003) 

doi:10.1016/S0168-9002(03)00423-6. 

270. Vogel, S. A Rietveld-Approach for the Analysis of Neutron Time-Of-Flight Transmission 

Data. PhD thesis (2000). 

271. Santisteban, J. R., Edwards, L., Steuwer, A. & Withers, P. J. Time-of-flight neutron 

transmission diffraction. J. Appl. Crystallogr. 34, 289–297 (2001). 



 320 

272. Steuwer, A. et al. Bragg Edge Determination for Accurate Lattice Parameter and 

Elastic Strain Measurement. Phys. Status Solidi Appl. Res. 185, 221–230 (2001). 

273. Tremsin, A. S., Feller, W. B. & Downing, R. G. Efficiency optimization of microchannel 

plate (MCP) neutron imaging detectors. I. Square channels with 10B doping. Nucl. 

Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc. Equip. 

539, 278–311 (2005). 

274. Kabra, S., Kelleher, J., Kockelmann, W., Gutmann, M. & Tremsin, A. Energy-dispersive 

neutron imaging and diffraction of magnetically driven twins in a Ni 2 MnGa single 

crystal magnetic shape memory alloy. J. Phys. Conf. Ser. 746, 012056 (2016). 

275. Sato, H. et al. Inverse pole figure mapping of bulk crystalline grains in a polycrystalline 

steel plate by pulsed neutron Bragg-dip transmission imaging. J. Appl. Crystallogr. 50, 

1601–1610 (2017). 

276. Makowska, M. G. et al. In situ time-of-flight neutron imaging of NiO-YSZ anode 

support reduction under influence of stress. J. Appl. Crystallogr. 49, 1674–1681 

(2016). 

277. Tremsin, A. S. et al. Non-destructive studies of fuel pellets by neutron resonance 

absorption radiography and thermal neutron radiography. J. Nucl. Mater. 440, 633–

646 (2013). 

278. Festa, G. et al. Neutron resonance transmission imaging for 3D elemental mapping at 

the ISIS spallation neutron source. J. Anal. At. Spectrom. 30, 745–750 (2015). 

279. Strobl, M. et al. Wavelength-dispersive dark-field contrast: Micrometre structure 

resolution in neutron imaging with gratings. J. Appl. Crystallogr. 49, 569–573 (2016). 

280. Shinohara, T. et al. Quantitative magnetic field imaging by polarized pulsed neutrons 

at J-PARC. Nucl. Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. 

Assoc. Equip. 651, 121–125 (2011). 

281. Woracek, R. et al. 3D Mapping of Crystallographic Phase Distribution using Energy-

Selective Neutron Tomography. Adv. Mater. 26, 4069–4073 (2014). 



 321 

282. Watanabe, K. et al. Cross-sectional imaging of quenched region in a steel rod using 

energy-resolved neutron tomography. Nucl. Instruments Methods Phys. Res. Sect. A 

Accel. Spectrometers, Detect. Assoc. Equip. 944, 162532 (2019). 

283. Halloran, J. MATERIALS SCIENCE: Making Better Ceramic Composites with Ice. Science 

(80-. ). 311, 479–480 (2006). 

284. Behr, S., Amin, R., Chiang, Y. M. & Tomsia, A. P. Highly-structured, additive-free 

lithium-ion cathodes by freeze-casting technology. Process Eng. DKG 92, E39–E43 

(2015). 

285. Tan, C. et al. Evolution of electrochemical cell designs for in-situ and operando 3D 

characterization. Materials (Basel). 11, (2018). 

286. Pelt, D. M. et al. Integration of TomoPy and the ASTRA toolbox for advanced 

processing and reconstruction of tomographic synchrotron data. J. Synchrotron 

Radiat. 23, 842–849 (2016). 

287. Kockelmann, W. et al. Time-of-Flight Neutron Imaging on IMAT@ISIS: A New User 

Facility for Materials Science. J. Imaging 4, 47 (2018). 

288. Minniti, T. et al. Materials analysis opportunities on the new neutron imaging facility 

IMAT@ISIS. J. Instrum. 11, C03014–C03014 (2016). 

289. Tremsin, A. S., Vallerga, J. V., McPhate, J. B. & Siegmund, O. H. W. Optimization of 

high count rate event counting detector with Microchannel Plates and quad Timepix 

readout. Nucl. Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. 

Assoc. Equip. 787, 20–25 (2015). 

290. Tremsin, A. S., Vallerga, J. V., McPhate, J. B. & Siegmund, O. H. W. Optimization of 

Timepix count rate capabilities for the applications with a periodic input signal. J. 

Instrum. 9, (2014). 

291. Ramadhan, R. S. et al. Characterization and application of Bragg-edge transmission 

imaging for strain measurement and crystallographic analysis on the IMAT beamline. 

J. Appl. Crystallogr. 52, 351–368 (2019). 



 322 

292. Boin, M. Nxs: A program library for neutron cross section calculations. J. Appl. 

Crystallogr. 45, 603–607 (2012). 

293. Trucano, P. & Chen, R. Structure of graphite by neutron diffraction. Nature 258, 136–

137 (1975). 

294. Vadlamani, B., An, K., Jagannathan, M. & Chandran, K. S. R. An In-Situ Electrochemical 

Cell for Neutron Diffraction Studies of Phase Transitions in Small Volume Electrodes 

of Li-Ion Batteries. J. Electrochem. Soc. 161, A1731–A1741 (2014). 

295. Andersen, K. H. et al. The instrument suite of the European Spallation Source. Nucl. 

Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc. Equip. 

957, 163402 (2020). 

296. Withers, P. J. X-ray nanotomography. Mater. Today 10, 26–34 (2007). 

297. Vamvakeros, A. et al. 5D operando tomographic diffraction imaging of a catalyst bed. 

Nat. Commun. 9, 1–11 (2018). 

298. Vaughan, G. B. M. et al. ID15A at the ESRF-a beamline for high speed operando X-ray 

diffraction, diffraction tomography and total scattering. J. Synchrotron Radiat. 27, 

515–528 (2020). 

299. Ludwig, W., Schmidt, S., Lauridsen, E. M. & Poulsen, H. F. X-ray diffraction contrast 

tomography: A novel technique for three-dimensional grain mapping of polycrystals. 

I. Direct beam case. J. Appl. Crystallogr. 41, 302–309 (2008). 

300. Ludwig, W. et al. New opportunities for 3D materials science of polycrystalline 

materials at the micrometre lengthscale by combined use of X-ray diffraction and X-

ray imaging. Mater. Sci. Eng. A 524, 69–76 (2009). 

301. Markervich, E., Salitra, G., Levi, M. D. & Aurbach, D. Capacity fading of lithiated 

graphite electrodes studied by a combination of electroanalytical methods , Raman 

spectroscopy and SEM. J. Power Sources 146, 146–150 (2005). 

302. Takamura, T. et al. Identification of nano-sized holes by TEM in the graphene layer of 



 323 

graphite and the high rate discharge capability of Li-ion battery anodes. Electrochem. 

Acta 53, 1055–1061 (2007). 

303. Billaud, J., Bouville, F., Magrini, T., Villevieille, C. & Studart, A. R. Magnetically aligned 

graphite electrodes for high-rate performance Li-ion batteries. Nat. energy 1, (2016). 

304. Pfeiffer, F. X-ray ptychography. Nat. Photonics 12, 9–17 (2018). 

305. Mandula, O., Elzo Aizarna, M., Eymery, J., Burghammer, M. & Favre-Nicolin, V. 

PyNX.Ptycho : a computing library for X-ray coherent diffraction imaging of 

nanostructures. J. Appl. Crystallogr. 49, 1842–1848 (2016). 

306. Pateras, A. I. et al. Nondestructive three-dimensional imaging of crystal strain and 

rotations in an extended bonded semiconductor heterostructure. Phys. Rev. B - 

Condens. Matter Mater. Phys. 92, (2015). 

307. Takahashi, Y. et al. Bragg x-ray ptychography of a silicon crystal: Visualization of the 

dislocation strain field and the production of a vortex beam. Phys. Rev. B - Condens. 

Matter Mater. Phys. 87, 2–5 (2013). 

308. Rau, C., Wagner, U., Pešić, Z. & De Fanis, A. Coherent imaging at the Diamond 

beamline I13. Phys. Status Solidi Appl. Mater. Sci. 208, 2522–2525 (2011). 

309. Williams, S. J. et al. The ExcaliburRX-3M X-Ray Photon Counting Area Detector for 

Coherent Diffraction Imaging at the I13 Beamline at Diamond Light Source. 2017 IEEE 

Nucl. Sci. Symp. Med. Imaging Conf. NSS/MIC 2017 - Conf. Proc. 48–50 (2018) 

doi:10.1109/NSSMIC.2017.8532988. 

310. Batey, D. J. et al. Reciprocal-space up-sampling from real-space oversampling in x-ray 

ptychography. Phys. Rev. A - At. Mol. Opt. Phys. 89, 1–5 (2014). 

311. Helfen, L. et al. Synchrotron and neutron laminography for three-dimensional imaging 

of devices and flat material specimens. Int. J. Mater. Res. (2012) 

doi:10.3139/146.110668. 

312. Kockelmann, W. et al. Wavelength-Resolved Neutron Imaging on IMAT. in Neutron 



 324 

Radiography - WCNR-11 vol. 15 29–34 (2020). 

313. Day, P. et al. Scientific Reviews: GEM: The General Materials Diffractometer at ISIS-

Multibank Capabilities for Studying Crystalline and Disordered Materials. Neutron 

News 15, 19–23 (2004). 

314. Woracek, R. et al. The test beamline of the European Spallation Source – 

Instrumentation development and wavelength frame multiplication. Nucl. 

Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc. Equip. 

839, 102–116 (2016). 

315. Strobl, M. Future prospects of imaging at spallation neutron sources. Nucl. 

Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc. Equip. 

604, 646–652 (2009). 

316. Strobl, M. The Scope of the Imaging Instrument Project ODIN at ESS. Phys. Procedia 

69, 18–26 (2015). 

317. Li, J. et al. Synthesis of Single Crystal LiNi 0.5 Mn 0.3 Co 0.2 O 2 for Lithium Ion 

Batteries. J. Electrochem. Soc. 164, A3529–A3537 (2017). 

318. Li, H., Li, J., Ma, X. & Dahn, J. R. Synthesis of Single Crystal LiNi 0.6 Mn 0.2 Co 0.2 O 2 

with Enhanced Electrochemical Performance for Lithium Ion Batteries. J. Electrochem. 

Soc. 165, A1038–A1045 (2018). 

319. Liu, Y., Harlow, J. & Dahn, J. Microstructural Observations of “Single Crystal” Positive 

Electrode Materials Before and After Long Term Cycling by Cross-section Scanning 

Electron Microscopy. J. Electrochem. Soc. 167, 020512 (2020). 

320. Papula, L. Funktionen und Kurven. in Mathematik für Ingenieure und 

Naturwissenschaftler Band 1 (ed. Papula, L.) 137–307 (Vieweg+Teubner, 2008). 



 325 



 326 

  



 327 

10 Appendices 

10.1 Appendices: 4D Neutron Imaging of Thionyl Chloride 
Batteries 

10.1.1 Appendices: Discharge curves of the Li/SOCl2 LS 14250 cells 

 

 

 

Figure A 1: Discharge curves of the three LS 14250 Li/SOCl2 cells. 
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10.1.2 Appendices: Lithium volume change of the LS 14250 cell discharged 
with a constant current of -25 mA 
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Figure A 2: Lithium volume change from the anode of the LS 14250 cell discharged with -25 mA at different SoC. 
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10.1.3 Appendices: Lithium volume change of the LS 14250 cell discharged 
with a constant current of -8 mA 
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Discharged state: 104.1 h 

213 mm3 

   
Figure A 3: Lithium volume change from the anode of the LS 14250 cell discharged with -8 mA at different SoC. 
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10.1.4 Appendices: Lithium distribution inside the LS 14250 battery cell 
discharged with a constant current of -25 mA 
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8.1 h 

203 mAh 

9.0 h 

225 mAh 

9.9 h 

247 mAh 

   
10.8 h 

270 mAh 

11.7 h 

292 mAh 

12.5 h 

314 mAh 

   
13.4 h 

336 mAh 

14.3 h 

358 mAh 

15.2 h 

380 mAh 

   
  



 336 

 

16.1 h 

402 mAh 

17.0 h 

424 mAh 

17.9 h 

446 mAh 

   
18.7 h 

469 mAh 
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20.3 h 

506 mAh 

   
Figure A 4: Lithium distribution change of the LS 14250 battery cell during -25 mA discharging shown for one 
selected horizontal orthogonal slice. The blue and red colours indicate lithium removal and accumulation, 
respectively. The large blue dots inside the cathode indicate gas channels filled with SO2 gas thus displacing SOCl2. 
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Vertical orthogonal slice: 
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Figure A 5: Lithium distribution change of the LS 14250 battery cell during -25 mA discharging shown for one 
selected vertical orthogonal slice. The blue and red colours indicate lithium removal and accumulation, 
respectively. 
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10.1.5 Appendices: Lithium distribution inside the LS 14250 battery cell 
discharged with a constant current of -8 mA 
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Figure A 6: Lithium distribution change of the LS 14250 battery cell during -8 mA discharging shown for one 
selected horizontal orthogonal slice. The blue and red colours indicate lithium removal and accumulation, 
respectively. The large blue dots inside the cathode indicate gas channels filled with SO2 gas thus displacing SOCl2. 
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Vertical orthogonal slice: 
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Figure A 7: Lithium distribution change of the LS 14250 battery cell during -8 mA discharging shown for one 
selected vertical orthogonal slice. The blue and red colours indicate lithium removal and accumulation, 
respectively. The large blue dots inside the cathode indicate gas channels filled with SO2 gas thus displacing SOCl2. 
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10.1.6 Appendices: Lithium diffusion in the SOCl2 Cathode at -25 mA 
constant current discharge 

 

Li diffusion at ca. -5.0 mm: 1.47 Int./Ah Li diffusion at ca. -4.2 mm: 0.98 Int./Ah 

  
Li diffusion at ca. -3.3 mm: 0.61 Int./Ah Li diffusion at ca. -2.5 mm: 0.51 Int./Ah 

  
Li diffusion at ca. -1.7 mm: 0.13 Int./Ah Li diffusion at ca. -0.8 mm: 0.07 Int./Ah 
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Li diffusion at ca. -0.0 mm: 0.12 Int./Ah  

 

 

Figure A 8: Lithium diffusion in the SOCl2 cathode of the LS 14250 battery cell discharged at -25 mA at different 
radial distances. 
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10.1.7 Appendices: Lithium diffusion in the SOCl2 Cathode at -8 mA constant 
current discharge 

 

Li diffusion at ca. -5.0 mm: 1.11 Int./Ah Li diffusion at ca. -4.2 mm: 1.00 Int./Ah 

  
Li diffusion at ca. -3.3 mm: 0.80 Int./Ah Li diffusion at ca. -2.5 mm: 0.86 Int./Ah 

  
Li diffusion at ca. -1.7 mm: 0.71 Int./Ah Li diffusion at ca. -0.8 mm: 0.78 Int./Ah 

  
  



 349 

 

Li diffusion at ca. -0.0 mm: 0.31 Int./Ah  

 

 

Figure A 9: Lithium diffusion in the SOCl2 cathode of the LS 14250 battery cell discharged at -8 mA at different 
radial distances. 
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10.1.8 Appendices: Lithium Anode Volume ER14505M -300 mA constant 
current discharge 

 

Pristine state: 0.0 h 
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Figure A 10: Volume change of the lithium metal anode of the ER14505M discharged with -300 mA at different 
SoC. 
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10.1.9 Appendices: Lithium Anode Volume ER14505M -100 mA constant 
current discharge 

 

Pristine state: 0.0 h 
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Figure A 11: Figure A 10: Volume change of the lithium metal anode of the ER14505M discharged with -100 mA 
at different SoC. 
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10.1.10 Appendices: Calculation of the Lithium removal from the Lithium 
Anode of the ER14505M cell 

 

Discharge current: -300 mA 

Inner Li electrode: -0.540 Int./Ah Middle Li electrode: -0.232 Int./Ah 

  
Outer Li electrode: -0.004 Int./Ah  

 

 

Figure A 12: Lithium removal from the lithium metal anode of the ER14505M of the different radial windings 
during -300 mA discharging. 
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Discharge current: -100 mA 

Inner Li electrode: -0.497 Int./Ah Middle Li electrode: -0.389 Int./Ah 

  
Outer Li electrode: -0.257 Int./Ah  

 

 

Figure A 13: Lithium removal from the lithium metal anode of the ER14505M of the different radial windings 
during -100 mA discharging. 
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10.1.11 Appendices: Calculation of Lithium accumulation in the SOCl2 
Cathode of the ER14505M cell 

 

Discharge current: -300 mA 

Inner SOCl2 electrode: 0.190 Int./Ah Middle SOCl2 electrode: 0.322 Int./Ah 

  
Outer SOCl2 electrode: 0.355 Int./Ah  

 

 

Figure A 14: Lithium accumulation in the SOCl2 cathode of the ER14505M of the different radial windings during 
-300 mA discharging. 
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Discharge current: -100 mA 

Inner SOCl2electrode: 0.200 Int./Ah Middle SOCl2 electrode: 0.345 Int./Ah 

  
Outer SOCl2 electrode: 0.404 Int./Ah  

 

 

Figure A 15: Lithium accumulation in the SOCl2 cathode of the ER14505M of the different radial windings during 
-100 mA discharging. 
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10.2 Appendices: 4D Imaging of Li-batteries using operando 
neutron and X-ray computed tomography in combination 
with a virtual unrolling technique 

10.2.1 Appendices: CR2 - Discharge Curves 

 

 

 
Figure A 16: CR2 discharge profiles for the X-ray experiments: a) the graphs show the constant resistance 
discharge curves for the CR2 cell over 2.8 Ω, where simultaneous fast X-ray CT was carried out. The graphs in b) 
show the discharge curve over 4.5 Ω. The plots from top to bottom display the cell potential and current as a 
function of time and capacity. The blue and green boxes mark the discharge parameters for which tomograms 
were recorded. 
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Figure A 17: CR2 discharge profiles for the neutron experiments: a) the graphs show the constant resistance 
discharge curves for the CR2 cell over 4.7 Ω, where the discharge was interrupted for each neutron tomography 
after a certain amount of time. The graphs in b) show the discharge curve for a constant current discharge of-
200 mA. The plots from top to bottom display the cell potential and current as a function of time and capacity. 
The orange and red boxes mark the discharge parameters for which tomograms were recorded. 

  

0 2000 4000 6000 8000 10000 12000 14000
2.0

2.2

2.4

2.6

2.8

3.0

0 2000 4000 6000 8000 10000 12000 14000

-204

-202

-200

-198

-196

0 100 200 300 400 500 600 700 800
2.0

2.2

2.4

2.6

2.8

3.0

-200mA-00 -200mA-04 -200mA-08

-200mA-00 -200mA-04 -200mA-08

-200mA-00
-200mA-04

-200mA-08

po
te

nt
ia

l [
V]

discharge time [s]

 DC01  DC02  DC03
 DC04  DC05  DC06
 DC07  DC08  tomogram

cu
rr

en
t [

m
A

]

discharge time [s]

po
te

nt
ia

l [
V]

capacity [mAh]

b)a)



 358 

10.2.2 Appendices: CR2 – Orthogonal slices of the X-ray tomography 

 

X-ray tomography discharged over 2.75 Ω resistor 
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Figure A 18: Horizontal cross sections through the X-ray tomograms discharged over a 2.75 Ω resistor at 
different SoC and heights: The images show horizontal slices out of the high c-rate X-ray tomograms at different 
cell heights from the top, top/middle and the middle part, at different SoC. There are 46 tomograms in total, 
labelled from CR2-000 to CR2-045. One tomogram was recorded every 40 s with a total acquisition period of 2.8 s. 
For the analysis, every fifth tomogram was used and the highly attenuating steel casing was cropped from the 
images in order to improve the contrast within the lower attenuating components. Arrows highlight, as examples, 
the MnO2 electrode cracking in orange and the electrode movement in red. 
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Figure A 19: Vertical cross sections through the X-ray tomograms discharged over a 2.75 Ω resistor at different 
SoC: The images show vertical slices from the high c-rate X-ray tomograms at different SoC. In total, there are 46 
tomograms made labelled from CR2-000 to CR2-045. One tomogram was collected every 40 s with a total 
acquisition period of 2.8 s. For the analysis, every fifth tomogram was used and the highly attenuating steel casing 
was cropped from the images in order to improve the contrast within the lower attenuating components. Arrows 
highlight, as examples, the MnO2 electrode cracking in orange and the electrode movement in red. 
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X-ray tomographies discharged over 4.5 Ω resistor 
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Figure A 20: Horizontal cross sections through the X-ray tomograms discharged over a 4.5 Ω resistor at different 
SoC and heights: The images show horizontal slices out of the X-ray tomograms at different cell heights from the 
top, top/middle and the middle part, at different SoC. There are 103 tomograms in total, labelled from CR2-000 
to CR2-102. One tomogram was recorded every 40 s with a total acquisition period of 2.8 s. For the analysis, 
tomograms were used with an expanding time interval between their recording time due to the fast structural 
changes in the first time period of the discharge. The image contrast was optimised for the lower attenuating 
components in order to improve the visibility of the structural changes in the lower attenuating cathode material. 
Arrows highlight, as examples, the MnO2 electrode cracking in orange and the electrode movement in red. 
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Figure A 21: Vertical cross sections through the X-ray tomograms discharged over a 4.5 Ω resistor at different 
SoC: The images show vertical slices from the X-ray tomograms at different SoC. In total, there are 103 tomograms 
made labelled from CR2-000 to CR2-102. One tomogram was collected every 40 s with a total acquisition period 
of 2.8 s. For the analysis, tomograms were used with an expanding time interval between their recording time 
due to the fast structural changes in the first time period of the discharge. The image contrast was optimised for 
the lower attenuating components in order to improve the visibility of the structural changes in the lower 
attenuating cathode material. Arrows highlight, as examples, the MnO2 electrode cracking in orange and the 
electrode movement in red. 
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10.2.3 Appendices: CR2 – Orthogonal slices of the neutron tomographies 
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Figure A 22: Horizontal cross sections through the neutron tomograms discharged over a 4.7 Ω resistor at 
different SoC and heights: The images show horizontal slices of the neutron tomograms captured during medium 
c-rate discharge. In total, eight neutron tomograms were recorded with an acquisition period of about 8 h. The 
discharging process was interrupted for each tomogram and labelled with CR-00 from the pristine to CR2-07, the 
partly discharged SoC of -745.08 mAh. Arrows highlight, as examples, the loss of lithium conductivity in purple and 
areas of lower and higher lithium removal from the lithium metal electrode in bright and dark blue. 
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Figure A 23: Vertical cross sections through the neutron tomograms discharged over a 4.7 Ω resistor at different 
SoC: The images show vertical slices of the neutron tomograms captured during medium c-rate discharge. In total, 
eight neutron tomograms were made with an acquisition period of about 8 h. The discharging process was 
interrupted for each tomogram and labelled with CR-00 from the pristine to CR2-07, the partly discharged SoC of 
-745.08 mAh. Arrows highlight, as examples, the loss of lithium conductivity in purple and areas of lower and 
higher lithium removal from the lithium metal electrode in bright and dark blue. 
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Neutron tomographies discharged with -200 mA 
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Figure A 24: Horizontal cross sections through the neutron tomograms discharged with -200 mA at different 
SoC and heights: The images show horizontal slices of the neutron tomograms captured during medium c-rate 
discharge. In total, nine neutron tomograms were recorded with an acquisition period of about 6 h. The 
discharging process was interrupted for each tomogram and labelled with CR-00 from the pristine to CR2-08, the 
fully discharged SoC. Arrows highlight, as examples, the loss of lithium conductivity in purple and areas of lower 
and higher lithium removal from the lithium metal electrode in bright and dark blue. 
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Figure A 25: Vertical cross sections through the neutron tomograms discharged with -200 mA at different SoC: 
The images show vertical slices of the neutron tomograms captured during medium c-rate discharge. In total, 
nine neutron tomograms were made with an acquisition period of about 6 h. The discharging process was 
interrupted for each tomogram and labelled with CR-00 from the pristine to CR2-08 the fully discharged SoC. 
Arrows highlight, as examples, the loss of lithium conductivity in purple and areas of lower and higher lithium 
removal from the lithium metal electrode in bright and dark blue. 
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10.2.4 Appendices: CR2 – Error calculation by the standard variation of the 
thickness change in the battery steel casing 

 

 
Figure A 26: Error calculation of the thickness deviation for the different SoC of the X-ray tomographies: Error 
calculation by using the intensity variation of the cell casing during the discharging process of the over the 4.5 Ω 
resistor discharged cell. As reference the intensity profile of a piece of the casing out of a vertical orthogonal slice 
was used and for a better statistic the profile was integrated over about 100 pixel lines. The thickness was then 
determined by using the FWHM of the intensity plot. Here shown for the X-ray data, the calculated error between 
the measurements show a deviation smaller as 1.5 µm. The average casing thickness, over the discharge, was 
determined to be 175.5 µm. 

 

 
Figure A 27: Error calculation of the thickness deviation for the different SoC of the Neutron tomographies: 
Error calculation by using the intensity variation of the cell casing during the discharging process of the over the 
4.7 Ω resistor discharged cell. As reference the intensity profile of a piece of the casing out of a vertical orthogonal 
slice was used and for a better statistic the profile was integrated over about 100 pixel lines. The thickness was 
then determined by using the FWHM of the intensity plot. Here shown for the neutron data, the calculated error 
between the measurements show a deviation smaller as 1.5 µm. The average casing thickness, over the discharge, 
was determined to be 174.6 µm. 
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10.3 Appendices: High Speed 4D Neutron Imaging on Polymer 
Electrolyte Fuel Cells (PEFC) for detecting the water 
evolution 

10.3.1 Appendices: Fuel Cell – Polarisation 

 

As fitting function, the linear function: 

𝑓(𝑡) = 𝑚𝑡 + 𝑦 

is used. 

 

 
Figure A 28: Polarisation and power curve of the single serpentine PEFC with fits of the U-I-characterisation and 
the power slope: a) shows the U-I characterisation curve of the used fuel cell with a U-I slope of about 
636 mV/(A/cm2) in the working range. b) displays the corresponding power curve with a power maximum of ca. 
340 mW at 543 mA and a power increase of ca. 690 mW/A in the working range. 
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10.3.2 Appendices: 3D Visualisation of the Water Evolution in the 
Anode/Cathode Flow Fields and the MEA 

 

 

 
Figure A 29: 3D visualisation of the water evolution in the a) anode flow field (red), b) the MEA (green) and c) 
the cathode flow field (blue) at a constant current hold of 100 mA/cm2. 
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Figure A 30: 3D visualisation of the water evolution in the a) anode flow field (red), b) the MEA (green) and c) 
the cathode flow field (blue) at a constant current hold of 200 mA/cm2. 
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Figure A 31: 3D visualisation of the water evolution in the a) anode flow field (red), b) the MEA (green) and c) 
the cathode flow field (blue) at a constant current hold of 300 mA/cm2. 
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Figure A 32: 3D visualisation of the water evolution in the a) anode flow field (red), b) the MEA (green) and c) 
the cathode flow field (blue) at a constant current hold of 400 mA/cm2. 
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Figure A 33: 3D visualisation of the water evolution in the a) anode flow field (red), b) the MEA (green) and c) 
the cathode flow field (blue) at a constant current hold of 500 mA/cm2. 
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Figure A 34: 3D visualisation of the water evolution in the a) anode flow field (red), b) the MEA (green) and c) 
the cathode flow field (blue) at a constant current hold of 600 mA/cm2. 
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Figure A 35: 3D visualisation of the water evolution in the a) anode flow field (red), b) the MEA (green) and c) 
the cathode flow field (blue) at a constant current hold of 700 mA/cm2. 
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Figure A 36: 3D visualisation of the water evolution in the a) anode flow field (red), b) the MEA (green) and c) 
the cathode flow field (blue) at a constant potential hold at 0.7 V. 
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Figure A 37: 3D visualisation of the water evolution in the a) anode flow field (red), b) the MEA (green) and c) 
the cathode flow field (blue) at a constant potential hold at 0.5 V. 
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Figure A 38: 3D visualisation of the water evolution in the a) anode flow field (red), b) the MEA (green) and c) 
the cathode flow field (blue) at a constant potential hold at 0.3 V. 
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10.3.3 Appendices: Calculation of the Water Evolution – Anode 

As fitting function, the linear function: 

𝑓(𝑡) = 𝑚𝑡 + 𝑦 

is used. 

100 mA/cm2: 0.0493 mm3/min 200 mA/cm2: 0.1146 mm3/min 

  
300 mA/cm2: 0.2484 mm3/min 400 mA/cm2: 0.4824 mm3/min 

  
500 mA/cm2: 0.6750 mm3/min 600 mA/cm2: 0.7344 mm3/min 
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700 mA/cm2: 0.9846 mm3/min  

 

 

Figure A 39: Calculation of the water volume evolution inside the single serpentine anode flow flied for 
different current holds from 100 to 700 mA/cm2. 

 

0.7 V: 0.0452 mm3/min 0.5 V: 0.4920 mm3/min 

  
0.3 V: 1.1358 mm3/min  

 

 

Figure A 40: Calculation of the water volume evolution inside the single serpentine anode flow flied for 
different potential holds from 0.7 to 0.3 V. 
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10.3.4 Appendices: Calculation of the Water Evolution – Cathode 

As fitting function, the linear function: 

𝑓(𝑡) = 𝑚𝑡 + 𝑦 

is used. 

100 mA/cm2: 0.0924 mm3/min 200 mA/cm2: 0.2268 mm3/min 

  
300 mA/cm2: 0.4566 mm3/min 400 mA/cm2: 0.6912 mm3/min 

  
500 mA/cm2: 0.9606 mm3/min 600 mA/cm2: 1.3536 mm3/min 

  
  



 387 

700 mA/cm2: 1.5960 mm3/min  

 

 

Figure A 41: Calculation of the water volume evolution inside the single serpentine cathode flow flied for 
different current holds from 100 to 700 mA/cm2. 

 

0.7 V: 0.2964 mm3/min 0.5 V: 0.9060 mm3/min 

  
0.3 V: 1.7472 mm3/min  

 

 

Figure A 42: Calculation of the water volume evolution inside the single serpentine cathode flow flied for 
different potential holds from 0.7 to 0.3 V. 
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10.3.5 Appendices: Calculation of the Water Evolution – MEA 

As fitting function, the saturation function320: 

𝑓(𝑡) = 𝑎 m1 − 𝑒"
<
So + 𝑏 

is used. 

100 mA/cm2: 0.75 mm3 200 mA/cm2: 1.46 mm3 

  
300 mA/cm2: 2.15 mm3 400 mA/cm2: 2.33 mm3 

  
500 mA/cm2: 2.23 mm3 600 mA/cm2: 2.47 mm3 
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700 mA/cm2: 2.43 mm3  

 

 

Figure A 43: Calculation of the maximal water saturation volume evolution inside the MEA of the single 
serpentine flow field fuel cell for different current holds from 100 to 700 mA/cm2. 

 

0.7 V: 1.31 mm3 0.5 V: 2.05 mm3 

  
0.3 V: 2.53 mm3  

 

 

Figure A 44: Calculation of the maximal water saturation volume evolution inside the MEA of the single 
serpentine flow field fuel cell for different potential holds from 0.7 to 0.3 V. 
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10.3.1 Appendices: Calculation of the Water Evolution – Single Serpentine 
Polymer Electrolyte Fuel Cell 

As fitting function, the linear function: 

𝑓(𝑡) = 𝑚𝑡 + 𝑦 

is used. 

100 mA/cm2: 0.1938 mm3/min 200 mA/cm2: 0.4788 mm3/min 

  
300 mA/cm2: 0.8436 mm3/min 400 mA/cm2: 1.3512 mm3/min 

  
500 mA/cm2: 1.8954 mm3/min 600 mA/cm2: 2.4522 mm3/min 
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700 mA/cm2: 2.6850 mm3/min  

 

 

Figure A 45: Calculation of the water volume evolution inside the single serpentine PEFC for different current 
holds from 100 to 700 mA/cm2. 

 

0.7 V: 0.3876 mm3/min 0.5 V: 1.5048 mm3/min 

  
0.3 V: 2.8200 mm3/min  

 

 

Figure A 46: Calculation of the water volume evolution inside the single serpentine PEFC for different potential 
holds from 0.7 to 0.3 V. 
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10.4 Appendices: 4D Bragg Edge Imaging of Directional Ice 
Templated Graphite Electrodes – X-ray Tomography 

Electrode-1 

 

 
Figure A 47: Orthogonal slices of the reconstructed X-ray tomography of the 6 mm diameter DIT graphite 
electrode1 with a lithiation state of about 33 %: The upper horizontal and lower vertical orthogonal slices show 
the inhomogeneous distribution of the active graphite and binder material. The size of the coral-pattern variates 
and air bubbles with a diameter of up to a few hundreds of micrometres are visible. 
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Electrode-2 

 

 
Figure A 48: Orthogonal slices of the reconstructed X-ray tomography of the 6 mm diameter DIT graphite 
electrode2 with a lithiation state of about 66 %: The upper horizontal and lower vertical orthogonal slices show 
the inhomogeneous distribution of the active graphite and binder material. The size of the coral-pattern variates 
and air bubbles with a diameter of up to a few hundreds of micrometres are visible. 
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Electrode-3 

 

 
Figure A 49: Orthogonal slices of the reconstructed X-ray tomography of the 6 mm diameter DIT graphite 
electrode3 with a lithiation state of about 100 %: The upper horizontal and lower vertical orthogonal slices show 
the inhomogeneous distribution of the active graphite and binder material. The size of the coral-pattern variates 
locally with the electrode density. 
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Electrode-4 

 

 
Figure A 50: Orthogonal slices of the reconstructed X-ray tomography of the 6 mm diameter DIT graphite 
electrode4 with a lithiation state of about 70 %: The upper horizontal and lower vertical orthogonal slices show 
the inhomogeneous distribution of the active graphite and binder material. The size of the coral-pattern variates 
locally with the electrode density and small air bubbles with diameters of up to a few hundreds of micrometres. 


