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Abstract 

There is a growing need for lithium-ion batteries that possess increased energy storage 

capabilities, with a simultaneous requirement for fast charging and improved rate performance. 

Thick electrodes provide proportionately more active material and thus better storage 

capabilities, while having the unavoidable characteristic of an increased diffusion length that 

adversely affects the high rate performance of an electrode. Here, the workflow of advanced 

X-ray nano-computed tomography (CT) imaging, morphological image processing techniques, 

and a coupled electrochemical model is established. This tool facilitates the digital alteration 

of realistic electrode microstructures in a rational manner and permits studies such as the one 

presented in this work where an extensive parametric study is carried out and assesses the 

influence of thickness, porosity and discharge rate on electrode performance under the theme 

of heterogeneity, a key advantage of image-based analysis. In broad terms, the model shows 

significant heterogeneities in lithium, lithium-ion, and current density distributions across the 

electrode that give rise to the significant and inextricable link between thickness, porosity and 

discharge rate. The modelling methodology presented in this work provides a foundation for 

the design of novel thick battery electrodes, and an example of such a design is presented here. 
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1. Introduction 

Design and optimisation of a lithium-ion battery (LIB) microstructure is a crucial element in 

the search for energy storage solutions with increased capacity and improved high-rate 

capabilities. This is of significant interest to myriad industries, one of which is the automotive 

sector, where fast charging of electric vehicles and improvement of range are of utmost concern 

in order to increase uptake in use, a key strategy in the reduction of global CO2 emissions. One 

particular area of interest for increased energy storage is the optimisation of electrode thickness 

where it may be possible for significant gains in capacity. A lithium-ion battery electrode is a 

highly heterogeneous composite with a microstructure that typically comprises active material 

where lithium is stored, a porous domain filled with electrolyte where lithium ions are 

transported, and a conductive additive (carbon binder domain-CBD) which permits electron 

conduction. The electrodes are usually ~80 µm or less in thickness with a high proportion of 

inactive material or CBD. If thicker electrodes are used then significant (>30%) increases in 

material loading can be achieved, see Kuang et al. [1] and discussion in Boyce et al. [2]. 

However, there are significant barriers that prevent the use of thick electrodes in conventional 

electrodes. Once the thickness of an electrode is increased, transport related limitations become 

important [3,4]; the required diffusion length for lithium ion transport extends, resulting in the 

possibility of reduced utilisation of storage materials at the extremities of the electrode, 

adjacent to the current collector. The CBD is a nanoporous foam-like structure that is 

distributed in a heterogeneous manner throughout the electrode. This multiscale structure 

presents a tortuous path that can drastically increase the diffusive length scale [5] and becomes 

even more pronounced when the electrode is thicker. In addition, thick electrodes are difficult 

to manufacture, and challenges exist on numerous fronts; it is difficult to dry them in a 

homogenous manner or without severe, detrimental cracking, while it is also challenging to 

maintain calendering process quality [2]. 
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There have been a wide variety of efforts made to alter the pore microstructure of electrodes to 

facilitate improved transport behaviour [6–11]. For example, in an effort to reduce the tortuous 

pathways for thick electrodes, Huang et al. [12] and Elango et al. [13] used directional 

templating to provide channels for improved ionic transport in graphite and LiFePO4 electrodes 

respectively, whilst Huang and Grant [14] attempted a similar methodology with coral-like 

patterns in LCO cathodes. Billaud et al. [15] used a magnetic alignment approach to orientate 

graphite particles; this yielded a threefold increase in the capacity of thick graphite electrodes 

(~200µm). Sander et al. [16] used a similar approach for aligning particles within a LiCoO2 

electrode.  

Modelling of batteries typically occurs at three different length scales, comprising the single 

particle, electrode microstructure, or the cell level. Theoretical and numerical modelling of 

such electrochemical systems may be achieved by the quasi-2D Doyle-Fuller-Newman (DFN) 

model developed by Doyle et al. [17]. Typically, such modelling involves significant levels of 

homogenisation of the underlying highly heterogeneous microstructure due to computational 

expense or the desire to optimise battery performance rapidly. The reader is pointed to the 

following articles for a comprehensive review on continuum electrochemical modelling 

[18,19], however, related to the present work, we note the following studies: Park et al. [20] 

produced a semi-empirical model in which they predicted the drop off in capacity when thick 

electrodes are discharged, particularly at higher rates; Suthar et al. [21] explored the influence 

of porosity, thickness, and discharge rate of graphite electrodes using a pseudo 2D (P2D) 

model, highlighting reduction in discharge capacity for thicker electrodes with lower porosity; 

Xu et al. [22] performed similar, but wider ranging thickness-based analysis using a 

homogenised physics based approach with idealised 2D geometry to show that significant 

under-utilisation of active materials occurs at moderate electrode thicknesses (~130 µm) whilst 

showing a reduction in rate performance; Finally Heubner et al. [23] produced a simplified and 
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homogenised theoretical model highlighting the relationship between porosity, thickness and 

discharge rate. However, 2D investigations are limited in scope due to the simplification of the 

complex 3D microstructure (and thus the heterogeneities), which are known to play a 

significant role in determining the rate performance, a topic we address in the present work. 

Image-based modelling has emerged as a powerful technique for understanding the 

microstructural behaviour of lithium-ion battery electrodes [24–31]. The technique involves 

the creation of a computational mesh that is based on imaging techniques such as X-ray CT. 

The mesh then forms the basis for a highly coupled, multiphysics simulation, and for lithium-

ion batteries this usually comprises electrochemistry and diffusive transport, as well as thermal 

and mechanical behaviour in some cases [32]. The advantage of image-based modelling is that 

the microstructure is typically fully resolved with minimal homogenisation of the underlying 

physical equations. Hence, it is possible to capture a wide range of heterogeneities in 

microstructure morphology and the resulting influence on electrode performance, e.g. particle 

shape, carbon binder distributions, amongst others, see Muller et al. [33] for example. Recent 

studies, such as those by Lu et al. [34,35] and Ferraro et al. [36] have highlighted how these 

methods can be used to aid in the design of improved lithium-ion battery electrodes. For 

example, Lu et al. [34] showed that designing electrodes with gradients in particle size results 

in improved energy storage capabilities. Furthermore, Kremer et al. [27] explored the influence 

of drying temperature during thick electrode manufacture and used image-based models to 

compare against experiment. Danner et al. [29] used binary image-based models (particle and 

pore) with artificially introduced carbon binder to assess the difference in a 70 µm and 320 µm 

electrode and showed that the thicker electrode had reduced specific energy storage capabilities 

due to reduced porosity. Image-based models have not, however, been used to explore the 

relationship between electrode porosity and thickness in a comprehensive manner. The use of 

image processing techniques such as morphological operations and an image-based model 
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framework for this purpose also permits detailed insight into the local heterogeneities that occur 

within a LIB. 

Here, we present a systematic and comprehensive parametric study in which we 

computationally alter the porosity of a 3D X-ray CT, image-based electrode microstructure 

using morphological operations, while simultaneously altering the electrode thickness via 

image mirroring. The resulting microstructures form the basis for a coupled physics-based 

electrochemical and species transport model. The model allows us to establish a relationship 

between rate, porosity, and thickness, while also providing a deeper insight into the underlying 

microstructural behaviour when these parameters are adjusted. We present a platform which 

facilitates a deeper understanding of thick electrode behaviour and provides a tool enabling the 

design of next generation electrodes with higher capacity and improved transport 

characteristics. 
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Fig. 1. (a) A sample slice from an X-ray nano-CT scan with particles (white), CBD (grey) and 

pores (black). (b) Segmented and model geometry of the base sample where H=40 µm. (c) An 

example of a computationally mirrored sample where the electrode thickness is 160 µm. The 

macro-porosity is 20% in (b) and (c), and B=W=30 µm, and tcc= tsep=15 µm in all cases. 
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2. Experimental and numerical methods 

2.1 Materials 

A calendered LiNi0.6Mn0.2Co0.2O2 (NMC 622) cathode (AGM Batteries Ltd, UK) with a mass 

loading of 130 g m-2 was used in this study. The weight ratio of the constituents is 94.5:3:2.5 

for the active material (BASF, Germany), conductive carbon (C65, KS6L 2:1) and binder 

(PVDF, Solref), respectively. 

2.2 Image acquisition 

The sample to be scanned was cut into a 1 mm disk from the electrode sheet and glued onto 

the tip of a pin using an epoxy adhesive. The diameter was further reduced to approx. 75 μm 

by laser milling to ensure sufficient X-ray transmission and signal-to-noise ratio [37]. A Zeiss 

Xradia Ultra 810 X-ray macroscope [38] (Carl Zeiss, CA, USA) with a quasi-monochromatic 

parallel beam (5.4 keV) was used to collect 1201 radiographic projections (exposure time 60 

seconds/frame) at the voxel size of 126 nm over the sample rotation of  180º.  A standard 

filtered back-projection algorithm [39] was used to reconstruct the 3D volume of the electrode 

from the acquired projections. 

2.3 Image processing 

The raw CT image was processed using Avizo software (Avizo, Thermo Fisher Scientific, 

Waltham, Massachusetts, U.S.). A non-local means filter was applied to the carbon binder 

phase to provide a smoother domain for meshing. A volume of interest with initial electrode 

thickness of 40 µm and a cross section of 30 µm x 30 µm was considered. Note that the carbon 

binder phase contains internal nano-porosity that is difficult to resolve and is thus accounted 

for by using an effective medium approximation, hence the smoothing has no influence on 

simulation results. A virtual slice from the 3D tomogram of the processed image can be seen 

in Fig. 1a. The watershed algorithm was used to segment the raw image into three phases (i.e. 
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macro-pore, CBD, and particles) using Avizo. The segmentation process yielded a ternary 

electrode image with the following volume fractions: 52.8% Particle, 34.4% macro-pore, and 

12.8% carbon binder. 

Morphological operations were used to manipulate the macro-porosity of the as-prepared 

microstructures. This was carried out using Simpleware ScaniP (Mountain View, California, 

U.S). A series of erosion and dilation operations were performed in which an erosion operation 

removed a given number of voxels from a target phase, while conversely, a dilation operation 

expanded the phase. The overall shape of the manipulated region is usually dictated by the 

structuring element and in this case a spherical element was used. In essence, the operations 

manipulate the voxels of a given phase by shrinking the phase at the boundary with the adjacent 

phases. The macro-porosity was altered by manipulating the carbon binder phase and the 

macro-pore phase only; for example, to reduce the porosity, the pore phase was removed using 

an erosion operation and then the empty voxels were replaced with CBD phase. The active 

material particles were not manipulated and a constant mass loading was maintained across the 

entire study. A detailed description of morphological operations and algorithms may be found 

here [40,41]. 

2.4 Finite element implementation 

Simpleware ScaniP was used to mesh the segmented images, giving approximately 3.6-21 

million linear tetrahedral elements, with 11.6-20 million degrees of freedom, depending on 

electrode thickness. The model framework and parameters, as outlined in Boyce et al. [32], 

were implemented in the finite element software COMSOL Multiphysics (v5.6, Sweden) using 

a 3D tomography-based mesh. We include a summary of the model framework and material 

parameters in Supplementary Information. Note that we neglect any mechanical and phase field 

terms, which were described in [32]. The Parallel Direct Sparse Solver (PARDISO) was used 
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to solve the discretised transport and electrode kinetics equations. A segregated approach was 

taken which involved solving the coupled field variables in a sequential, staggered way [42]. 

Time stepping was handled using 2nd order backward Euler differentiation. 

2.5 Simulation details 

A parametric study was carried out in which the thickness, porosity, and discharge rate of an 

image-based electrode model were all varied. A 40 µm electrode was chosen as the base 

thickness (see Fig. 1b), and then computational mirroring was used to replicate the 

microstructure to thicknesses of 80 µm, 160 µm, and 320 µm (see Fig. 1c). The 40 μm electrode 

was chosen to be representative of a typical commercial electrode. The thicknesses thereafter 

were chosen to assist in understanding the relationship between thickness, porosity and 

discharge rate, and exploring the microstructural design space. The as-manufactured macro-

porosity was 35% and this served as the base specimen. The macro-porosity was subsequently 

altered to 20%, 25%, 30% and 40% using morphological operations, as described previously. 

All electrodes, with the exception of the 320 µm image, were discharged at 0.1C, 1C, 2.5C, 

and 5C. Due to significant computational expense, the 320 µm electrode was discharged at 1C 

and 5C only for a single macro-porosity of 25%. 

3. Results and discussion 

In broad terms, the electrochemical performance has been found to be strongly affected by 

electrode thickness, porosity, and discharge rate. This is illustrated in Fig. 2a and b, which 

shows the half-cell voltage versus capacity response due to change in macro-porosity and 

thickness. There is a clear increase in 1C discharge capacity when the porosity of a thick 

electrode is increased (Fig. 2a), whilst we observe a severe reduction in capacity when the 

thickness of an electrode is increased from 40 µm to 320 µm (Fig. 2b). Furthermore Fig. 2c 

summarises the results of the parametric study, illustrating the complex relationship between 
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electrode thickness, porosity and discharge rate, a matter which will be discussed in more detail 

in the ensuing sections. In addition, we have carried out electrochemical testing of the 40 μm, 

35% macro-porosity base electrode and compared with the simulated response; further details 

can be found in the SI. 

 

Fig. 2. (a) Discharge response of an electrode with varying macro-porosity, a fixed thickness 

of 160 µm and discharge rate of 1C. (b) Discharge response of an electrode with varying 

thickness, fixed macro-porosity of 25% and discharge rate of 1C. (c) Specific capacity as a 

function of macro-porosity for a variety of electrode thicknesses and discharge rates. 

3.1 Electrode thickness considerations 

Once the thickness of the electrode is increased we observe severe reductions in discharge 

capacity, see Fig. 2c, which can be attributed to the associated increase in diffusion length. In 

addition, this is further exacerbated by the tortuous path that the lithium ions take through the 

macrostructure during discharge. We may interpret this behaviour through the state of 

lithiation, lithium ion distributions, and charge transfer current profiles for electrodes of 
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varying thickness at discharge rates of 5C, as shown in Fig. 3. We observe particle-level 

gradients in lithium concentration irrespective of the electrode thickness, which is attributed to 

the slow diffusion of lithium in NMC particles, where the steepest gradients occur in larger 

particles. At the electrode-level we show that the highest concentration levels exist in the near-

separator region which is to be expected given that the highest lithium-ion concentrations exist 

here. Subsequently, at points further into the electrode, we see lower states of lithiation and in 

general we observe steep gradients in lithium concentration. If the electrode thickness is 

increased then so is the diffusion length, and this is confirmed in our model by the increasing 

severity in concentration gradients across the electrode.  

These trends are quantified in further detail in Fig. 4a where we observe significant 

heterogeneity in the state of lithiation at the centre of the particles across the electrode for a 40 

µm and 80 µm electrode at 100% degree of discharge (5C discharge, 25% macro-porosity). In 

Fig. 4b, the electrolyte concentration is measured in 10 × 10 grids of equally-spaced discrete 

points at slices throughout the thickness of the same 40 µm and 80 µm electrodes. Note that 

some of the points overlap with particles and were thus excluded from analysis. We show that 

there is a very low presence of lithium ions in the regions near the current collector and 

throughout much of the electrode in general, which explains the poor lithiation characteristics. 

A high level of lithium-ion concentration is observed in the separator region that builds up due 

to the rapid discharge rate (5C), i.e. lithium-ion flux, and thereafter a steep gradient and drop 

off in concentration at a normalised distance of 0.6-0.8 from the current collector. This gradient 

can be attributed to sluggish diffusion in the electrolyte and demonstrates the limiting effect of 

utilising a thicker electrode microstructure. Another significant highlight here is the wide 

variation in electrolyte concentration across a single slice of cross-section. For example, if we 

take a slice at the fractional distance of 0.8 from the current collector for an 80 µm electrode 

in Fig. 4b, we can see that the maximum electrolyte concentration is 4.7 times that of the 
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minimum concentration. For the 40 µm electrode this factor reduces to 1.6. Multiple 

conclusions can be drawn here: first, significant heterogeneity exists within the electrode, 

which we attribute to the complex tortuous microstructure; second, this will naturally lead to 

heterogeneity in the exchange current density and thus electrochemical reactions (see Fig. 3), 

resulting in uneven lithiation. In addition, the variation in particle size will lead to further 

heterogeneity; small particles will lithiate much faster and in a more uniform manner than 

larger particles, as described previously, giving lower surface concentrations. In summary, it 

is clear that the degree of microstructure-induced heterogeneity in electrolyte concentration is 

inextricably linked with other factors such as the electrode thickness and thus the ability to 

diffuse into the remainder of the microstructure. 

If we now consider the exchange current density in more detail (Fig 3.), then we can see that 

higher levels of current density are present in narrow bands within thicker electrodes. This 

implies that charge transfer reactions are occurring at very high rates in a very heterogeneous 

fashion giving larger cell resistance and under-utilisation of active material. This is confirmed 

by the trends of Fig. 2c. In contrast, the thin electrodes possess a reasonably homogenous and 

generally lower current density within the electrode, indicating improved active material 

utilisation and hence a higher capacity.  

Furthermore, we can see that the most severe reduction in capacity occurs as thicker electrodes, 

e.g, 80 µm, 160 µm and by extension 320 µm (not shown), are discharged at high rates, see the 

corresponding curves for the 2.5C and 5C discharges in Fig. 2c. There exists a balance between 

the reaction kinetics, solid-state diffusion within the particles, and the transport of charge 

carriers within the electrolyte. When the charge transfer reactions at the particle-electrolyte 

interface are occurring at a high rate (as is the case for a 5C discharge), then there is insufficient 

time for the lithium ions to diffuse into the depths of the electrode, away from the separator. 
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This results in a significant increase in overall cell resistance and under-utilisation of the active 

materials, resulting in lower capacity. 
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Fig. 3. State of lithiation, Li+ concentration, and exchange current density profiles at 100% 

degree of discharge for electrodes of varying thickness with 25% macro-porosity. All 

electrodes were discharged at 5C. 

 

Fig. 4. (a) State of lithiation at the centre of all particles as a function of fractional distance 

from the current collector in the z-direction and (b) Li+ concentration calculated at discrete 10 

× 10 grids in the x-y plane as a function as a function of fractional distance from the current 

collector in the z-direction for 40 µm and 80 µm electrodes with 25% macro-porosity. All 

electrodes were discharged at 5C. Both (a) and (b) are shown at 100% degree of discharge. 

 

3.2 Porosity-related considerations 

Consider the particle lithium and electrolyte lithium-ion concentrations in Fig. 5. As with 

section 3.1, we also provide more detailed quantification of the state of lithiation in the centre 

of the particles and electrolyte concentrations at discrete 10 x 10 grid points across the thickness 

of the electrode in Fig. 6a and b. We show the influence of average microstructural porosity 

and it is clear that as macro-porosity increases the diffusion within the particles and electrolyte 

becomes more homogeneous, which promotes higher utilisation of active material. As porosity 

decreases the path becomes increasingly tortuous providing a longer effective path for species 

diffusion, see Tjaden et al. [43] or Lu et al. [34]. In addition, we note that increased porosity 

provides larger areas of exposed active particle surface, with an approximate linear relationship 

between the two; for example, the exposed volume specific surface area (VSSA) for 20% 

macro-porosity is 0.19 µm-1, whilst for 40% macro-porosity the VSSA is 0.69 µm-1. This 

facilitates more efficient use of the active materials and results in higher homogeneity in 
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lithium concentrations within the particles, as seen in Fig. 5 and 6a. Despite the complete 

lithiation of active material for a 40% macroporous electrode in Fig. 6a, there exists a 

corresponding small gradient in lithium-ion concentration in Fig. 6b. This can be attributed to 

the excess build-up of lithium-ions in the separator region of the electrode where particles have 

undergone full lithiation prior to the regions close to the separator; there are no reactions and 

thus no depletion of lithium-ions for a portion of the discharge. In addition, at 1C discharge for 

a thick electrode (160 µm), there remains the aforementioned sluggish diffusion behaviour that 

also creates such a gradient. There are downsides to increasing the porosity, such as poorer 

structural integrity and reduced electron transport capabilities due to the absence of CBD. The 

former is beyond the scope of this work whilst the latter appears to have little influence in the 

present study, which is a matter for future work. 
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Fig. 5. State of lithiation and Li+ concentration profiles at 100% degree of discharge for 160 

µm electrodes of varying macro-porosity. All electrodes were discharged at 1C. 
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Fig. 6. (a) State of lithiation at the centre of all particles as a function of fractional distance 

from the current collector in the z-direction and (b) Li+ concentration calculated at discrete 10 

× 10 grids in the x-y plane as a function as a function of fractional distance from the current 

collector in the z-direction for 160 µm electrodes with 20% and 40% macro-porosity. All 

electrodes were discharged at 1C. Both (a) and (b) are shown at 100% degree of discharge. 

3.3 Linking electrode porosity and thickness via discharge rate performance 

Fig. 2c illustrates the impact that discharge rate has on electrode performance. It is clear that a 

severe reduction in electrode capacity occurs at high rate such as the 2.5C and 5C discharges. 

Furthermore, in Fig. 2c we observe that an upper limit on half-cell capacity exists which is 

dictated by discharge rate and independent of electrode thickness. These results are 

qualitatively in line with those of the simplified theoretical model of Heubner et al. [23]. We 

note that at lower macro-porosities the electrodes do not reach this upper limit, the capacity is 

limited by the tortuous diffusion path (which increases when the porosity is reduced) and the 

electrode thickness, i.e. the overall diffusion length, as described above. 

If we now consider the electrode thickness, and in particular the cases of 160 µm and 320 µm 

thicknesses, we observe that even moderate discharge rates such as 1C result in very poor 

performance in terms of capacity. This exemplifies the issues associated with thick electrodes 

and the challenges they present in terms of real-world application in lithium-ion batteries; 

numerous approaches have been proposed for tailored pore architectures and functional grading 

to address this, and the basis for microstrucutral opimisation will be considered in the next 

section. 
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3.4 An example of thick electrodes with improved rate capabilities 

Herein we present an example of rational thick electrode design through image-based 

modelling that addresses the previous issues and challenges as discussed. While there are 

myriad strategies for microsturcture engineering, we present this single, illustrative example as 

a demonstration of the tools outlined in this study and their utlilisation for electrode pore 

engineering, i.e. X-ray CT imaging combined with image proceessing and physics-based 

modelling. 

A 160 µm electrode with 25% average macro-porosity is altered such that the half of the 

electrode adjacent to the separator is prescribed a 30% macro-porosity using morphological 

operations, while the other half on the current collector side is altered to give 20% macro-

porosity; an average of 25% macro-porosity is thus maintained across the electrode. This 

strategy promotes improved diffusion of lithium ions further into the depths of the electrode. 

Such a design, when compared to the original electrode, shows improvement in discharge 

capacity at both 1C (7.5% increase) and 5C discharge (54% increase), see Fig 7a. The graded 

electrode attains greater material utilisation as seen in Fig 7b; this is achieved due to improved 

diffusion through the microstructure via higher levels of porosity at the separator interface 

adjacent to the bulk electrolyte. This example demonstrates that morphological operations and 

image-based simulations can be used to explore a design space for improving the energy 

storage and rate capabilities of thick electrodes, a matter for further work. In practice such 

gradations might be achieved by multi-pass printing or spray deposition approaches [44,45].  
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Fig. 7. (a) Comparison of the specific capacity of a graded electrode with 25% average 

macro-porosity versus the original simulations as shown in Fig. 2c for a 160 µm electrode 

discharged at 1C and 5C (b) State of lithiation at the centre of all particles as a function of 

fractional distance from the current collector in the z-direction for the original and graded 

electrodes with 160µm thickness and 25% macro-porosity at 100% degree of discharge. The 

electrode was discharged at 1C.  

Conclusion 

This study has provided new insight into the relationship between electrode thickness and 

porosity for lithium-ion batteries whilst also considering the impact of rate of discharge. We 

observe that the three parameters hold significant influence over the final capacity of the 

electrode. In particular we have seen that thick electrodes are severely limited by electrode 

microstructure due to species transport. An image-based approach to electrochemical 

modelling has highlighted the capability of capturing the significant heterogeneity that occurs 

within an electrode, which represents a step beyond the traditional homogenised models. Given 

the demonstrated ability to alter electrode microstructure via morphological operations and 

artificial mirroring, it is clear that image-based modelling exists as a tool to develop insight 

into electrode behaviour whilst also enabling design of improved realistic microstructures. A 

design tool which will find great use during design of thick electrodes. Further expansion of 

this work might consider realistic testing protocols such as pulsing and cycling. Experimental 

validation of the state of lithiation and electrolyte concentration profiles, in addition to the 

cycling response, will facilitate further understanding of the electrode microstructural design 

space. 
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