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Abstract 

Efficient energy storage is the key to faciltating the widespread use of portable 

electronics, electric and hybrid vehicles, and residential energy storage. Recently, 

technologies such as Li-ion, Na-ion and Zn-air batteries have been identified as 

suitable solutions for energy storage devices. Li-ion and Na-ion -based systems have 

the capability to provide high gravimetric and volumetric energy densities together 

with the ability to supply energy for demanding, high-power applications. Zn-air 

batteries combine the best aspects of fuel-cell and a conventional redox battery in a 

single package, providing high volumetric energy density, improved safety aspects, 

ease of transportation,  and the ability to work in an open-system under atmospheric 

conditions. However, existing synthesis methods may not be optimal for industrial 

applications, where a continuous, scaleable, environmentally-friendly, and consistent 

approach is desirable. To meet such requirements, Continuous Hydrothermal Flow 

Synthesis (CHFS) provides a suitable approach that allows for the scaleable production 

of nanomaterials, such as metal oxides, sulfides, or composite materials, with high 

physical consistency and narrow size distributions. Moreover, CHFS is particularly 

suited for combinatorial studies on the effects of dopant introduction and 

compositional variation on compounds of interest, as the output formulaic composition 

can be finely-tuned through control over the precursor concentration and flow rates. In 

this study, CHFS has been utilized to produce phase-pure nanostructured electrode 

materials for the first time. In Li-ion and Na-ion half-cells, nanostructured sodium 

titanate and cobalt nickel sulfide were investigated as an insertion and conversion 

anode materials, respectively. The high surface area sodium titanates exhibited 

additional pseudocapacitive charge storage mechanisms the became more pronounced 

in Na-ion half-cells. For the cobalt nickel sulfides, in-situ carbon-coating and post-

synthesis heat-treatments were shown to increase cycling stability and specific 

capacity of the anode material, with the former introducing pseudocapacitive charge 

storage mechanisms and aiding in buffering destructive volume change, while the 

latter aiding in the evolution of structurally stable monometallic phases capable of 

synergistic interactions with bimetallic sulfide components. Cobalt nickel sulfides 

were also evaluated as bifunctional electrocatalysts and as air-cathodes for Zn-air 

batteries, where their performance was optimized by altering their formulaic 
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composition through varying the proportion of its metallic precursors, and the 

introduction of tertiary transition-metal dopants.  The improved performance was 

attributed to the high surface area, the favourable tuning of existing nickel and cobalt 

cation ratios, and the inherent activity of the dopant cations themselves. 
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Impact Statement 

Climate change has become one of the most significant issues of our time. The burning 

of fossil fuels leading to green house emissions has been linked to extreme weather 

patterns, migrational challenges, food insecurity, rising temperatures, and increasing 

sea levels. These challenges have sparked investments in renewable, sustainable 

energy. However, as renewable energy sources are typically intermittent in nature, the 

development of sustainable, high-energy and high-power energy storage devices has 

grown in importance. 

This study focuses on the generation and evaluation of nanosized electrode materials  

for energy storage devices made via a green and scalable method. The electrodes 

studied covered applications as negative electrodes in Li-ion and Na-ion batteries, 

bifunctional oxygen electrocatalysts, and as air-cathodes in Zn-air batteries. By 

encompassing the whole synthesis process, physical and electrochemical 

characterisation, and demonstrating approaches to improve upon existing materials, 

this study paves the way for future research in the field of electrochemical energy 

storage materials. 

The findings in this study have shown the potential of a green and scalable continuous 

hydrothermal flow synthesis (CHFS) process for producing negative electrode 

materials for LIBs and NIBs, bifunctional oxygen electrocatalysts for RDE systems, 

and air-cathodes in Zn-air batteries. I presented parts of my work in both Europe, 

Singapore, and South Korea. Within the UK, I presented my work at the 4th Energy 

Materials Symposium at the University of Bath. In Singapore, I presented my work at 

the 2018 Asia Pacific Conference on Energy Storage and Conversion at NTU. Finally, 

I also presented my work at the 2019 Collaborative Conference on Materials Research 

2019, South Korea. Parts of this study have already been published peer-reviewed 

journals. 
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1. Introduction  

 

Growing awareness of the negative effects of climate change and its relationship to 

tradtional fossil fuels, has led to interest in renewable energy sources as efficient and 

sustainable alternatives (Figure 1-1). At the grid-level, the decreasing cost of solar, 

wind, and hydroelectric power has resulted in their incresed uptake by consumers.[1] 

However, the intermittent nature of renewable energy, often constrained by factors 

such as the time of day or the local climate, makes it undesirable for sustained large-

scale use.  Furthermore, the variable shift in peak energy demand over time requires 

that large amounts of energy be made readily available at high current densities. To 

meet this demand, localized grid-scale storage solutions involving smart technologies, 

have been developed. Industrially, such solutions are required to be fast, cheap, 

environmentally friendy, safe and scalable.[2] In terms of performance, these energy 

storage solutions are evaluated with on their performance at various current rates, their 

stable lifetimes, and their gravimetric or volumetric energy densities. 
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Figure 1-1. Trends in world energy consumption over time, separateed by energy 

source. Used with permission from  [https://ourworldindata.org/energy-mix] 

Broadly speaking,  existing energy storage solutions either store electrical energy 

directly, or convert it into an alternative form.[3] Direct energy storage solutions are 

best exemplified in electrochemical double layer capacitors, where charge is 

physically separated into two oppositely-charged plates during storage, and a current 

is generated when these charges are allowed to recombine. This is suitable for high-

power applications, as the rate of charge transferred is high, with little kinetic 

hindrances involved. In contrast, methods reliant on conversion store electrical energy 

as chemical, kinetic, or potential energy. An example is a lithium-ion battery, which 

can store charge in electrodes through either ionic intercalation, alloying, or 

conversion reactions. Batteries are typically limited by kinetic limitations, but are 

capable of supplying charge at a constant rate for a significantly longer period of time 

than capacitors, owing to their higher energy densities and coulombic efficiency.[4] 

Since the 1990s, lithium-ion batteries have been the focus of energy storage research 

and production as the most capable energy source for consumer electronics owing to 

their high specific energy densities of, currently, up to 265 Wh kg-1 for current 

commercial LIBs.[5] However, with the rising cost of lithium and its uneven 

distribution leading to both economic and geopolitical concerns, research interest has 
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increased in alternative systems possessing similar electrochemistry.[6] Of these, 

sodium-ion batteries have shown the most promise as an alternative to LIBs for energy 

storage applications. While the larger size of the sodium ion versus lithium (at 1.02 Å 

vs. 0.76 Å, respectively) means an inherently lower energy density is observed, the 

low-cost and wide abundance of sodium salts means significantly cheaper energy 

storage systems can be produced, particularly for grid-storage applications.[7, 8]  

 

Figure 1-2. Gravimetric Energy densities of various secondary energy storage 

systems.Reprinted with permission under a Creative Commons License from [9]. 

With the commercial success of Li-ion batteries, research has also accelerated into 

alkaline Li-air batteries, which boast high energy densities and increased cycle life 

(typically > 3000 cycles).[10] However, their toxicity, flammability, and cost make 

them undesirable for grid-storage applications.  While various other metals have also 

been explored, Zn-air batteries have been found to exhibit similar volumetric energy 

densities to their lithium counterparts, while addressing their most serious 

shortcomings. Zinc-air have been in commercial use since the 1930s, with early 

commercial examples existing in medical hearing aids and early telecommunication 

pagers.[11] 

Environmental and economic concerns over the increasing demand for energy have 

led to the development of sustainable smart grid energy storage devices for solar and 

wind energy harvesting sources, which are  important in coping with peak energy 
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supply and demand issues. While there are multiple existing methods of nano-material 

synthesis, most do not meet the industry requirements of being rapid, cheap, 

environmentally friendly, safe, and scalable. The electrode materials presented in this 

report were all synthesized on the continuous hydrothermal flow reactor, and are 

completely scalable for commercial applications, while featuring similar or superior 

performance compared to the reported materials in literature. The synthesized 

materials show very high surface area, which make them excellent high power 

materials and overall promising candidates for applications where high power and long 

cycle life are essential, such as smart grids.[12] 

1.1 Principles of Electrochemical Energy Storage 

Energy is a measure of the ability of a system to perform work. Electrochemical energy 

storage devices store this via either physical or chemical mechanisms. For such devices, 

the Gibbs energy ∆𝐺 [𝐽 𝑚𝑜𝑙−1]  of a cell reaction determines if the battery reaction is 

spontaneous (where ∆𝐺 < 0  ) or non-spontaneous (where ∆𝐺 > 0  ), but also 

represents the available energy of the system to perform work. Equation 1.1 below 

illustrates how  ∆𝐺 is the product of the potential difference ∆𝐸 , the Faraday 

constant 𝐹 (𝐹 = 96485
𝐶

𝑚𝑜𝑙
) and the numbers of transferred electrons per reaction. 

 ∆G = −nF∆E (1.1) 

From Equation 1.1 above, we observe how the magnitude of the potential difference 

directly affects the Gibbs free energy of a device, where a high potential difference 

implying a high amount of energy to perform work. Alternatively, the Gibbs free 

energy ∆𝐺 of a reaction can also be expressed in relation to component activity and 

temperature, per Equation 1.2 below: 

 ∆𝐺  = ∆𝐺0 + 𝑅𝑇 𝑙𝑛 (
𝑎𝑝

𝑎𝑅
) 

(1.2) 

Where ∆𝐺0  is the maximum work under standard conditions, 𝑅 is the gas constant 

(𝑅 = 8.3145
𝐽

𝑚𝑜𝑙 𝐾
), 𝑇  the temperature, 𝑎𝑝 the activity of the products and 𝑎𝑅  the 

activity of the reactants.  



28 
 

By combining Equation 1.1 & Equation 1.2, we obtain Equation 1.3 below, which is 

also known as the Nernst equation.  

 −𝑛𝐹∆𝐸 = ∆𝐺0 + 𝑅𝑇 𝑙𝑛 (
𝑎𝑝

𝑎𝑅
) 

(1.3) 

 
∆𝐸 =

−∆𝐺0

𝑛𝐹
−

𝑅𝑇

𝑛𝐹
 𝑙𝑛 (

𝑎𝑝

𝑎𝑅
) 

(1.4) 

Note that from Equation 1.1, we define can establish that the standard potential 𝐸0 be 

given by: 

 
𝐸0 =  

−∆𝐺0

𝑛𝐹
 

(1.5) 

 

Considering the standard potential 𝐸0, the potential E can be written as a function of the 

activities of product and reactant: 

 
𝐸 = 𝐸0 −

𝑅𝑇

𝑛𝐹
 𝑙𝑛(

𝑎𝑝

𝑎𝑅
) 

(1.6) 

 

The Nernst equation allows the calculation of the potential 𝐸 [𝑉] of each half-reaction 

at different conditions. More intuitively, it describes the influence of chemical and 

electrochemical potentials on the Gibbs Free Energy. While potentials are always 

relative values, the standard potential 𝐸0 , or the potential of the material against a 

standard hydrogen electrode (S.H.E), can be found tabulated in literature. However, 

the reference is often the alkali-ion system used as a counter electrode for battery 

applications, such as lithium or sodium. Assuming that the potentials of the cathode 

and anode are known, the overall theoretical cell potential can be calculated as the 

potential difference between the two electrodes. 
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 ∆𝐸 = 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝐸𝑎𝑛𝑜𝑑𝑒 (1.7) 

The practical voltage of a cell differs from that of the theoretical value due to the 

presence of overpotentials and non-equilibrium conditions. Within the context of 

evaluating electrochemical energy storage solutons, several definitions of voltage are 

also commonly used, and are hence defined below for clarity. 

Table 1-1. Various definitions of voltage used within this thesis. 
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Theoretical / Open Circuit Voltage 

(OCV) / Working Voltage 

The maximum potential between two 

electrodes when no current is flowing 

through the cell, also known as the 

equilibrium potential (Eq. 1.4) 

Theoretically, a cell with a voltage above 

this would result in charge, and a voltage 

below this would result in discharge 

being observed.  

 

Discharge Voltage  The lower end or cut-off voltage is 

designated as the end of the discharge. 

Usually it is the voltage above which 

most of the capacity of the cell or battery 

has been delivered, and below which 

damage to cell components may occur. 

The end voltage may also be dependent 

on the application requirements. 

Charge Voltage  The upper end or cut-off voltage 

designated as the end of charge. Beyond 

this point, damage to cell components 

may occur. The end voltage may also be 

dependent on the application 

requirements. 

 

The theoretical specific capacity 𝑄𝑡ℎ [
𝑚𝐴ℎ

𝑔
]  , defined in Equation 1.8 below, is 

measured for  both the anode and cathode materials. It follows that an electrode 

material with high specific capacity results from low molar mass 𝑀 being combined 

with a reaction featuring multi-electron transfer. 
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𝑄𝑡ℎ =

𝑧𝐹

𝑀
 

(1.8) 

Finally, the theoretical specific energy 𝑊 [
𝑊ℎ

𝑘𝑔
], defined in Equation 1.9 below, is the 

product of the cell potential ∆𝐸  (Equation 1.4) and the theoretical specific capacity 

𝑄𝑡ℎ (Equation 1.8). From the equation, it is clear that in order to maximize energy 

densities, the material must not only have excellent theoretical capacity, but also be 

active and stable over a wide potential window [∆𝐸 𝑚𝑖𝑛: ∆𝐸𝑚𝑎𝑥 ] in a cell– that is,  the 

resulting cell should possess a high charge voltage and a low discharge voltage.[13]  

 
𝑊 =  ∫  ∆𝐸 𝑑𝑞

𝑄𝑡ℎ

𝑞=0

= 𝑄𝑡ℎ ∆𝐸𝑎𝑣𝑒𝑟𝑎𝑔𝑒

= 𝑄𝑡ℎ ∆𝑉 

(1.9) 

Besides energy, many applications require consideration  of the specific power of a 

cell,  or the maximum energy a device can store or release within very short time period, 



32 
 

or the rate of energy release. The equation for specific power is shown below in 

Equation 1.10.  

 
𝑃 = 𝛥𝑉 𝑥 

𝐼

𝑚
 

(1.10) 

 

where ∆𝑉 is the average cell voltage, I the current, and m the mass of both electrodes 

in a full cell (in kilograms).  

We can take the definition of the voltage of the cell, as shown in Equation 1.4, and 

further express its open circuit voltage in terms of the electrochemical potentials of the 

anode  (μa)  and the cathode (μc),[14] as  shown in Equation 1.11 below: 

 𝑉𝑂𝐶=𝜇a−𝜇𝑐 (1.11) 

 

Consequently, it is necessary to ensure that suitable pairs of anodes and cathodes are 

used to maximize the potential difference, which in turn maximizes the energy density, 

in accordance with Equation 6. The cathode-anode pairing is also limited by the 
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voltage stability window of the electrolyte, shown in the energy level diagram below 

(Figure 1.3). 

 

Figure 1-3. The voltage stability window of an electrolyte, Eg, in terms of the energy 

of its LUMO (and HOMO) orbitals. 𝜇𝑐 refers to the electrochemical potential of the 

cathode, 𝜇𝑎the electrochemical potential of the anode, and 𝑉𝑂𝐶 the open circuit voltage 

of the cell (or the potential difference between the two electrodes). Notice how 𝑉𝑂𝐶, 

𝜇𝑐, and 𝜇𝑎remain within the voltage stability window. 

The energy difference Eg is measured between the highest occupied molecular orbital 

(HOMO), and the lowest unoccupied molecular orbital of the cell,and represents the 

electrochemical stability window of the electrolyte system. To ensure the 

thermodynamic stability of the system, both µa and µc should lie within the Eg 

window.[14, 15] Otherwise, reduction or oxidation reactions of the electrolyte would 

occur preferentially to that of the electrodes. Specifically,  if µa is higher than the 

LUMO of the electrolyte, the electrolyte will be reduced during  discharge. Similarly, 

if the energy of µc is lower than the HOMO of the electrolyte, the electrolyte will be 

oxidised during charge.  This is one of the primary drawbacks of using aqueous 

electrolytes, which typically exhibit a maximum cell voltage of 1.3 V, with hydrogen 
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and oxygen evolution reactions occurring as the reduction and oxidation reactions, 

respectively. This constraint spurred on the development of non-aqueous electrolytes 

such as those observed in lithium-ion batteries, with LiPF6 based organic electrolytes 

exhibiting a voltage range tolerance in excess of 3 V.[16] 

 

However, should µa be only only slightly higher in energy than the LUMO (or µc 

slightly lower in energy than the HOMO) a passivation layer known as the solid 

electrolyte interphase (SEI) may be formed between at the electrode/electrolyte 

interphase through limited oxidation or reduction of the electrolyte. [17, 18]  A more 

detailed discussion on the SEI layer is presented in Section 1.2.2.2.  

 

1.2 Electrochemical Storage Devices 

Electrochemical storage devices cover a range of different applications requiring 

differring levels of power and energy densities. Ideally, a device would not only 

provide high specific power and energy, but also long cycle life, while simultaneously 

being safe and environmentally friendly to manufacture at a relatively low cost. 

In general, electrochemical energy storage devices can be divided into four main 

categories (Figure 1-4). Capacitors and electrochemical capacitors are capable of 

storing charge physically and are suitable for high-power applications, with high cycle 

lives of up to 1,000,000 cycles.[19] Batteries deliver energy over longer periods of 

time at varying power densities, and feature cycle lives of up to 10,000 cycles. On the 

other hand, fuel cells are low-power energy conversion devices designed to deliver 

energy continuously, depending only on a constant source of hydrogen fuel and 

oxygen.[4] From the examples given, we can observe that specific power and specific 

energy are often inversely related. Reaching higher specific power and specific energy 

densities while maintaining acceptalble life has led to research of hybrid capacitors, 

which featuring components of batteries and electrochemical capacitors together in a 

single cell. 
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Figure 1-4: Specific power versus specific energy for different energy storage devices 

(modified and taken from [13, 20] with permission). (*) Herein, electrochemical 

capacitors refer to EDLCs and pseudocapacitors. 

What follows will be an overview of the specific principles and design of the energy 

storage systems investigated in this thesis. 

 

1.3 Alkali-ion Batteries 

Alkali-ion batteries are a family of secondary batteries that utilize the reactions 

between  mobile alkali-metal cations (belonging to Group 1 or 2) with a cathode 

(positive electrode) and an anode (negative electrode) through an organic electrolytes 

within a sealed cell to generate a current. They have rapidly become one of the most 

popuar energy storage devices for portable electronics, electric vehicles, and large 

scale grid storage applications, due to their high energy density, high working voltages, 

thermal stability, low self-discharge rate, rechargeability, and suitability for high 

power applications.[21] 

Amongst the various alkali-ion systems investigated as secondary batteries, lithium, 

sodium, and magnesium have the most promise, although potassium and calcum-ion 
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batteries have also been studied.[22-26] In this section, the structure, operation, and 

electrodes for lithium-ion (LIB) and sodium-ion batteries (NIB) is discussed. 

1.3.1  Li-ion Batteries  

Lithium is a group 1 element and the smallest metal in the periodic table, with a small 

ionic radius of 0.76 Å.[8] Lithium is also the third lightest element, allowing Li-ion 

cells to access high gravimetric capacity. Perhaps most importantly, the Li/Li+ redox 

couple is located at a very negative potential, giving rise to a large cell voltage when 

partnered with a suitable transition metal redox pair, as is most evidently observed in 

Li-ion half-cells. 

While research into LIBs has occurred since the 1980s, the first commercial LIB cell 

as introduced by Sony in 1991, which utilized hard carbon as an intercalation anode 

(2D diffusion pathways) and LiCoO2 as an insertion cathode,  

 

Figure 1-5. Diagram of a  “rocking-chair” type Li-ion battery featuring a graphite 

insertion anode (negative electrode) and a LiCoO2 insertion cathode (positive 

electrode), electrolyte (e.g. LiPF6 in EC:DMC 1:1), a  separator (i.e. glass fibre or 

polypropylene or polyethylene based membranes) infused in electrolyte, casing, and 

an external circuit connection. The flow of lithium-ions (purple) from the cathode to 

anode is shown during charge, with electrons flowing in the same direction along the 
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external circuit to prevent charge imbalance. Note that during discharge, the flow of 

electrons and lithium-ions is reversed. 

The structure of this cell is shown in Figure 1-5. Briefly, the Li-ion cell consists of a 

positive electrode (or the cathode), a negative electrode (or the anode) immersed in 

organic electrolyte with a glass fibre separator between the two. The anode and cathode 

terminals are linked via a circuit to facilitate electron movement for charge balance. 

The cell is assembled in the discharged state. In other words, the positive electrode 

(LiCoO2) is fully lithiated, and the negative electrode (graphite) is fully delithiated. 

The operation of the Li-ion can be summarized with the following mechanism: 

 LiCoO2↔Li+−xCoO2+xLi++xe− (1.12) 

 6C+xLi++xe−↔LixC6 (1.13) 

 

The general mechanism for a “rocking-chair” type Li-ion cell can be described as 

follows. During charging, lithium ions transfer from the positive electrode into the 

electrolyte, and at the anode, shuttle through the electrolyte and intercalate the layers 

of the graphite structure, accompanied by electrons flowing through an external circuit 

to balance charge. The reverse occurs during discharge. The term “rocking chair” is 

used to describe this kind of ionic shuttling behavior during cycling.  It should be 

mentioned that besides insertion, Li-ion battery electrodes may utilize alloying, 

conversion, and pseudocapacitive charge storage mechanisms. These are discussed 

below in Section 1.3.1.2. 

 

To facilitate wide operation voltage ranges, Li-ion cells typically utilize non-aqueous 

or organic electrolytes that exhibit high conductivity, low vapour pressure, and a high 

flash point.[27, 28] Commonly used electrolytes include mixtures of solvents of high 

dielectric constants and high viscosity (exhibiting a capability to solvate Li+ ions to 

enable transport), such as ethylene carbonate (EC) or propylene carbonte (PC), with 

solvents of low viscosity and low dielectric constants (to reduce overall viscosity and 

reduce the melting point of the mixture), such as dimethyl carbonate (DMC) or diethyl 
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carbonate (DEC) and dimethyl carbonate (DMC).[29] These mixtures are typically 

made at ratios of 1:1 or 3:7,  with added lithium salts, typically 1 M lithium 

hexafluorophosphate (LiPF6) or lithium perchclorate (LiClO4). This ratio of mixtures 

is used to achieve both a low viscosity in the required temperature window, while as 

allowing for high concentrations (1 M) of Li-ion salts to be dissolved.[30] On the other 

hand, The choice of lithium salt must meet a balance between solubility, ionic 

conductivity, and electrochemical stability. 

 

 

1.3.2 Na-ion Batteries 

Sodium is a  group 1 element the periodic table that shares fairly similar physical and 

electronic properties to lithium. Both ions exhibit similar ionicity, electronegativity, 

and reactivity,  while possessing low standard electrode potentials (at E = -2.7V  vs 

E= -3.04V for sodium and lithium, respectively), small ionic radii, and low atomic 

weights, contributing to high volumetric and gravimetric energy densities.[23] Similar 

insertion electrochemistry also means that expertise from Li-ion battery research can 

be transferred, allowing for progress to be made more efficiently.[23, 31] Despite the 

similarities, sodium-ion batteries trail behind lithium-ion in their energy storage 

properties, with the increased mass and size of the sodium ion meaning lower 

gravimetric and volumetric energy densities are observed, while sodium’s slightly 

higher standard potential potentially limits cell energy densities. However, sodium is 

the 4th most abundant element in the Earth’s crust,[32] meaning that sourcing costs for 

sodium metal precursors are significantly cheaper than those for lithium - at around 

$135-165 per ton of mineral trona (Na2CO3·NaHCO3·2H2O) versus over $5000 per 

ton of lithium carbonate.[32] However, rising lithium metal sourcing costs and its 

uneven distribution globally have led to geopolitical concerns, sparking interest in 

alternative alkali-ion systems.[6] Performance-wise, for applications where cost per 

kWh and thermal stability are larger  concerns than the physical size of the energy 

storage system, as exemplified for grid-storage solutions, sodium ion batteries are an 

excellent choice.  
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Originally, research in sodium-ion batteries started in the early 1970s together with 

lithium-ion and magnesium-ion batteries, but interest shifted heavily towards lithium-

ion battery systems following the commercial release of the commercial product by 

the Sony Corporation in 1992.[33] Compared to Li-ion, the higher half-cell potential 

of Na-ion results in an inherent lower energy density in sodium-ion anode materials 

(particularly their respective metallic anodes), although the higher potential also 

allows access to more electrolyte candidates. In addition, the commercial adoption of 

sodium-ion batteries has been hampered by compatibility issues with existing lithium 

ion electrodes: the larger size of the sodium ion vs. the lithium ion (1.02 vs. 0.76 Å) 

can result in sluggish insertion or damage to the electrode structure during cell cycling, 

resulting in a loss of electrical contact and hence a poor capacity retention being 

observed.[34] Hence, efforts have been made to find suitable alternative anode 

materials, with candidates including hard carbons, transition metal oxides,[35] 

spinels,[36]  phosphates,[37, 38] phosphides,[39] and sulphides.[40, 41] Similiarly, 

appropriate cathode materials have also been developed, including vanadates,[42] 

layered transition metal oxides,[43] and polyanionic compounds.[44]  

Structurally speaking, sodium-ion coin cells share the same components as their 

lithium counterparts. The anode and cathode are separated by a separator embedded 

with a sodium-ion containing organic electrolyte. As in LIBs, the electrolyte in NIBs 

should show high ionic conductivity and also exhibit excellent signs of stability, such 

as a  low vapor pressure and a high flash point.[28] Sodium-ion cells intrinsically 

possess better electrolyte stability due to the higher standard potential of the sodium 

metal.[23, 28] Mixtures of ethylene carbonate (EC) and dimethyl carbonate (DMC) 

can exhibit these characteristics best, but they are flammable. Sodium 

hexafluorophosphate (NaPF6) is used as the sodium salt in the electrolyte, because it 

possesses the best compromise in terms of solubility, high ionic conductivity, 

electrochemical stability and also the ability to inhibit anodic dissolution at the 

aluminum current collector at the cathode side, although other candidates such as 

NaClO4 are also used.[45]  

1.3.3 The Solid Electrolyte Interphase (SEI) Layer  
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As discussed in the previous sections, the electrolytes used in alkali-ion batteries 

typically consist of an organic carbonate-based solvent component, a corresponding 

alkali-ion salt, along with other organic additives.  During the initial cycling of the cell, 

the electrolyte breaks down into inorganic and organic components, forming a layer 

on the electrode surface upon reaching a specific potential range. [46] The layer 

consists of a mixture inorganic components, such as LiF, Li2CO3, LiOH (and their 

corresponding Na-ion equivalents) and polymeric or organic components, such as 

(CH2OCO2Li)2, ROLi, ROCO2Li (and their corresponding Na-ion equivalents).[47]   

The process of SEI layer formation is an irreversible process, and is typically linked 

to a loss in capacity during the first few cycles, with higher surface-area electrodes 

exhibiting greater capacity losses. [17] This increased SEI layer formation can hinder 

deinsertion of the lithium cations, with thicker layers having been shown to decrease 

performance when cycling insertion nanomaterial under high rates.[48] 

 

Detection of the SEI layer via in-situ experimental analysis is difficult due to the 

layer’s thin size and the high solubility of the components.[49] Moreover, ex-situ 

analysis is improbable due to safety issues arising from the air-sensitive and moisture-

sensitive components of the sealed alkali-ion cells, as well as the risk of SEI 

components themselves reacting with elements in the atmosphere. Attempts have been 

made in SEI component identification through the use of FTIR and XPS analysis.[50, 

51]  However, the SEI layer is essential for cycling reversibility and stability, as its 

presence prevents further electrolyte decomposition, extends the operating voltage of 

the cell to beyond ca. 4 V, and may have further beneficial effects for electrodes, such 

as in depressing the exfolitiation of graphite anodes.[52] As the SEI layer performs the 

same function in both LIBs and NIBS, the requirements for SEI layers in both systems 

should broadly satisfy the same set of requirements.[18] These include the following; 

1. High ionic conductivity for their corresponding active cation. 

2. Electronic insulation to prevent further reaction with electrolyte components. 

3. High component insolubility within the cell environment for SEI stability. 

 

The stability of the SEI layer has been linked to the specific composition of the 

electrode and electrolyte. However, a range of additives have been shown to promote 

stable cycling in both LIBs and NIBs by improving SEI layer stability, including 

vinylene carbonate, ethylene carbonate,  and fluoroethylene carbonate.[53-57] In 
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particular, fluoroethylene carbonate has been shown to reduce thickness of SEI layers 

formed while improving their stability due to the more flexible polymeric SEI  

components formed coupled with its preferential decomposition for SEI layer 

formation, improving coulombic efficiencies and cycling performance, while 

simultaneously preventing self-discharge observed during storage.[18, 28] 

 

1.3.4 Electrode Materials for Li-ion and Na-ion Batteries 

The amount of energy that can be stored within an alkali-ion battery depends on the 

overall cell energy density. Higher energy density can be achieved intrinsically, 

through materials with high specific capacity; physically, through materials with high 

gravimetric or volumetric energy densities; or through a high overall cell voltage range, 

which ideally consists of a high theoretical potential (vs. Li/Li+ or Na/Na+ ) for the 

cathode material and a low potential (vs. Li/Li+ or Na/Na+ ) for the anode material. 

Figure 1-6 depicts a selection of cathode and anode materials covering a range of 

operating potentials and storage mechanisms in both Li-ion and Na-ion, 

respectively.[8, 26, 58-61] 

A material’s specific capacity is an intrinsic property and refers to its ability to uptake 

ions during cycling, irrespective of the energy storage mechanism. In theory, both 

cathode and anode should possess similar capacities to prevent one side from 

becoming a limiting factor during cycling. Thus, current research interest for both 

lithium-ion and sodium-ion batteries has focused on developing high-capacity cathode 

materials, as existing materials have shown themselves incapable of matching anode 

capacities. For example, Na2Fe2(SO4), a high potential Na-ion cathode material 

operating at 3.9 V, only exhibits a specific capacity of around 115 mAh g-1.[62] In 

contrast, anode materials investigated for NIBs generally exhibit much higher 

theoretical specific capacities. These materials cover all three energy storage 

mechanisms, from insertion-materials such as Na2Ti3O7 (177 mAh g-1), to conversion 

materials (transition metal oxides such as CuO 303 mAh g-1; Sb2O4 1227 mAh g-1)[63], 

and alloy materials (Sb 660 mAh g-1; Sn 847 mAh g-1)[64, 65]. Conversion and 

alloying-based materials suffer from large structural changes including volume 
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expansion during cycling, which lead to poor capacity retention and poor cycle 

stability,while  pure sodium metal as an low-potential anode material is impractical 

due to high safety risks originating from sodium dendrite growth (potentially causing 

short-circuits) and electrolyte decomposition. 

 

Figure 1-6. Illustrative voltage ranges and specific capacities of previously 

investigated and established electrode materials for a) LIBs, and b) NiBs (data taken 
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from[60, 61, 66, 67], adapted from  [68]) separated by positive and negative electrode 

materials. 

High specific energy and power are key characteristics to consider with regards to 

energy storage applications, with some applications prioritizing a low-current energy 

supply over a long period of time, while others prioritize a high-power supply. To 

summarize, the energy density of the battery is the product of the specific capacity and 

the average cell operating voltage, while the power density is the measure of the rate 

at which energy can be stored and discharged. High power materials are best 

characterized as being capable of reversibly charging or discharging large amounts of 

charge in a short amount of time.[69] These are generally insertion materials, which 

do not exhibit significant kinetic limitations or structural changes with increasing 

current densities. In contrast, high energy materials are designed to provide stable 

energy at smaller currents over long periods of time and consist of the contributions 

from high overall cell voltage range and high specific capacities. Alloying and 

conversion-based electrodes belong to this group: at higher current densities, both 

suffer from electrode damage due to volume changes, while in conversion this is 

augmented by an inability to undergo the metal reduction process due to kinetic 

limitations.[70] 

The differences between high- and low-power materials are broadly generalized in 

Figure 1  C- rates are a measure of the power density of a material, corresponding to 

the relationship between charging time and its theoretical capacity. A material charged 

under a current density corresponding to a  C- rate of 1 C would reach its theoretical 

capacity within 1 hour. Similiarly, charging or discharging at 2 C corresponds takes 

half of that time, or 30 min, and C/2 corresponds to 2 hours in theoretical charging 

time.  
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Figure 1-7. Illustration of the capacity for a high and low power material when cycled 

at increasing C-rates.  

A good high power electrode material must  possess high solid-state ion diffusivity, 

high electrical conductivity, and minimal path lengths for both  ion diffusion and  

electron conduction, along with a high electrode/electrolyte surface area.[71] 

Accordingly, small nanoparticles with high surface area to volume ratios tend to excel 

as high power materials. When charging high surface area metal oxides at high current 

densities, separate ancillary charge storage mechanisms are observed and their 

contribution must also be considered. While the Faradaic contribution of the alkali-ion 

insertion process remains significant, the total amount of stored charge is also affected 

by pseudocapacitance (or a fast charge-transfer with surface-level atoms) and the non-

Faradaic contribution from capacitor-like double layer charge storage.[72] Chao et al. 

reported how reversible charge storage via pseudocapacitance was the dominant 

mechanism for SnS2  nanosheets in Na-ion batteries at high C-rates, giving rise to 

capacities that rival  counterparts in Li-ion. This effect was shown to be proportional 

to small crystallite size and high surface area. [73] 
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Figure 1-8. Illustration of the solid-state diffusion and path length differences of Na-

ions in micron- and nano-sized electrode materials. 

In the following section, the three different charge storage mechanisms in battery 

materials will be discussed in detail. Broadly speaking, insertion materials can be seen 

as high power materials, while conversion/alloy materials may be regarded as high 

energy materials. Furthermore, insertion materials have very high cycle lives but low 

theoretical capacities (due to low amounts of structural change during cycling), 

whereas conversion and  alloy materials typically exhibit low cycle lives but higher 

theoretical capacities (due to high amounts of structural change). 

1.3.5 Insertion Materials 

Insertion materials are capable of both accommodating alkali ion within their 

structures during charge, and de-inserting the aforementioned ions during discharge, 

with little overall volume change being observed. Insertion may occur in one-

dimensional, two-dimensional, or three-dimensional pathways depending on the 

structure of the electrode. The overall equation for Li-ion insertion/intercalation into a 

transition metal oxide 𝑀𝑂𝑥 is presented below in Equations 1.14-1.15. As observed, 

the change in charge introduced by the accommodation of the Li+ cation during 

lithiation and delithiation (or sodiation and desodiation) is balanced by a reduction or 

oxidation of the transition metal ion, respectively. Insertion is characterized by good 

cycle life, small amounts of volume change (< 10%), and low to medium energy 

densities. 

 MOx  +  yLi+ +  ye− ↔  LiyMOx (1.14) 

 MOx  +  yNa+ +  ye− ↔  NayMOx (1.15) 
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Despite commonly being used interchangeably, insertion and intercalation are not 

synonyms. For a layered electrode structure, as seen in 2D layered titanates or graphite, 

insertion is typically referred as intercalation, or the reversible accomodation of alkali 

ions within its interlayer spacings.  In contrast, 1D-olivine (e.g. LFP) and 3D-spinel 

(e.g. LTO, LMO) structures can undergo alkali-ion insertion within their actual 

structures (Figure S1 in the Supplementary information). For all insertion materials, a 

larger number of diffusion pathways and low solid-state-related strutural diffusion 

limitations is linked to enhance high rate performance.[74] For the length of this study, 

only the insertion term will be used to describe this family of materials. 

Graphite has gained attention as one of the first successfful low-potential, stable and 

conductive insertion anode material for LIBs, capable of intercalating one Li+ cation 

per six carbon atoms  (Equation 1.16).[75]  

 6C +  Li+ + e− ↔  LiC6 (1.16) 

 

However, graphite’s poor high-rate performance, its tendency to exhibit lithium and 

dendritic growth,[70, 74] and poor cross-domain compatibility with larger Na-ions 

(attributed to thermodynamic limitations), have accelerated the search for alternative 

electrode materials.[76, 77] 

Anodic insertion transition metal oxides like TiO2 (olivine, 150 mAh g-1), NaTi2O3 

(layered, 177 mAh g-1) and Li4Ti5O12 (spinel, 150 mAh g-1) offer good 

sustainability,[78] low cost,  high cell safety, low capacity loss, high power 

capability[79, 80] and a very high cycle life[81] due to minimal volume and structural 

change during cycling. Moreover, their higher operating potential, with insertion and 

extraction taking place in the range 1.2 to 2.3 V vs. Li/Li+, offer an inherent safety 

buffer during operation, albeit at the cost of some energy density. While transition 

metal oxide anodes do possess smaller capacities than that for certain hard carbon-

based anodes, their higher density results in an increased gravimetric energy density 

of the cell.  Furthermore, they possess low sodium insertion potentials (at 0.3 and 0.91 

V vs. Na/Na+ for sodium titanate and lithium titanate, respectively), strong 



47 
 

pseudocapacitive charge storage characteristics, and wide  active voltage ranges, 

increasing cell energy density when paired with appropriate cathodes.[82, 83] 

Several cathode materials, such as   lithium nickel-cobalt alumnium oxides (NCA),  

LiCo2O4 (LCO), and LiFePO4 (LFP) are known as insertion-based anodes for Li-ion 

batteries. Similarly, polyanionic phosphate-based compounds such as olivine 

NaFePO4 (110 mAh g-1) and Na2FePO4F (60 mAh g-1) have also shown success as 

cathode materials for Na-ion batteries, with their high operating voltage  vs. Na/Na+ 

attributed to the inductive effect of the PO4
3- anion.[6] Interestingly, titanium-based 

phosphate and sulfate compounds such as NaTi2(PO4)3, Na2Ti3(PO4)3 and 

Na1.7Ti2(SO4)3 have also been used as stable anode materials, albeit at relatively high 

voltage windows.[84-86] Similarly, pyrophosphates such as Na2FeP2O7 have been 

investigated as prospective cathode materials to with mixed success, with their high 

operating voltage (range 2.0 to 4.0 V vs. Na/Na+) accompanied by low theoretical 

capacities (100 mAh g-1) and average high-rate performance.[37]  

1.3.6 Conversion Materials 

Materials without free voids to host cations from the electrolyte, such as rock-salt 

oxide structures, can reversibly interact with the electrolyte ion to form a composite 

material consisting of  fully metallic nanoparticles enveloped within a sodium or 

lithium oxide matrix. Traditional  insertion based electrodes can store one or two ions 

per formulaic unit of electrode material,  intrinsicly limiting energy densities. In 2000, 

Poizot documented remarkable capacities of simple rock salt binary metal oxides (CoO, 

CuO, NiO, FeO) anodes, reporting capacities exceeding 700 mAh g-1 in lithium-ion 

cells, and unexpectedly documenting the first instance of conversion in battery 

materials.[87]   
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The conversion process is illustrated below in Equation 1.17.  During charging, the 

metal anion compound 𝑀𝑥𝐴𝑦 [𝑀 = metallic cation, 𝐴 = anion (S, N, P, O, F)] is fully 

reduced to its metallic state, while a a gel-like alkali matrix compound 𝑌𝑧𝐴𝑦(where Y 

is either a lithium or sodium cation) is formed around the metal. The potential increase 

in storage capacity is signficant, with typical conversion reactions involving up to six 

Li+, resulting in the theoretical capacities of some conversion materials reaching up to 

~1000 mAh g-1. [75, 88] 

 

Similarly, iron oxides have exhibited particular promise as potential conversion anodes,  

due to their high theoretical capacities, low cost, non-toxicity, and a large natural 

abundance. In particular, γ-Fe2O3 and Fe3O4 possess theoretical capacities of 926 and 

1007 mAh g-1, respectively.[89] However, conversion-based anodes are characterized 

by large volume changes that occur during cycling, resulting in damage to the electrode 

structure.[90] The effect of these compositional transitions cannot be understated, with 

phosphide conversion reactions exhibiting volume changes of up to 400%.[91] This 

leads to electrode degredation through cracking and pulverisation, resulting in metal 

nanoparticle isolation characterized through poor conductivity and capacity 

retention.[90] Furthermore, formation of Li2O is partially irreversible, i.e. capacity is 

lost as a function of cycling due to formation of Li2O “dead zones” during the initial 

cycles. 

The structural reversibility of the conversion process has been shown to be improved  

through nanosizing of the active material to allow for enhanced accomodation of the 

volume-change related strain.[92] However, while conversion anodes have been 

widely explored for Li-ion batteries, traditional Li-ion conversion anodes have not 

exhibited similar performance under Na-ion batteries, with the reversibilility of the 

Na2O formation reaction being significantly poorer than the lithium counterpart. In 

addition, many of these materials possess a high average sodiation voltage, restricting 

cathode selection and leading to lower overall cell energy densities.[93]  

 𝑀𝑥𝐴𝑦 + 𝑧𝑌 + +𝑧𝑒− ⇌ 𝑌𝑧𝐴𝑦 + 𝑥𝑀 

 

(1.17) 
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Temporary solutions to this issue have focused on increasing the proportion of the 

carbon additive in the active material, in order to both buffer volume change and 

increase conductivity, but this also has the detrimental effect of lowering volumetric 

energy density while failing to fully address the retention issue.[92] Permanent 

solutions have centered around the use of composite-based frameworks featuring 

inactive buffering hosts for the metal nanoparticles, such as Sn-Fe-C, Sn-Mn-C, and 

Si-C.[94-96] Carbon-based support structures such as graphene can buffer volume 

changes and improve conductivity, while additional nanoengineering can ensure a 

spacious distribution of nanoparticles that in turn further accomodates insertion strain 

along certain orientations, enhancing cycling stability and capacity retention.[6, 97]  

Successful examples include reduced graphene oxide composites with Fe2O3,[98] 

MoO2 supported on carbon hollow microspheres,[99] and layered MoO2-graphene 

composite films.[100] Similiarly, stable transition metal oxides such as anatase TiO2 

have been used to successfully anchor conversion-based active materials  and improve 

the long-term cycling stability.[101, 102]  

Distinctly for conversion based- electrodes, a large voltage hysterisis is observed 

between the lithation and delithation processes, due to the poor kinetics hampering the 

interfacial reaction at the metal nanoparticle, electrolyte, and alkali-oxide matrix 

interjunction, leading to poor coulombic efficiencies.[6] Attempts to address these 

issues have focused on using carbon-based composites and nanostructured electrodes.  

However, voltage hysteresis remains a problematic characteristic of conversion-based 

anodes in both Li-ion and Na-ion batteries, presenting a significant bottleneck for 

commercialization due to the resulting poor cycling efficiency.[59, 91, 103] 

Current research interest on conversion-anodes for Na-ion batteries has centered 

around  reversibly accessing the full capacities of metal oxide and sulfide-based 

anodes.[83]  Exhibiting a combination of conversion and alloying-based charge 

storage, SnO2 possesses a high theoretical capacity of 1378 mAh g-1; it is also non-

toxic, environmentally sustainable and abundant. However, due to the performance 

issues mentioned, accessing the full capacity has proven difficult. Other oxides such 

as CuO have shown better cycling performance when nanostructured, exhibiting 

capacities of 303 mAh g-1 after 50 cycles at 50 mA g-1.[104]  Even better success has 

been achieved with sulfides, where the conversion process has exhibited significantly 
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better reversibility with smaller volume change, while possessing higher gravimetric 

energy density. Composite materials have exhibited significantly better performance 

when perform compared to their parent compounds: Sb2S3/graphene and 

SnS2/graphene composites have exhibited capacites of 520 and 500 mAh g-1, at current 

rates of 3 and 1 A g-1, respectively.[105, 106] Heavy-metal sulfides such as MoS2 have 

also shown stable performances when built into composite structures, exhibiting 

reversible capacities of 240 mAh g-1, while also exhibiting potential as insertion 

anodes when arranged in a layered structure.[107, 108] 

 

1.3.7 Alloy Materials 

Alloying materials rely on lithiuim or sodium alloying (Equations 9 and 10) with a 

metal nanoparticle during the charging, as demonstrated in Equations 1.18 and 1.19. 

As each metal atom can uptake several alkali ions (for example, tin Sn can theoretically 

react with sodium to form alloys of Na15Sn4), much higher capacities (e.g. Sb: 660 

mAh g-1, Sn: 847mAh g-1, and SnO: 793 mAh g-1)[109] can be obtained when 

compared to insertion materials (e.g. TiO2: 150 mAh g-1). [83] The discharge process 

of an alloying anode is characterized with a loss in crystallinity as an amorphous metal 

anion mass is formed.[6] Furthermore, alloying-based materials can potentially exhibit 

high cell energy densities through the combination of  high theoretical capacities and 

the low operating potential windows.[5]  

 𝑀𝑥𝑂𝑦  +  2𝑦𝐴+ +  2𝑦𝑒−  →  𝑥𝑀 +  𝑦𝐴2𝑂 (1.18) 

 𝑀 +  𝑧𝐴+ +  𝑧𝑒−  ↔  𝐴𝑧𝑀 (1.19) 

However, alloying-based materials tend to exhibit high capacity fade and short cycling 

life, due to the sodiation and desodiation processes causing structural volumetric 

change in the electrode, of magnitudes of 420, 250 and 365 %  for Sn, Pb, and Bi alloys, 

respectively.[5] This leads to  degradation, deformation and pulverisation of the 

electrode material, which can develop into to active material losses, reduced 

conductivity due to nanoparticle isolation, restricted kinetics of sodium ions, or 

restricted access to electrolyte, all of which lead to poor cell life.[70] Additionally, the 
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process forces the SEI layer formation to be dynamically remade, further consuming 

more electrolyte, with the resulting increased SEI thickness being shown to increase 

with extended cycling.[110] Temporary solutions have included extensive nanosizing, 

as was demonstrated by Sanyo for their Li-ion silicon-based electrodes, or through 

building conductive carbon buffers by reducing electrode active mass loadings.[70] 

However, the former was not sustainable over extensive cycling and the latter also 

resulted in an unwanted decrease in cell energy density.[70] While nanosizing itself 

does not alter the extend of volume change, it does help in their localization, which 

can render structural transitions more facile.[70]  Overcoming this issue has required 

careful nanoengineering to ensure that the active metal nanoparticles have ample space 

to undergo structural change with reduced strain. Successful examples in Li-ion 

batteries include nanostrucured silicon and film-supported NiSn rod electrodes with 

large inter-rod spacings,[111, 112] while Kim et al. successfully cycled a Na-ion cell 

using an anode consisting of dispersed Cu2Sb within a titanium carbide and carbon 

matrix.[113] The use of nanorods has also been shown to improve Na-ion diffusivity, 

and even access new charge storage mechanisms, with nanostructured germanium 

anodes exhibiting good retention and 100 mAh g-1 beyond the theoretical capacity of 

NaGe.[114] Naturally, the excess space does result in a lower volumetric capacity. 

Addressing the constant reformation of the SEI layer has been through the use of 

additives: for example, SnSb/carbon nanofiber composites  made by Luo et al. 

exhibited an increase in capacity retention from 37.7% to 99.4% after 200 cycles with 

the presence of FEC.[115] 

1.3.8 Pseudocapacitance in Li-ion and Na-ion Electrode Materials. 

Pseudocapacitance refers to the observation of electrode materials exhibiting strong 

capacitive charge storage characteristics through surface-level interactions. Unlike 

traditional electric double layer capacitors which store charge through the formation 

of a Helmholtz double layer on electrode surfaces, pseudocapacitive charge storage 

requires the rapid Faradaic exchange of electrons at surface or near-surface level of 

the electrode. Pseudocapacitance originates from highly reversible and rapid Faradaic 

reactions between the electrolyte’s alkali-metal cations and the surface of the acive 

material. Pseudocapacitance can be detected through analysis of the cyclic 
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voltammograms of the material,  and the generalized patterns for insertion-based, 

pseudocapacitive, and capacitive electrode materials is shown below. 

 

Figure 1-9. Galvanostatic charge/discharge profiles (top) and cyclic voltammograms 

of materials exhibiting insertion/intercalation behavior (left), pseudocapacitive 

behavior (middle) , and traditional capacitive EDLC-type behaviour (right) Reprinted 

with Permission from [116] 

As seen in Figure 1-9, the cyclic voltammogram of an EDLC is rectangular, as the 

capacitance is linearly correlated with the current at a constant scan rate. In contrast, 

the cyclic voltammogram of an insertion/intercalation electrode exhibits two peaks at 

two voltages, indicating points where phase transition occurs as lithium ions are 

inserted/de-inserted into the lattice structure. The shape of the voltammogram for 

pseudocapacitive materials lies in between these two extremes, exhibiting broad, wide 

peaks.[117] The differences between the three families of materials is also evident in 
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their galvanostatic charge- discharge profiles. The profile of the capacitive electrode 

is linear, as the amount of charge stored is correlated to the potential window. In 

contrast, insertion-based materials exhibit plateaus across specific potential window, 

indicating a phase transition occurring due to the presence of a large miscibility gap 

(where the mixture of materials exhibits as two or more phases). Pseudocapacitive 

materials can still exhibit phase transitions, but the miscibility gap is significantly 

constrained, resulting in significantly shorter plateaus being observed. 

 

The causes of pseudocapacitance depend on whether the material is an intrinsic, 

extrinsic, or intercalation pseudocapacitor. Intrinsically pseudocapacitive materials, 

such as hydrated RuO2 [118-121] and MnO2 [122, 123], experience pseudocapacitance 

independently of electrode crystallite size or morphology.[124] In contrast, extrinsic 

pseudocapacitance is linked to the crystallite sizes of the electrode, with bulk-sized 

crystallites exhibiting no pseudocapacitance, while smaller, typically nanosized 

crystallites exhibit pseudocapacitive characteristics. This has been linked to the 

nanosized particles possesing shorter diffusion distances and  a high availability of 

surface sites for fast-Faradaic reactions across a wide range of site energies due to the 

localized surface structural disorder, acting as a solid solution “host” for surface-level 

reactions.[124, 125]  Furthermore, nanosized materials can show a reduced miscibility 

gap for surface level Faradaic reactions due to the enhanced ability to accommodate 

free energy of the lattice strain.[126] For example, the voltage plateau of bulk LiCoO2 

observed at an average voltage of 3.9 V during charging, is replaced by a linear 

relationship at a particle size of <6 nm.[127] These surface or near-surface level 

highly-reversible redox reactions facilitate much faster charge storage than traditional 

diffusion-controlled insertion reactions.[124] Other examples of extrinsic 

pseudocapacitors include LiMn2O4,[128] V2O5,[129] and TiO2(B).[12] 

 

Intercalation pseudocapacitance occurs when the intercalation of the ion- into the 

crystal structure of the electrode through two-dimensional channels is accompanied by 

Faradaic charge transfer but without crystallographic phase change, allowing for high 

levels of charge storage to be achieved over short periods of time due to a lack of 

limitations from solid-state diffusion.[117] It has been suggested that a intercalation 

pseudocapacitor must generally satisfy the following;[130]  

• Exhibit localized charge-transfer at all adsorption sites.  
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• Possess interconnected crystal layers with adsorption sites of comparable 

energies. 

• Possess intercalation pathways that reduce the solid-state diffusion barrier for 

site-to-site alkali-ion movement. 

• Exhibit no phase transformation upon intercalation over a range of 

compositions. 

 

Examples of intercalation pseudocapacitors include orthorhombic Nb2O5 (T-

Nb2O5),[117, 131][73–75], V2O5,[132] and VOPO4.[133] 

 

 

 1.4 Metal-Air Batteries 

Metal-air batteries are a category of energy storage systems relying on oxygen 

electocatalysis to drive the charge storage process. They[11] are typically 

characterized by higher energy densities than their alkali-ion counterparts, which is 

related the the utilization of ambient oxygen in their operation. These values are 

typically 2-10 folds higher than that of Li-ion batteries.[134] Unlike Li-ion or Na-ion 

batteries, metal-air batteries are traditionally open systems. Structurally, they feature 

the electrochemical coupling of a metal anode to air-reactive cathode in a single cell 

filled  with a suitable ion-based electrolyte  In addition, their utilization of an air-

reactive cathode makes them similar to conventional fuel cells. Commonly studied 

metals for secondary metal–air batteries in literature include  zinc, aluminum, iron, 

lithium, potassium, sodium, and magnesium.[3,4] Their theoretical  gravimetric and 

volumetric energy densities are shown along with their nominal cell voltages in Table 

1-2.[135] 

Table 1-2. Comparison of different types of metal air batteries. Adapted from [135]. 

Metal-air System Fe Zn Al Mg Na K Li 
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Theoretical 

Voltage / V 

1.28 1.65 2.71 3.09 2.27 2.48 2.96 

Theoretical Energy 

Density / Wh kg-1 

763 1086 2796 2840 1106 935 3458 

Cost per / $ kg−1 0.4 1.85 1.75 2.75 1.7 20 68 

 

At a glance, lithium metal is considered to be the most attractive candidate amongst 

all possible anode materials, as it possesses both highest theoretical gravimetric 

specific energy (5928 W h kg−1 along with a high cell voltage (nominally 2.96 V).[11]  

However, elemental alkali metals are dangerously unstable when exposed to air and 

aqueous electrolytes, and Li-air cells also suffer from rechargeability  limitations 

associated with electrolyte decomposition, parasitic side reactions, and irreversible 

cathode degradation arising from pore blockage with insoluble intermediates. 

Similarly, magnesium and aluminum–air batteries enjoy comparable energy densities 

to lithium-air while exhibiting higher stability and safety, along with good 

compatibility with aqueous electrolytes. However, their performance is hindered by 

rapid self-discharge via parasitic hydrogen evolution under alkaline conditions, and 

poor charging characteristic due to the thermodynamic unfavourability of aluminium 

and magnesium electrodepostion in aprotic electrolytes, resulting in poor Coulombic 

charging efficiency.[135, 136] In contrast, zinc and iron are more stable, abundant,  

low-cost, and possess high compatibility with  aqueous electrolytes. Zn-air cells in 

particular, possess a higher volumetric energy density than Li-air due to the higher 

atomic density of the zinc metal, along with  greater electrochemical stability. As many 

commercial applications, such as EV’s, are volume-constrained and cost-sensitive, this 

makes Zn-air cells more suitable for such applications. 

 1.5 Zn-air Batteries 

As mentioned above, research interest in secondary zinc air batteries has increased in 

recent years due to their high energy density, low cost, excellent physical safety 
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characteristics, and high environmental friendliness.[137, 138] Zinc’s stability under 

ambient conditions contrast strongly with the violent reactions of alkali metals, and 

make them attractive candidates in terms of safety, economy, and reliability during 

both construction, operation, and large-scale production.[135] A high gravimetric 

energy density and volumetric energy density, at (1086W h kg−1 , ca. five times that 

of a Li-ion cell) and (6136 W h L−1), respectively, together with its availability make 

zinc an attractive alternative to lithium for energy storage applications.[11] While the 

theoretical voltage of a zinc air cell is 1.65, the practical open-circuit voltage is around 

1.35 V, with working voltages of between 1.0-1.2 V. Moreover, In particular, zinc’s 

production is well distributed globally, with its major producers being China, Australia, 

USA, and Canada.[139]  

 

Primary zinc–air batteries have been known for being the predominant energy source 

for hearing aids since the late 1970s. These cells worked by through a unifunctional 

manganese-based ORR catalyst driving the discharge process together with a piece of 

zinc metal.[135] However, secondary zinc-batteries are limited in their power 

capabilities by the sluggish reaction kinetics at the air cathode due to extensive 

multielectron transfer steps, which requires suitable bifunctional catalysts to maintain 

practically viable and stable rates.[140] In addition, performance degradation during 

normal cell operation at both electrodes meant that upon the introduction of 

commercial Li-on cells in 1991, research interest in Zn-air cells decreased significantly. 

However, the low cost of zinc versus to lithium, coupled with the high theoretical 

energy density, greater than that of Li-ion, makes the system attractive for cost-

effective portable and space-limited applications, such as in potable electronics and 

EV applications.[135]   

The general structure of  a rechargeable zinc–air battery is shown in Figure 1-10  

Structurally, a zinc–air battery is typically composed of four main components: a 

metallic zinc electrode serving as the negative anode, an air electrode comprising a 

serving as a cathode, which is the interface of oxygen (gas), electrolyte (liquid), and a 

gas diffusion layer coated with bifunctional electrocatalysts (solid), along with an 

alkaline electrolyte and a a separator.  
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Figure 1-10. Structure of a Zn-air cell, displaying the cell during discharge. Adapted 

from  [135] under a Creative Commons License. 

The reactions at the components of a Zn-air battery are shared with those of other 

energy storage systems. For example, the electrocatalytic processes that are observed 

in the cathode are shared with fuel-cells, while those of zinc anode that occurs are also 

observed in traditional metal-zinc batteries. [11] The reactions at the anode and 

cathode of a Zn-air battery during discharge are displayed below[134, 135, 141]: 

Anodic reactions: 

 Zn (s) + 4OH- 
(aq) → Zn(OH)4

2- (aq) + 2e-  

Zn(OH)4
2- 

(aq) → ZnO (s) + H2O (l) + 2OH− (aq) 

(1.20) 

(1.21) 

Cathodic reactions: 

 ½ O2 (aq) + H2O (l) + 2e- → 2OH−
 (aq)            (1.22) 

The overall reaction can be generally written as: 
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 Zn (s) + ½ O2 (g) → ZnO (s)              (1.23) 

Parasitic side reactions: 

            Zn (s) + 2H2O (l) → Zn(OH)2 (aq) + H2 (g)              (1.24) 

             2KOH (aq) + CO2 (g) →K2CO3 (s) + H2O (l)  (1.25) 

 

During the discharge process of a secondary Zn-air cell, elemental zinc at the zinc 

anode oxidizes to produce electrons which travel under load to the air cathode while 

simultaneously releasing zinc cations into the electrolyte. At the cathode, atmospheric 

oxygen diffuses into the porous air electrode due to the pressure difference between 

the cell and its environment, and is ready to be reduced to hydroxide ions via the 

oxygen reduction reaction by reacting with the generated electrons (ORR, Equation 

1.22) at a three-phase gas diffusion layer where oxygen, electrolyte, and catalyst meet. 

In theory, ORR can take place without the presence of a catalyst, but due to the slow 

ORR kinetics a bifunctional catalyst is preferred to achieve acceptable current 

densities The hydroxide ions then form soluble zincate (Zn(OH)4 
2−) ions within the 

electrolyte by reacting with available zinc cations, migrate across the cell through the 

separator from the reaction site to the anode to balance out concentration gradients, 

and finally decompose to insoluble zinc oxide (ZnO, Equation 1.23) on the surface of 

the anode under supersaturated conditions.[142]  

Conversely, during cell charging, all of the aforementioned electrochemical reactions 

occur in reverse: under an electromotive force, electrons evolved at the ZnO -

passivated anode travel to the cathode in order to merge with hydroxide ions to produce 

oxygen gas at the three-phase diffusion layer (OER), with elemental zinc being plated 

back onto the anode.  

It must be mentioned here that the reactions above, while correct, do not include the 

formation of more complex zincate intermediate species during zinc oxidation, such 

as K2Zn(OH)4, under saturated or supersaturated conditions. This has been omitted as 

the formation of these intermediates is highly dependent on a variety of factors 

including the localized saturation level in the electrolyte.[141] Besides the primary 

electrocatalytic processes, the corrosion of zinc also results in the derimental parasitic 
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hydrogen evolution reaction being observed, leading to a detrimental effects such as a 

loss of active material or even cell failure.[11] Addressing this problem is crucial to 

ensure stable performance, and this is discussed in detail in Section 1.4.1.4 below. The 

formation of carbonate is another side reaction observed when working in  

environments featurin atmospheric carbon dixoide. 

Aside from electrochemical recharging, mechanical recharging and flow-based 

approaches have been introduced in an effort to sidestep the need to incorporate 

bifunctional catalysts for the OER and ORR processes. Mechanically recharged zinc–

air cells rely on replacing spent zinc with fresh metal anodes upon discharge, 

dispensing of the need for OER catalysis. While effective, the logistics involved with 

such a system implemented at large-scale made it undesirable, culminating in a strong 

drive towards mechanically recheargable Zn-air cells for EV applications in the 

1990s.[143]  More success was observed in flow electrolyte Zn-air batteries, which 

relied on feeding a cell a continous and controlled mixture of zinc slurry and electrolyte, 

while discharged mixtures are cycled back out for a external regeneration. In theory, 

this meant that a potentially infinite discharge process could be observed.[144] In 

addition, the nature of flow-based mechanism means that unwanted formation of by-

products such as zinc dendrite  and carbonate at the anode and cathode, respectively, 

is eliminated.   However, such a setup is still significantly more complex and intrusive 

than a traditional secondary Zn-air cell, while still sufferring from power and stability 

limitations observed commonly observed at the air cathodes 

1.5.1    Limitations of Zn-air Batteries 

There are several factors that limit the maximum capabilities in the operation of a 

secondary Zn-air cell. These can roughly be split into factors concerning the energetics, 

and factors concerning operation. Firstly, while the charge and discharge redox 

reactions involved in producing an overall theoretical voltage of 1.66 V are 

theoretically spontaneous, they are kinetically slow due to associated high 

overpotentials (where an overpotential here is defined as the increase in voltage over 

the theoretical voltage necessary to drive the reaction), and require the use of 

bifunctional electrocatalysts to maintain a practical rates of reaction.[145] Research 

into finding suitable non-precious candidates that offer high bifunctional activity while 

maintaining electrolyte stability and low-cost characteristics has proven difficult.[135] 
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During discharge, the high overpotentials required in ORR originate in the sluggish 

kinetics of the air cathode, and result in the real-world working voltages of Zn-air cells 

being kept at around 1.3 V to maintain practical discharge densities, considerably 

lower than the theoretical 1.65 V. These overpotentials result in a poor round-trip 

coulombic efficiency of less than 60%.[143]  In contrast, the overpotentials associated 

with the OER reaction at the air cathode result in high charging voltages of typically 

2.0 V being required.[9] This is partially due to the to the zincate-derived intermediates 

found in the electrolyte. These intermediates, together with ZnO formed during 

discharge, are thermodynamically stable, and hence an excess of energy is required to 

initiate and sustain zinc regeneration during charging, increasing the voltage gap 

during operation.[141]. This is illustrated in Figure 1-11. 

 

Figure 1-11. Polarization curves of zinc-air fuel cell[9] (Taken with permission from 

Wiley Press). The equilibrium potential of ZAFC (black line) is 1.65 V, while the 

practical voltage (red line) in discharge is lower than 1.65 V due to the sluggish oxygen 

reduction reaction. A large potential (blue line) is needed to charge zinc-air, higher 

than the equilibrium potential, due to the kinetics of the oxygen evolution reaction. 

It must be noted that while the zinc anode does not suffer from intrinsic overpotentials, 

as the energy barrier to initiate the interactions with zincate and hydroxide is low, it 

plays a significant part in cell longevity and performance. In addition to the risk of 

performance degradation and cell failure through parasitic H2 generating side reactions, 

the generation and deposition of insulating ZnO during the discharge process can 

passivate the outer layer of the anode, resulting in decreased conductivity while 
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restricting the access of electrolyte migration species to the active elemental zinc 

underneath, which in turn lowers zinc utilization. Furthermore, the uneven 

redistribution of zinc during charging can lead to formation of dendrites, which can 

lower zinc utilization and potentially lead to cell -failures via short circuit.  

 

1.5.2 Zinc Anode 

One of the key objectives in developing a zinc anode for Zn-air batteries is building a 

stable zinc electrode strcture capable of sustained long-term cycling. Zinc is abundant, 

posseses a high specific energy density, low toxicity, a relatively low redox potential, 

and exhibits good stability in aqueous and alkaline solutions. Traditionally, bulk 

metallic zinc such as zinc plates has been used as a zinc anode due to their 

availability.[135] Research has demonstrated that powder/particle based zinc 

structures or zinc oxide counterparts in various morphlogies can also be used, either 

free-standing or supported by a conductive current collector.[9, 141]  The primary 

problems concerning zinc anodes are four-fold – namely, the poor utilization of zinc 

during cycling, the negative effects of anode shape change, the passivation of the 

anode with zinc oxide, and the generation of hydrogen through the parasitic side 

reaction during cycling. 

Generally, commercial zinc anodes can either be made in sheet metal form or through 

zinc compound powders. Non-sheet metal-based zinc anodes utilize either zinc powder 

or zinc oxide powder together with a binding agent in order to form large, networked 

structures from individual particles. The role of binders in the structure of zinc 

electrodes to provide mechanical stability and improve active material utilization by 

linking sections of the active material to others and to the current collector itself. 

Various materials of varying degree of hydrophilicity have been considered for this 

role, although the majority of reported studies have utilized PTFE due to its stability 

under alkaline conditions and its low cost. More hydrophilic candidates, such as 

carboxylmethylcellulose (CMC), hydroxyethylcellulose (HEC), and PVDF have also 

been explored either as standalone binding agents or in tandem with more hydrophobic 

polymers. While limited information exists on the comprehensive inter-binder 

differences on cell function, it has been proposed that they assist in reducing shape 

change by imparting mechanical stability within the electrode structure itself.[146, 147] 
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The latter is particularly significant, as the capability to  maintain overall structure is 

necessary to facilitate higher depth of discharge during cycling. 

 

However, polymer-based binders are electrical insulators, and hence increase the 

internal resistance of the zinc electrode. When coupled with the insulating nature of 

ZnO, this can lead to poor zinc utilization as no direct conductive pathways to certain 

areas of the active material exist. To improve conductivity, both metallic zinc and 

carbon base additives have been added to electrode mixtures. However, while metallic 

zinc does improve the pre-cycling conductivity of the primarily ZnO anode, it can also 

form ZnO with cycling, and hence is unsuitable for long-term conductivity 

enhancements. In contrast, carbon based additives do not take part in the primary 

electrochemical reactions, improving conductivity while being relatively alkaline 

resistant, leading to improved zinc utilization. These additive often take the form of 

various carbon blacks, but more complex architectures such as nanofibres have also 

been explored, where an additional gain in mechanical stability has also been observed 

as a result.[134] 

“Shape change”, or the uneven deposition of zinc leading to a change electrode 

geometry, is a significant issue that occurs during cycling, caused by differing local 

zincate ion concentration gradients in the electrolyte.[146] At the core of this 

phenomenon is zincate deposition process: during both charge and discharge processes 

in a Zn-air cell, zincate is formed, migrates, and is then redeposited as either Zn or 

ZnO, respectively. A prolonged long-term uneven distribution of zinc can be observed 

with extended cycling, lead to a loss of usable capacity through passivation, or the loss 

of electrical contact between active material and the electrode structure[146, 148]a,b. 

Closely related to shape change is densification, where repeated uneven deposition 

results in a change in the inner geometry of the zinc electrode, typically leading to the 

formation of a solid block of zinc, with a reduction in electrode surface area and 

porosity together with a lower active material utilization rate.[134] Experimental 

studies have linked high current densities and electrode thickness to accelerated 

densification.[149]   

The causes behind shape change in the zinc electrode have been studied extensively, 

with multiple factors identified to contribute to the phenomenon. McBreen et al. and 



63 
 

Cairns. et al. observed that extended cycling of the Zn-air cell yielded a density 

difference in the amount of solid deposit at the center of electrode versus those the 

peripheral area,  and suggested that a combined effect of localized current density and 

concentration gradients within the electrolyte to be responsible.[146, 150, 151] Choi 

et al. attributed differences in local zincate concentrations  to electroosmosis or 

convective electrolyte flow during cycling. These flows lead to differences in ionic 

concentrations in the electrolyte, leading to uneven current density distributions across 

the electrode surface. Isaacson et al. argued that the rate of ZnO precipitation was 

linked to deposition patterns on a circular electrode – high rates would lead to 

precipitation away from the center, while a low rate would conversely cause 

precipitation to revolve around the electrode center.[152] 

The approaches to tackle shape change focus on reducing the movement of the zincate 

ion, either through reducing the mobility of the electrolyte components or by lowering 

the solubility of the zincate ions to promote early precipitation.[147] Controlling the 

mobility of the electrolyte components can be done by the use of gel electrolytes or by 

cell design to prevent the creation of regions with strong electrolyte flow. In contrast, 

the minimization of zincate solubility can be achieved by lowering the concentration 

of KOH or through the saturation of the electrolyte with ZnO, solid zincates, or other 

additives.[134] These are discussed in more detail in Section 1.5.3 concerning 

electrolytes. 

Dendrites, or needle-like protruding structures growing out of the plane of the zinc 

anode during cell charge, are an extreme example of uneven deposition that warrant 

their own consideration. As previously mentioned, excessive dendritic growth may 

potentially result in separator penetration followed by causing cell failure through 

short circuit.  



64 
 

 

Figure 1-12. Morphologies of electrodeposited zinc under conditions of different 

current densities in 7 M KOH with 0.6 M ZnO added: a) 100 mA cm-2 for 10 min, b) 

20 mA cm-2 for 50 min, c) 20 mA cm-2 for 50 min and d) 10 mA cm-2 for 100 min. 

Taken with permission from [153] 

The mechanism behind formation of zinc dendrites is based on the bonding energy of 

an  individual zinc atom in a particular crystallographic facet being stronger than others, 

leading to dendrite formation with eventual symmetrical branching often being 

observed.[153, 154] The initiation and growth proceses of dendrites have been studied 

extensively through computational models and physical experiments, with local mass 

transport  and activation overpotentials having been identified as key factors.[155] 

These two are interdependent - if the concentration gradient of zincate is high, this 

abundance of available ionic zinc species can lead to significant dendritic growth if 

the activation potential for a particular facet is favourable. More precisely, the rate of 

growth of dendrites has been shown to be related to the the electrical potential applied 

to the electrolyte, or in practice, a high cell voltage tends to speed up dendritic growth.  

Studies have linked this specifically to the local overpotential, and have proposed that 

an activation overpotential exists for dendritic growth.[155, 156] Qualitative 

experimental correlations between overpotentials and deposition morphology have 

been established in literature, with Diggle et al. reporting that dendrite initiation 

required an overpotetial of between  -75 to -85 mV (vs. Zn/Zn2+), while more positive 
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overpotentials resulted in more spongy morphologies being observed.[155] A separate 

study by Popov et al . mentioned that  critical over-potential value for zinc dendrite 

growth was found to be -173 mV (vs. Zn/Zn2+).[157] Furtherore, sustained current 

densities specific to each morphology have also been proposed: low current densities 

of around ∼20 mAcm−2 have been shown to form mossy deposits following extended 

cycling, while higher current densities (∼50 mA cm−2) will produce more granular 

deposits. Once very high current densities are reached (∼100–150 mA cm−2), dendritic 

deposit morphologies are observed.[154] 

 

Various approaches have been proposed to tackle address dendritic growth. Simple 

mechanical approaches, involving physically pressing the separator onto the zinc 

anode under high pressure during cell construction, are considered inadequate to 

prevent dendrite growth.[154] In-situ current management has been proposed as a 

solution, as low currents have been shown to reduce growth rates due to a lower 

activation overpotential, while maintaining a uniform deposition morphology. 

However, Zhua et al. have theorized that the exclusive use of low current densities is 

not an effective solution, as it only restricts dendritic growth to 2 dimensions 

represented by the two facets of the zinc nucleation point.[158] Similarly, the use of a 

pulsating current has also shown to disrupt dendritic growth, at a cost in cell power 

performance. Alternatively, electrolyte management has also been shown to be an 

effective solution, relying on the introduction of electrolyte flows to induce a more 

uniform zinc                                                                                                                                                                                                                 

distribution and a subsequent decrease in the zinc ion concentration gradient, in turn 

reducing the net growth in a particular crystallographic direction. The use of 

electrolyte flow also has the effect of reducing the ohmic resistance of the electrolyte 

through improved ionic diffusion.[153]  

As previously mentioned, generation and deposition of insulating ZnO during the 

discharge process can passivate the outer layer of the anode, reducing its conductivity 

and access to the active material underneath. Depending on the structure of the 

electrode, passivation can occur either at the outer and/or inner geometry of the 

electrode. The mechanism of this process is complex and still debated, but one 
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explanation involves the accumulation and conversion of a  surface interphase layer of 

zinc hydroxides and oxides into a thick layer of ZnO.[149] Passivation is linked to 

reduced conductivity and a lower active material utilization rate as conductive 

pathways are lost within the zinc anode structure.[144] 

To address this issue, engineering-based approaches focusing on introducing higher 

surface area in zinc anodes have been explored. Structures based on fibre and flake 

zinc components have been demonstrated to maintain high energies at high currents in 

literature, attributed to their high surface areas ensuring that conductive pathways are 

maintained.[134, 135] Porosity has also been shown to combat the effects of 

passivation by ensuring electrolyte access to the non-passivated sections of the 

electrode.[148] Moreover, a highly porous anode is also believed to be an effective 

solution to densification, as the presence of pores helps to ensure zincate penetration 

into the inner electrode geometry.[152, 159] It must be noted that this porosity must 

be present at the current collector-level, as any engineered porosity of the zinc anode 

itself is likely to disappear with extended cycling.[148] One study by Parker et al. 

demonstrated how 3D-sponge based zinc anodes delivered a maximum zinc utilization 

of 89%, although long-term cycling was only possible  at relatively poor depth-of-

discharge of 23% owing to the need to maintain the overall physical and conductive 

3D network.[160]  

However, an increased overall surface area from either engineering or dendritic growth 

processes comes at a cost, with reduced energy density and an increase in exposed zinc 

area, with the latter leading to accelerated corrosion rates, including hydrogen 

evolution (HER, shown in Equation 1.26 below), and hence reducing cycling 

efficiency.[161] The corrosion of zinc involves the formation of zinc oxide and 

hydrogen gas, which occurs preferably as a parasitic reaction of elemental zinc and 

water molecules due to its lower standard reduction potential, at -0.83 V against -1.26 

V (vs. SHE at PH 14).[134]  As a result, corrosion occurs when under both no cell load 

and in operation, reducing cell capacities. It should be noted that a properly stored and 

sealed fresh Zn-air battery should only exhibit a loss in capacity of 2% over the course 

of a year.[162] 

 Zn (s) + H2O (l) ⇌ ZnO (s) + H2 (g) (1.26) 
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However, HER becomes problematic at higher current rate densities and at  high 

concentrations of KOH, both of which accelerate the rate of hydrogen gas 

production.[139] The presence of a foreign compound with a lower overpotential for 

hydrogen evolution also accelerates the rate of self-discharge, requiring that the zinc 

anode be of high purity and suitable cell casing materials be chosen to minimize the 

rate of corrosion. 

This slow self-discharge of the zinc anode and results in an inherent inability to reach 

a 100% charged state. As this side reaction also consumes electrolyte in the process, 

this results in a  gradual decrease in the amount of active material available for 

utilization in cell operation, observed as a reduction in battery operating lifetime.[135] 

As the overpotential for HER is significantly lower on a ZnO surface than pure zinc 

metal, this self-discharge process only accelerates with prolonged cell discharge, 

whether that be intentional or via feedback self-discharge mechanisms.[163] Finally, 

the accumulation of gaseous products within the confines of the cell structure can lead 

to catastrophic cell failure.[154]  

Addressing HER is primarily done through the introduction of metal, metal oxide, or 

metal hydroxide additives with an inherent more positive overpotential for hydrogen 

evolution. Among others, nickel,[164] indium,[164] mercury,[165] bismuth,[165] 

tin,[165] and lead[166] compounds have been shown to be effective when introduced 

physical mixtures, chemical doping, or through alloying.[134, 154, 167, 168] As these 

elemental materials possess a more positive reduction potentials when compared to 

elemental zinc, they are capable of maintaining conductivity throughout the electrode 

structure while the active zinc component is converted into its oxide state, improving 

active material utilization, helping to address the effects of passivation and 

densification Some additive examples also promote the formation of ZnO by reducing 

its solubility within the electrolyte, ensuring a more even passivation process and 

reduced risk of dendrite formation.  

As the introduction of any additive reduced the proportion active material from the 

electrode per gram, ensuring adequate dispersion is key to achieving maximum 

performance impact of from a minimum amount of additive. A study by Zhang et al. 

found that with the incremental addition of bismuth powder, a 10% minimum was 

required to reach maximum  zinc utilization of 63% using mechanical mixing.[169] 
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Other approaches have focused on chemical introduction of  heavy metal components 

into the anode structure: Zeng et al. showed that ZnO powder doped with 2.5 wt% 

In2O3[170] using the co-precipitation method could achieve a higher zinc utilization 

rate (92%) and less capacity fading after charge–discharge cycling than a physical 

mixture of ZnO and In2O3 powders in the same proportions (84% zinc utilization rate). 

Similarly, Lee et al. demonstrated that alloying Zn could be alloyed with 2.5% indium 

and 7.5% nickel to improve performance and reduce hydrogen evolution.[164] Schmid 

et al. showed that the encapsulation of zinc particles in silica shells via chemical 

vapour deposition could improve discharge capacities by protect the zinc material from 

surface passivation and corrosion.[171] This work was followed by that of Michlik et 

al., who encapsulated the zinc particles in a bismiuth-silica shell, gaining the 

conductive properties of the former along with the protective properties of the latter in 

the process.[154, 172] Mansfield et al. demonstrated that the alloying zinc with trace 

amounts of Pb and Al (0.4 wt. %) was sufficient to yield a decrease in HER corrision 

by 86.2%, measured by evolved H2.[154, 173] 

 

1.5.3 Electrolyte 

The electrolyte commonly used in a Zn-air cell is either an alkaline or aprotic solution. 

Although neutral or even acidic electrolytes reduce the rate of carbonate formation or 

dendritic growth, this is typically accompnied by poorer ORR kinetics and catalyst 

stability, resulting in majority of studies utilizing electrolytes being of alkaline 

nature.[11, 135, 154] High concentrations of KOH, NaOH, and LiOH are commonly 

used in literature, with KOH preferred due to its more favourable conditions – 

exhibiting higher ionic conductivity, zinc species solubility, oxygen diffusion 

coefficients,  with lower viscosity, as well as an increased solubility of carbonates 

produced by hydroxides reacting with ambient carbon dioxide.[174, 175] The superior 

ionic conductivity of the K+ cation (73.5 Ω−1 cm2 equiv−1) is particularly attractive for 

electrolyte purposes, offerring nearly 1.5 times that of Na+ (50.11 Ω−1 cm2 equiv−1)and 

nearly twice that of Li+ (38.7 Ω−1 cm2 equiv−1).[176] As previously mentioned, one of 

the main issues characteristic of alkaline electrolytes in Zn-air cells is the formation of 

carbonate side products via reactions with atmospheric CO2. The higher solubility of 

certain carbonates also reduce the rate of carbonate byproducts precipitated by side 

reactions with atmospheric CO2. These carbonates can negatively impact the 
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performance of the cell by reducing ionic conductivity, blocking pores of the GDL, or 

by increasing electrolyte viscosity.[174] Finally, additional risks exist in the form of 

side reactions with the casing materials, which may result in hydrogen or oxygen 

evolution.[177] 

Open systems such as Zn-air batteries naturally suffer from progressive water loss 

accompanied by performance degradations. While temporary measures such as adding 

more H2O or ensuring an excessive amount of electrolyte is always present have been 

utilized has temporary solutions, recent research efforts have revolved around gelled 

substitutes.[135] Gel electrolytes minimize moisture loss while possessing improved 

their solution storing capacity, with hydroponic KOH gel capable of storing electrolyte 

at 20-100 times its own gravimetric weight.[178] However ,their insufficient 

mechanical strength results in inadequate contact at the electrode-electrolyte interface, 

resulting in increased internal cell resistance and poorer cycling efficiency.[179]  

Solid-state electrolytes have also been proposed as a highly conductive, evaporation 

resistant alternative, but are hindered by high interfacial resistance between the 

electrolyte and zinc electrode.[134] Similarly, aprotic room-temperature ionic liquids 

have been shown to suppress dendritic growth, zinc corrosion, evaporation, and 

carbonate formation when used as electrolytes. However, their poor wetting 

characteristics at the air cathode, due to the inherent viscosity of the ionic liquid, result 

in rapid voltage drops being observed during discharge.[135] 

For aqueous or alkaline electrolytes, the electroyte composition can be tailored to 

address issues affecting cell performance, such as that of anodic shape change. One 

approach involves the saturation of KOH electrolyte with ZnO to reduce its solubility 

via the higher concentration of Zn(OH)4 zincate.  This is done both to improve 

cyclability and to control the shape chape by prompting ZnO precipitation at an earlier 

point in discharge, resulting in more uniform deposition being observed.[150, 180] 

Similarly, lowering the concentration of KOH species in the electrolyte has also been 

shown to reduce the both the rate of corrosion and electrode shape change by 

preventing the development of localized concentration gradients of zincate ions.[148, 

181] Both of these approaches are not without problems: saturating electrolyte with 

ZnO may lead to densification of prevously porous electrodes, while the lowering of 

KOH concentrations will be accompanied by lower conductivities, which result in 

increased cell resistance and lower power densities particularly under high current 
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applications.[134, 182] In addition, reduced KOH concentrations also facilitate for 

increased passivation due to reduced dissolution of the passivating film.[174] 

Tertiary electrolyte additives have also been explored for mitigating issues related to 

the zinc anode. Compounds such as potassium fluoride (KF), borate (K2BO3), 

phosphate (K3PO4), and carbonate (K2CO3) have been used to address anodic shape 

change by lowering zinc species solubility and therefore promoting the early 

precipitation of ZnO.[134, 150, 174] Tetrabutylammonium bromide and tetra-

alkylammonium oxides have been shown to be particularly effective in suppressing 

dendrite formation under long-term cycling.[141, 183] However, anionic substitution 

has been shown to be significantly less effective on decreasing zinc ion solubility than 

simply reducing OH- concentration, while borates and carbonates have also been 

shown to decrease overall cell activity through buffering interactions.[184, 185]  

Similarly, the use of hydroxide-based systems such as Ca(OH)2 have been shown to 

be effective in addressing due to the significantly lower solubility of calcium zincate 

product,[150, 186] while surfactants such as sodium dodecyl benzene sulfonate (SDBS) 

have shown promise in tackling surface passivation.[187] 

To address the issue of parasitic HER, heavy metal compounds such as lead, bismuth, 

and gallium can also be introduced into the electrolyte instead of in the zinc anode 

itself[174] More recently, non-metal additives, including silicates,[188] 

perfluorosurfactants,[189] tetra-alkyl ammonium hydroxides,[183] or phosphoric, 

succinic, and citric acids[190] have also been shown to decrease the rate of HER, 

which was attributed to the additive derivatives adsorbing onto the active sites of the 

zinc electrode during charging.[134] 

 

1.5.4 Air Cathodes 

As illustrated in Figure 1.12, the operation of a secondary zinc-ar battery requires an 

air cathode to drive the discharge and charge reactions at low overpotentials. 

Structurally, an air electrode typically consists of a hydrophobic gas diffusion layer 

(GDL) together with a more hydrophilic catalytically active layer in contact with one 

another and the current collector.[154] the gas diffusion layer (GDL) of an air cathode 

consists of a porous carbon support matrix facing the cell and a layer of hydrophobic 
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polymer, typically PTFE, facing out towards the ambient air to prevent electrolyte 

leakage outside the cell. The choice of material of the GDL is significant, as it also 

provides the physical and conductive support structure for the catalyst, act a structural 

barrier to prevent electrolyte leakage, and facilitate rapid uniform air circulation at the 

catalyst layer.[134, 135] Thinner support materials such as carbon-based papers offer 

high conductivity together with low resistance when compared to thicker and stronger 

cloth-based materials, but suffer from poor tensile strength and high levels of 

brittleness.[191] The catalyst layer, which is usually laminated or pipetted onto to the 

GDL, consists of a mixture of active material, conductive carbon black, and a binding 

polymer such as Nafion.[192] 

An ideal air cathode features a high level of bifunctional catalytic activity, structural 

stability, and a large electrochemically active surface area to ensure good performance 

and stable operation.[192] More specifically, a highly active bifunctional catalyst is 

required to reduce the large overpotentials observed in ORR and OER while a large 

reactive area is necessary to allow for suffcient diffusion of ambient oxygen into the 

three-phase gas diffusion layer, where it meets the electrolyte and catalyst 

components.[134] A large surface area can be achieved through the use of nanosized 

catalyst species, through the use of high-surface area supporting materials such as 

carbon blacks, or through the engineering of highly porous architecture at the triple-

phase boundary. The need for porosity is is due to the phase-specific difference in 

diffusion coefficients – oxygen gas typically suffers from slower diffusion speeds in 

alkaline electrolytes, necessitating the availability of large amounts of oxygen at the 

triple-phase boundary to maintain sufficient hight reaction rate. 

As the ORR-driven discharge process theoretically consume oxygen gas and zinc 

metal only, the air cathode should be able to sustain infinite operate provided that 

enough reactants remain available.[134] In practice however, contact of the air cathode 

with alkaline electrolyte or with byproducts arising from reactions with diffused 

ambient carbon dioxide result in gradual electrode failure and reduced reaction rates 

through pore blockage. 

At the gas diffusion layer of the cathode, ambient carbon dioxide can react with the 

cell’s alkaline electrolyte, resulting in the precipitation of carbonate species that alters 

the chemical environment in the cell that causes decreased conductivity and an 
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increased risk of pore blockage within the GDL. This is shown below in Eq. 1.27-

1.28[135, 145]: 

 2KOH (aq) + CO2 (g) → K2CO3 (aq) + H2O (l) (1.27) 

 KOH (aq) + CO2 (g) → KHCO3 (aq) (1.28) 

 

While this problem can be mitigated through the use of CO2-free air sources,  the 

corrosion of the air electrode itself under alkaline or acidic conditions is also an issue 

for long-term cycling stability.[134] Corrosion occurs due to relatively high 

overpotentials (η) experienced by the electrode during battery charging, and can lead 

to a loss of active catalyst surface area and leakage of electrolyte to the air side, 

severely limiting the lifetime of the battery. Oxygen within the system can also react 

with the organic support structure to generate carbon dioxide, as shown in Equation 

1.29.[134, 154]  

 C(𝑠) + O2 (g)⇌ CO2 (g) (1.29) 

 

Finally, as Zn-air cells are generally open systems, an excessively high or low level of 

ambient air humidity can electrolyte levels within the cell, causing flooding or 

evaporation, respectively, to occur at an accelerated rate to the detriment of cell 

performance. Control over ambient humidity during cycling is hence required to 

maintain efficient operation. This control can be maintained externally by monitoring 

external conditions, or internally through the tuning of the hydrophobic and 

hydrophilic structures of the air cathode components[135]: specifically, the use of 

hydrophilic porous layers or coatings of microchannels are required to facilitate proper 

wetting and access to cell electrolyte, while their hydrophobic counterparts serve to 

prevent electrolyte leakage while facilitating improved oxygen diffusion kinetics.[193] 

 

 

 

 

1.5.5 Oxygen Electrocatalysis for Zn-air Batteries 
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As described in the previous section, the core of a high performance  Zn-air cell is the 

activity of its bifunctional catalyst component in oxygen evolution (OER) and oxygen 

reduction reactions (ORR). While both reactions have been briefly discussed, their 

complexity warrant a more detailed consideration. The following sections discuss the 

mechanism of ORR and OER, factors affecting catalytic activity, and strategies for 

performance improvement in more detail, and provide an overview of known 

bifunctional catalysts used in Zn-air batteries. As such, only electrocatalysis under 

alkaline conditions is discussed. 

1.5.6 Oxygen Electrocatalysis with Transition Metal Oxide Catalysts 

Oxygen electrocatalysis is the main cathodic process for secondary metal-air batteries, 

and is defined as consisting of the Oxygen Reduction (ORR) and the Oxygen 

Evolution (OER) reactions. For transition metal oxide based catalysts, ORR may 

proceed via either the four-electron or a two-electron pathway, with the latter involving 

the production of peroxide intermediates, summarized below in Equations 1.3 and 

1.31[192, 194-196]: 

 

 O2 + 2H2O + 4e−↔4OH− (1.3) 

 O2+ H2O + 2e− ↔OH2− + OH− (1.31) 

The ORR mechanism exhibited by a material depends on the structural configuration 

of the adsorbed oxygen molecule on the catalyst’s surface active sites, which in turn 

depend on the surface geometry of the catalyst and the site energies for oxygen 

adsorption.[197, 198] If an adsorbed oxygen is perpendicularly coordinated to the 

surface, through “end-on” or monodentate adsorption, the two-electron pathway is 

observed.[192, 196] This adsorption process is described below in Equations 1.32 and 

1.33: 

 O2(ads)+ H2O + 2e− → HO2(ads) + OH− (1.32) 

 HO2(ads) + e− → HO2− (1.33) 
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The two-electron pathway results in the generation of a peroxide intermediate, and can 

be further followed by either a peroxide reduction (Eq. 1.34) or disproportonation (Eq. 

1.35) step, generating hydroxide groups in process.[192, 194, 195] 

 HO2− + H2O + e− → 3OH− (1.34) 

 2HO2−→ 2OH−+ O2 (1.35) 

 

In contrast, the four-elecron pathway occurs when both of the oxygen atoms are 

adsorbed in parallel to the catalyst, leading to the dissociation of the oxygen molecule 

and concluding with the formation of hydroxide groups in process. 

 O2(ads)+2H2O + 2e− →2OH (𝑎𝑑𝑠) +2OH− (1.36) 

 2OH (𝑎𝑑𝑠) + 2e− →2OH− (1.37) 

 

It has been suggested that materials that weakly interact with oxygen would favor the 

two electron reduction pathway, while materials with stronger interactions, such as 

Platinum, prefer the four-electron pathway.[199] In practice, the four-electron 

pathway is preferred due to the lack of peroxide groups are formed in process, which 

can affect cell performance via harmful corrosion reactions with the GDL or the 

catalyst itself.[60, 134, 200] It should be mentioned that while the majority of catalyst 

materials have been classified as favouring one mechanism over the other, the 

complexity in characterizing the kinetics of oxygen reduction reactions has resulted in 

some materials, such as manganese dioxides, being classified in both categories.[195, 

201] This problem is compounded by the introduction of various tertiary elements. For 

carbon supported manganese dioxides, the proportion of-two electron pathway has 

been shown to be linked to the amount of carbon support found in the catalyst material, 

opening the way towards pathway customization.[194, 201] A selection of two-

electron and four-electron ORR pathways observed in manganese oxides are shown 

below in Figure 1-13.[202] 
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Figure 1-13. Possible ORR pathways on manganese oxides in alkaline media: A) 

Four-electron pathway reducing O2 to hydroxide, B) Two-electron pathway reducing 

O2 to peroxide ion and C) Two-electron reduction of peroxide ions. Orange denotes 

species on the catalyst surface, and blue/purple denotes species in solution. Reprinted 

with permission from [202] 

The oxygen evolution reaction (OER) is the process of generating molecular oxygen 

through the electrochemical oxidation of water and hydroxide groups. Although 

commonly described as a reverse of the ORR, its mechanism is significantly complex 

and a a consensus on a universal mechanism has been difficult to validate, primarily 

due to the difficulty in identifying formed adsorbed intermediates, with different 

studies and materials suggested to follow different pathways .[203, 204] Overall, the 

OER mechanism can be descibed as the successive adsorption of hydroxide groups 

from the electrolyte to form various oxygen intermediate species.  The general 

equation for OER under alkaline conditions is shown below in Equation 1.38, and 

selection of proposed OER mechanisms for selected metal and metal oxide catalysts 

are shown in Figure 1-14.  

 4OH − → O2 +2H2O +4e− (1.38) 
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Figure 1-14. Selected OER mechanisms proposed for crystalline oxide surfaces in 

alkaline electrolytes: A) Four-step reaction mechanism proposed by Rossmeisl et al. 

for the OER on noble metal catalysts and oxide surfaces.[205, 206] B) Four-step 

reaction mechanism proposed by Goodenough et al. for the OER on perovskite 

surfaces.[207] C) Acid–base mechanism proposed for first-row transition-metal 

oxides.[208] D) Reaction mechanism proposed by Faria et al. involving recombination 

of oxygen atoms to produce O2.[209] E) Reaction mechanism proposed by Gerken et 

al. for electrodeposited cobalt oxides.[210] The orange and blue denote species on the 

catalyst surface and in solution, respectively. Reprinted with permission from [203]. 

Extensive study has taken place into improving the performance of oxygen 

electrocatalysts under alkaline conditions.[90, 135, 204, 211] In both OER and ORR, 

changing the magnitude of physical characteristics such as conductivity, 

electrochemical surface area, and surface roughness have been shown to have a direct 

effect on catalytic activity, by improving the electron transfer kinetics and the reaction 

site density, respectively.[199] Similarly, the reaction site of an optimal catalyst should 

possess both the correct geometric and electronic properties to facilitate catalysis. A 

sufficiently strong surface-bond iteraction is desirable for high catalytic activity in 

both OER and ORR.[206, 212, 213] The site energies for oxygen adsorption, and 

consequently reaction kinetics, have been shown to be affected by geometric properties 

such as interatomic distance, crystal structure, grain size, defects, and vacancies, along 

with electronic parameters include the d-character and band structure.[199, 204, 214]  
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DFT studies for ORR have suggested that a surface reaction site should adsorb 

molecular oxygen sufficiently strongly to activate it, through which the energy 

required to form intermediates is reduced, but not so strongly as to stabilize it.[199] 

Norskov et al. identified the removal of adsorbed atomic oxygen species and the 

dissociation of O2 as the rate-determining step in ORR when the metal-oxygen bonding 

strength is too strong or too weak, respectively.[213] Other studies have observed that 

decreasing enthalpy of activation is accompanied by increasing metal-oxygen bond 

strength and decreasing magnitudes in the pre-exponential factor in the rate 

equation.[215] One possible explanation was proposed by Appleby et al., who 

suggested that with a stronger metal-oxygen bonding interaction, a large proportion of 

the reaction sites are occupied by adsorbed oxygen species obtained from the 

surrounding electrolyte, limiting the number of sites for molecular oxygen.[216] 

Consequently, the metal-oxygen bonding strength should be tuned to ensure that 

balance exists between reaction site availability and intermediate activation capability 

to ensure fast ORR kinetics. Suntivich identified eg orbital occupancy as being a 

contributing factor to metal-oxygen bonding in spinel transition metal oxides due to 

the geometry of the eg orbital being suitable for σ-bonding with the 2p orbital of the 

oxygen adsorbate, with an occupancy of ca. 1 being ideal for ORR.[217] The 

relationship between metal-oxygen binding strength and ORR activity has been 

validated for transition metal catalysts (Figure 1.16).[213] 
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Figure 1-15. Trends in oxygen reduction activity plotted as a function of the oxygen 

binding energy. (ΔEo). The activity defined as the negative change of the free energy, 

-ΔG. Reprinted with Permission from [213]. 

 

As shown in Figure 1-15, platinum’s high ORR activity can be partially attributed to 

its moderate bonding strength with oxygen. In contrast, nickel bonds more strongly 

with oxygen, resulting in the proton transfer steps required for intermediate formation 

becoming strongly activated, and hence kinetically slow. Meanwhile, gold exhibits a 

significantly weaker bonding interaction than platinum, resulting in unstable oxygen 

adsorbates at the reaction site and minimal proton or electron transfer being 

observed.[213] Similarly, Figure 1-15 suggests that the ORR activity of Pt could be 

improved by reducing the binding energy by ca. 0.2-0.4 eV. This is supported by 

alloying studies of Pt  catalysts in literature, where the introduction of transition metals 

such as Co, Ni, and Fe yielded ORR catalysts with remarkable activity.[218-220] It 

should be noted that the introduction of tertiary elements not only alters the structural 

and electronic characteristics of the base catalyst material, but may also support 

catalysis more directly, whether that be interacting with oxygen adsorbates directly or 

by acting as a redox mediator. 

The exact attributes that define an excellent ORR catalyst may not be shared for an 

OER catalyst. Platinum is a benchmark ORR catalyst that exhibits poor activity in 

OER, which has been partially attributed to the insulating nature of the surface level 

platinum oxide film formed from exposure with oxygen species, which hinders charge 

transfer and consequently bonding with any adsorbate.[221]  These differences stem 

from OER and ORR possessing different rate determing steps (RDS) during their 

respective reactions. While the RDS of ORR is generally considered to be related to 

the adsorption of molecular oxygen and its dissociation, the RDS of OER is generally 

associated with the formation and activation of the adsorbed oxygen 

intermediates.[214] As such, good OER activity is dependant on the ability of the 

reaction site metal cation to change valence state to bond with intermediates, to ensure 

that the activation energies of formation for subsequent intermediates is low.   

As in ORR, the metal-adsorbate bonding strength should not be too high so as to 

permanently stabilize the adsorbate. The DFT study by Rossmeisl et al. suggested that 
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the impressive OER performance of metal oxides compared to pure metal surfaces 

stems from their weaker oxygen binding capabilities paired with strong hydroxyl 

binding capabilities, ensuring that succesive intermediates can be formed into eventual 

molecular oxygen, which can then be released.[212] Similarly, Trasatti et al. suggested 

that OER activity of a catalyst is linked to the enthalpy of valence transition, with an 

excessively low transition enthalpy allowing access to higher oxides and stronger 

bonding interaction and hence slowing the release of oxygen species.[222] The 

suitability of metal oxides as OER catalysts is supported by the work of Norskov et al.,  

who showed that oxidized metal surfaces were necessary for improved OER 

kinetics.[206] Their DFT-results suggested that oxygen evolution occurs through the 

interaction of water molecules with adsorbed oxygen atoms to form OOH* 

intermediates and consequently O2. This was shown to occur only after a threshold 

proportion of the catalyst’s surface metal atomic sites have been occupied with 

adsorbed oxygen atoms, after which it becomes more energetically favourable for 

interactions between the oxygen adsorbate and water molecules to occur.  

 

  

Figure 1-16. (Left) Trends in OER activity plotted as a function of oxygen binding 

energy for selected metal oxides. The activity defined as the negative change of the 

free energy, -ΔG. (Right) Trends in OER overpotential as a function of  free energy (-

ΔG2). Reprinted with permission from [206, 212]. 
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Figure 1-16 displays the relationship of oxygen bonding strength and overpotenial to 

OER activity for a selection of metal oxides. The high activity and small overpotential 

of RuO2 and IrO2, both known as benchmark OER catalysts, has been attributed to a 

combination of their relatively low redox potentials (ca. 1.39 and 1.35 V vs. RHE, 

respectively), the high conductivity of their oxide films, and the ability of their rutile-

type (110) surfaces to exhibit a moderate bonding strength for oxygen.[206, 212, 223] 

Figure 1.18a) suggests that slight increases in the oxygen bonding strength of RuO2 

could theoretically result in a more active catalyst, opening a new dimension in rational 

metal oxide OER catalyst design. 

In literature, the OER performance of transition metal oxides has been improved on 

the introduction of tertiary elements via doping, by tuning the strength of the 

aforementioned metal-adsorbate interactions. For example, nickel oxides have been 

successfully paired with Fe and Co to improve OER performance. Pletcher et al.  

demonstrated that Ni-supported NiCo2O4 and NiFe(OH)2 on nickel form exhibit only 

a 200 mV overpotential for OER.[224] Similarly, Mary et al. introduced Fe into Ni 

oxide thin film sand observed significantly improved OER performance.[225] 

Rossmeisl et al. reported that many transition metal oxides (e.g. Co, Mn, and Ni,) have 

similar oxygen binding ability to the RuO2 and IrO2, explaining activity for OER[212]. 

Furthermore, Suntivich et al. reported that transition metal perovskite oxides of the 

general structure of A1-xA’xByB’1-yO3 exhibit potential as highly active OER catalysts  

with superior  performance to benchmark IrO2 in alkaline media.[226] Analysis of the 

electronic structure of the catalysts suggested a link between OER activity and eg 

orbital occupancy, with a value of just below 1 suggested to correlate with moderate 

bonding strength optimal OER. Similarly, the study also identified bond covalency as 

a supporting factor in promoting charge transfer between the metal surface and the 

oxygen adsorbate. 

 

 

  

1.5.6 Bifunctional Electrocatalysts for Zn-air batteries 

As previously mentioned, the OER and ORR electrochemical reactions at the cathode 

of the Zn-air battery, althought theoretically spontaneus, suffer from significant 
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overpotentials, resulting in slow kinetics. The development of high-performance 

secondary Zn-air batteries is bottlenecked by the discovery and optimization of highly 

active bifunctional catalysts.[134].  

The criteria for new potential bifunctional catalysts are extensive: they must be 

inexpensive, earth-abundant, capable of sustaining activity in alkaline electrolytes for 

extended periods of time, and able to deliver exceptional bifunctional catalytic 

activity.[134, 139, 227]  

Currently used benchmark catalysts for ORR and OER such as carbon-supported 

plantinum (Pt/C) and iridium (Ir/C) or ruthenium oxide (RuO2), suffer from  poor 

stabiliy in acidic or alkaline media, poor bifunctional activity, high cost, and uneven 

geographical distribution, making these precious metal-based catalysts unsuitable for 

large-scale applications such as in EV’s or grid storage.  Most importantly, of the 

aforementioned examples excel at either ORR or OER reactions, requiring mixtures 

of unifunctional catalysts to induce bifunctionality, further increasing costs.[204] 

Studies have demonstrated that composite catalysts formed from unifunctionally 

active materials can exhibit poor material compatibility, resulting poor energy density 

and energy density.[143, 228-232] In practice, the choice of catalyst material can be 

thought of as a compromise between electrochemical stability, costs associated with 

material itself, and electrocatalytic activity.  

Catalyst screening efforts have shown that metal macrocyclic compounds, metal–

organic frameworks, carbon-based materials, and transition metal compounds can 

serve as effective replacements for noble metal based catalysts in alkaline 

electrolytes.[135, 192, 204, 211, 214] In particular, transition metal compounds have 

been demonstrated to be catalytically active, with examples exhibiting excellent 

current densities, good Coulombic efficiency, and long term electrochemical 

stability.[134, 135, 211] Transition metal oxides such as MnO2[228] or NiO,[233] 

along with transition metal sulfides,[234-236] selenides,[237] lanthanates,[200] 

nitrides,[238] and phosphides[239] have also been demonstrated to exhibit higher 

ORR activities and good stability.[240-246] Similarly, layered double hydroxide 

compounds such as NiCo and NiFe LDH have been shown to match commercial IrO2 

in both activity and electrochemical stability.[247-249]  
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Transition metal compounds featuring more than metallic species can exist in various 

elemental combinations and configurations, resulting in interesting electrochemical 

synergies between its cationic constituents.[242, 250-252]. In particular, examples of 

spinel type oxides and sulfides such as Co3O4,[253] NiCo2O4,[233] and NiCo2S4[234, 

241, 254] have exhibited high bifunctional activity in ORR and OER, along with high 

electrochemical durability under alkaline conditions.[255, 256] Their performance has 

been linked to their high conductivity (reaching semiconductor or electrical conductor 

levels), and to their structural ABX3 and AB2X4 configurations, which allow for the 

accomodation of mixed valence states various tertiary transition metal species, 

facilitating electronic coupling interactions and the creation of donor-acceptor 

chemisorption sites for reversible oxygen adsorption in OER and ORR.[257, 258]The 

different valence states of the structural sites in a spinel oxide facilitate for improved 

bifunctional performance by providing optimal strength metal-adsorbate bonding 

interactions. For example, the Co(II) and Co(III) cations in spinel Co3O4 have been 

identfied as being active for ORR and OER, respectively.[204] Beyond regulating 

metal-adsorbate bonding interaction, the mixed valencies also facilitate low activation 

energy electronic transitions through hopping processes.[259] While the conducitivity 

of metal oxides has been typically  generalized as being poor,  examples of their sulfide 

counterparts have demonstrated much improved conductivity: for example, NiCo2S4 

is nearly 100x more conductive than its oxide counterpart, owing to is near metallic 

band structure.[260] 

 

Spinel transition metal oxides and sulfides have been successfully synthesized using a 

variety of approaches, from hydrothermal nucleation-based processes,[250, 261, 262] 

sol-gel methods, and electrospinning, to solid-state approaches and recrystallization, 

accomodating a wide range of morphological and size characteristics.  Once a material 

with promising baseline catalytic activity has been discovered, a significant effort must 

then be undertaken to optimize its performance. The strong focus toward catalyst 

optmization is partially due to the slow, trial-and-error nature of bifunctional catalyst 

development, which can be explained by the high variability of OER and ORR  

mechanisms and kinetics of different materials,[263-265] resulting in a lack of 

consistent trends in research. Approaches to improve the inherent performance of the 

catalyst involve either compositional or physical engineering. Doping is used to alter 
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the composition of a catalyst directly, changing the electronic properties of the material 

by affecting surface and near-surface electronic structure, and hence the attractiveness 

of active sites. In contrast, modifications to the catalyst surface, whether that be via 

increases in surface area, geometry, or morphology, directly correlate to the surface 

active site density and hence the overall performance.[204, 211, 214]  This can be 

achieved by enlarging the electrochemically active surface area through particle size 

(and hence, the surface-to-volume ratio),and through the introduction of surface 

defects and roughness to increase the number exposed catalytically active sites.[266] 

More external approaches to improving catalytic activity in literature include through 

the use of nanostructured additives or supports, such as reduced graphene oxide (RGO) 

or carbon nanotubes (CNT) to promote intra-catalyst and catalyst-adsorbate electron 

transfer processes.[204, 211, 214] 

Unlike their precious-metal counterparts, non-precious metal catalysts tend to suffer 

from gradual and irreversible damage during extended bifunctional operation, which 

has been linked to catalyst or additive components exhibiting different degrees of 

stability during alternating exposures to oxidative and reductive environments that 

occur with cycling.[143] While the chemical stability of the material is intrinsic to the 

composition of the compound, the stability of conductive additives such as carbon can 

be improved significantly through post-processing approaches such as high-

temperature heat treatments, or the use of graphitized alternatives such as carbon 

nanotubes.[200, 267, 268]  

1.5.7 Separators 

While the separator itself does not actively take part in the reactions of a Zn-air battery, 

it’s role is critical to ensure the cell’s sustained stable operation. The primarily role of 

the separator remains unchanged from that of Li-ion, Na-ion: namely to separate the 

anode and cathode components from one another while allowing conduction of the 

ionic electrolyte.[71] However, separators for zinc-air batteries serve an additional role 

in suppressing or diminishing the formation of dendrites, while preventing potential 

short-circuiting contacts between dendrites and the cathodes.[135]  

A separator for a Zn-air battery must satisfy several requirements. Firstly, they must 

be chemically stable under the electrolyte, as well as to the byproducts evolved during 

cycling. Similarly, they must thermally stable, typically up to 80 °C. A high 
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mechanical stability must be present to hinder dendritic growth, along with a 

homogeneous porority level that blocks the movement of possibly evolved gaseous 

products. The separator must also exhibit good electrochemical stability with both 

electrodes, while exhibiting excellent wettability characteritics with the electrode. 

Naturally, it must possess good ionic conductivity.[135, 154] 

Examples of successful separator materials include polymer-based candidates made 

from polyacromide or polyvinylpyrrolidone, such as the laminated nonwoven Celgard-

line of products marketed by the Hoechst Celanese Corporation (USA), or glass 

microfibre filters such as the Whatman-line of products made by the Sigma Aldrich 

corporation (USA).[154, 269] 

 

1.6      On the Effects of Nano-sizing Electrode Materials in Li-ion, Na-ion, and 

Zn-air Batteries 

Nanoparticles are defined as materials with at least one dimension in the range 1 to 

100 nm (1 to 100 ×10−9 m). Across this scale, nanoparticles are known to display 

interesting and non-linear electronic, mechanical,  catalytic, magnetic, and optical 

properties not necessarily shared with their larger “bulk” counterparts (where “bulk” 

is generally defined as materials covering the micro- or macro-scopic dimension). The 

use of nanomaterials has rapidly accelerated in recent decades, with their use in energy 

storage and catalysis receiving particular attention due to a host of domain-specific 

beneficial properties, such as higher surface area, surface energy changes,  and 

quantumn confinement effects.[270] Successful examples include their use in oxygen 

electrocatalysis,[271] fuel cell cathodes,[272] high power electrodes for Li-ion 

batteries,[273] thin films for transistors,[274] and sensor technologies.[275] 

While the physical attributes of nanosizing electrode materials are universal, the 

influence of nanosizing on the mechanism  of electrochemical energy storage is system 

specific. First-generation alkali-ion batteries used electrodes consisting of millimeter-

sized particles, which resulted in high energy densities but very poor power or high-

rate performance.[70] The high-rate performance of these electrodes was limited by 

the low diffusivity of the alkali-ions in bulk-sized particules, which is intrinsic to the 

cation itself,  at ca. 10-10 cm2 s-1 for Li and ca. 10−13 cm2 s−1 for Na.[276, 277] By 

increasing the surface area-to-volume ratio of a material, nanosizing has several 
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beneficial effects for batteries relying on primarily Faradaic charge storage 

mechanisms, including; 

• Higher ionic diffusion coefficients. 

• Shorter diffusion pathways. 

• Shorter electron conduction pathways. 

• Possibly increased electronic conductivity. 

• Enhanced strain accomodation due to the localized nature of possible phase 

transitions.[70] 

• Larger active interfacial area between the active material and electrolyte. 

These improvements to an electrode material’s diffusion and conduction kinetics are 

exhibited through superior high power characteristics when compared to larger bulk 

materials.[71] Furthermore, nanosized materials possessing both insertion and fast-

Faradaic surface-based charged storage mechanisms, such as extrinsic 

pseudocapacitors, typically exhibit a proportionaly increasing  pseudocapacitive 

component with higher increased applied currents, attributed to the availability of 

electrochemically active sites on the surface of the material.[4, 278] Moreover, certain 

energy-storage materials only exhibit any charge storage at nanoscale. For example, 

Li-ion batteries featuring mesoporous β-MnO2 cathodes  have been been shown to 

cycle reversibly at the nanoscale, yet exhibit little to no lithium intercalation behaviour 

at the micron-scale.[279] Commercially, the use of nanomaterials and composites to 

create improved high cycle life and high capacity electrode materials was 

demonstrated by the Sony Corporation in 2005. The company’s Nexelion battery used 

a mechanically milled anode material mainly composed of a titanium and Sn/Co/C 

composite. While the exact composition has not been publicly revealed, studies have 

suggested that together with the composite composition, nanosized particles and 

nanostructured materials served to alleviate the mechanical strain generated due to the 
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volume change as the lithium-ions are inserted into and extracted from the host 

electrode materials.[280, 281]  

However, nanosizing active materials for energy storage applications is not bereft of 

disadvantages. Li-ion and Na-ion batteries with nanosized active materials inherently 

exhibit a lower volumetric energy density. The intrinsic diffculties in nanoparticle 

synthesis with regard to control over morphology consistency, size, and cost the higher 

electrolyte / electrode interfacial surface area can result in a larger number of parasitic 

side reactions, which may lead to issues with reproducibility. As a well-connected 

electronic network is necessary for ensuring high electronic conductivity and stable 

electrochemical performance, nanosized electrodes may exhibit poorer performance 

through the possible loss of interparticle contact during cycling. Furthermore, the 

proportion of charge used in parasitic side reactions with the electrolyte is increased 

with higher surface areas, which in turn results in a thicker SEI layer and  further 

capacity loss.[70] Similarly, the higher number of surface groups from the SEI layer 

can have unintended consequences such as enhanced catalytic activity of tertiary side 

reactions. [26, 109, 282] 

For metal-air systems such as Zn-air batteries, nanosizing is primarily pursued for the 

bifunctionally active catalyst component of the air cathode, as the effiency of the 

oxygen electrocatalysis process is considered a major bottleneck for cell operation. An 

increase in surface-to-volume ratio can result in a larger number of exposed 

electrochemically active surface catalytic sites for participation in the oxygen 

eletrocatalysis process, allowing for access to higher current densities. As discussed in 

Section 1.4.1.4,  increasing the surface area of the zinc anode has been observed to 

improve cell performance by allowing for a higher number conductive pathways and 

preventing densification. However,the larger exposed interfacial area results in a larger 

contribution from parasitic side reactions with detrimental or even catastrophic 

consequences, necessitating the addition of various inhibitor additives.[174] 

 

 

1.7 On the Role of Supercritical Water in Hydrothermal Synthesis 
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The specifications for nanoceramics and other nanomaterials used in high performance 

energy storage and catalysts are stringent, with particular emphasis on consistent 

morphology narrow size distributions and high reproducibility being required in order 

to ensure consistent cell performance.[283] As such, a demand for scalable, 

comparatively environmentally friendly, and highly reproducible synthesis techniques 

exists for nanomaterials. Broadly speaking, nano-sized materials are either synthesized 

“top-down”, or through the dismantling of larger materials, or “bottom up” through 

atomic molecular precursors. Hydrothermal synthesis methods belong to the latter 

approach, and can be used for the synthesis of nanopowders, fibres, coatings, polymers, 

and metallic nanoparticles.[185,186]. Hydrothermal syntheses typically utilize water 

as a reaction medium together with lower reaction temperatures (typically between 

180-400 oC). Batch hydrothermal synthesis approaches, where static amounts of 

precursors are reacted in a medium within an autoclave vessel in under high 

temperature and pressures, offer a high degree of safety (due to the aqueous medium), 

high yields, product purity, as well as a degree of nanoparticle size control via 

surfactants.[284-286]  However, they are time- and energy- intensive due to the time 

required for heat-up and cooling, require conditions to be sustained for hours or days, 

with each batch requiring a repetition of the process. Furthermore, batch hydrothermal 

synthesis approaches suffer from poor  batch-to-batch reproducibility and poor control 

of reaction parameters (such as reagent concentration and temperature) resulting in 

less than optimal suitability for scaled-up industrial production of nanoparticles with 

stringent physical characteristics. 

Furthermore, the use of water as a reaction medium and sealed reactors ensure that 

volatilization is not a significant safety risk during synthesis.[287] Similarly, specific 

energy consumption in hydrothermal synthesis is comparatively low, and secondary 

heat-treatments are not typically required for phase-pure products. 

While all hydrothermal synthesese are characterized by high pressures and 

temperatures with an aqueous medium, typical batch hydrothermal reactions involve 

temperatures in the range of 100 to 220 oC, due to the thermal stability limits of the 

Teflon liners and risk of vessel corrosion at higher temperatures.[288]  The use of 

supercritical water solvents in specialized apparatus allows access to variable reaction 

environment where the  properties such as density, ionic solubility, viscosity, 
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diffusivity and surface tension, to be controlled by altering the temperature and 

pressure of the reaction vessel.[289]  

 

 

 

Figure 1-17. The phase diagram of water, displaying the triple point (Ptp & Ttp) and 

the critical point (Pc & Tc).and highlighting the supercritical zone above the critical 

point of water. Reproduced with permission under a creative commons licence (CC 

BY-NC-SA 3.0 US) from reference D. Larsen, ‘Phase Diagrams’ Chem Wiki: The 

Dynamic Chemistry Textbook.[290] 

Figure 1-17 illustrates the phase diagram of water with increasing temperature and 

pressure. Below the critical point of water (at Ptp = 22.06 MPa and Ttp = 373.95 oC  ),  

the vapour perssure curve separates the gaseous and liquid phases. The lower triple 

point similarly separates the solid, gaseous, and liquid phases. However, beyond the 

critical point, the properties of water change such that the gaseous and liquid phases 

can no longer be distinguished from one another, leading to the formation of a single 

homogenous phase, with physical properties that can be tuned by minute changes to 

the ambient temperature or pressure.[287]The resulting supercritical fluid (SCF) can 
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dissolve materials by behaving as a solvent but possesses a high miscibility with 

gaseous mediums. 

 

 

Figure 1-18. Changes in the properties of water with increasing temperature at 30 MPa. 

Reproduced with permission from[291]. 

The changes in the properties of water as a function of temperature are illustrated in 

Figure 1-18. At standard conditions (T = 20 °C and  P = 101325 Pa), the density of 

water is about 1000 kg m-3, and it behaves as a polar liquid, with a dielectric constant 

of around 80. However, upon exceeding the supercritical point (at 374 °C and 22 MPa), 

the properties of  water lie in between that of liquid and gas. The density of water 

decreases significantly to only about 322 kg m-3, while the dielectric constant 

decreases to 5, exhibited as a reduction in polarity accompanied by significantly 

reduced observed ionic solubility.[288]  This is partially attributed to the degradation 

of the hydrogen bonds in the water molecules, and is also accompanied by an increase 

in the solubility of non-polar organic solvents and significantly decreased solubiliy of 

inorganic salts, promoting rapid precipitation.[287] Consequently, the properties of 

water at the critical point may be adjusted to favour more liquid or gas-like attributes, 

allowing for flexibility in synthesis conditions.[292] It is believed that these rapid 

changes in solubility and dielectric constant at supercritical conditions are a key 
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driving factor behind nanoparticle nucleation in hydrothermal synthesis,[287] and 

hence play a role in forcing the precipitation of ionic solids in the system.  

 

As a consequence of the degradation in hydrogen bonding, supercritical water has the 

unique attribute of being significantly more hydrolyzing due to a decrease in the ionic 

constant of water, Kw, defined through the equations: 

 Kw= [H+][OH-] (1.37) 

 pKw  = -log10 (Kw) (1.38) 

 

As shown in Figure 1.20, the concentration of [H+] and [OH-] ions are ca. 1 x 10-7 mol 

dm-3 each at 25 oC, both, resulting in a pKw  of 14. Past the critical point of water, this 

value decreases to 11, resulting in a ca.  30-fold increase in concentration (ca. 3.16 x 

10-6 mol dm-3) of both [H+] and [OH-], leading to an increasingly hydrolysing 

environment for metal salts being observed.[293] Above the critical point, the ionic 

constant can vary significantly depending on the temperature and pressure, from 10-11 

and 10-20  dm-6, with a maxiumum value at ca. 10-12 mol2.dm-6 at 300 °C, irrespective 

of pressure. At this point, water may exhibit the properties of both an acid and base 

simultaenously, resulting in new possibilities as a reaction medium.  

As a result of the unique properties of supercritical water, the introduction of metal 

salts results in localized supersaturation. This is followed by rapid hydrolysis to metal 

hydroxides and dehydration to metal oxide nanoparticles with a narrow size 

distribution, in accordance with Equations 1.39 and 1.40: 

 𝑀(𝑁𝑂3)𝑥(𝑎𝑞)  +  𝑥𝐻2𝑂(𝑙) → 𝑀(𝑂𝐻)𝑥(𝑠) 

+  𝑥𝐻𝑁𝑂3(𝑙) 

(1.39) 

 𝑀(𝑂𝐻)𝑥(𝑠) → 𝑀(𝑂)𝑥

2
(𝑠)  +  

𝑥

2
𝐻2𝑂(𝑙)                                                                         (1.40) 
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The rate of reaction of these two reactions influenced by the ambient temperature, pH, 

the ionic product of water or Kw, and the dielectric constant of the water medium.  

As the nucleation and growth of the nanoparticles plays a key role in determining the 

final crystal structure, size and shape of the particles, it is important to understand the 

key steps behind hydrothermal synthesis of nanoparticles. The nucleation and particle 

growth mechanisms are illustrated in Figure 1-19, in accordance with the widely 

accepted classical theory described by LaMer originally for the synthesis of sulfur 

sols.[294] Briefly, the process can be broken down into four stages, involving 

precursor concentration, particle nucleation, growth, and termination. 

 

Figure 1-19.  Diagram of LaMer’s theory of nucleation and particle growth via growth 

from solution and Ostwald ripening. Adapted with permission from [294]. 

The initial stage consists of the formation of zero-charge precursor molecules after the 

mixing of the reactants that react in acid-base type reactions (typically involving metal 

salt or alkoxides with an acid or base), denoted as I in the graph. As the concentration 

of the active precursor increases and reaches the nucleation point (Cnucleation), known 

as a supersaturation condition, nucleation of nanoparticles is observed. Nucleation 

continues with increasing concentration until the supersaturation limit (Csupersat) is 

reached, upon which nucleation rapidly increases until a drop in concentration is 
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observed to the limit of solubility Csolubility, resulting in nucleation termination. Particle 

growth is observed as the precursor concentration falls below the supersaturaturation 

limit, and is primarily observed via two mechanisms:  growth from solution is observed 

above the solubility limit , Csolubility, while Ostwald ripening dominates as a growth 

mechanism below the solubility limit. While the former mechanism can be described 

as being a primarily diffusion-limited process controlled by the availability of 

precursor ions at the particle surface, the latter can be termed a sacrificial process, 

where larger crystals grow at the expense of smaller ones due to the size-related 

solubility observed in nanoparticles.[295] Tertiary growth mechanisms, such as 

particle attachment or agglomeration, may also occur in tandem with Ostwald ripening 

under the solubility limit.[296]  It should be noted that the particle growth processes 

described are significantly more pronounced with increasing reaction time. As such, a 

hydrothermal method featuring a short reaction time, such as Continuous 

Hydrothermal Flow Synthesis, is suitable as a growth-limited, nucleation-driven 

synthesis for nanoparticle production. 

1.8 Continuous Hydrothermal Flow Synthesis and its Advantages for 

Industrial Applications 

For many industrial applications, maintaining a precise control of temperature, pH, 

precursor concentration, among other properties, is desirable to minimize batch-to 

batch variations and ensure a strong consistency in particle properties.[297, 298]  In 

addition, it is desirable for industrial applications that the manufacturing process be 

simple in nature (ideally single-step), with options for facile scale-up of production, 

in-line monitoring of synthesis and output conditions, high energy and resource 

efficiency, high safety, and a degree of reaction parameter flexibility for the fine-

tuning of output nanoparticles. 

 

Continuous hydrothermal flow synthesis (CHFS) has been designed for the scaleable, 

continuous production of high quality nanomaterials with  reproducible 

characteristics.[293, 299] The process differs from batch hydrothermal synthesis by 

not being a strict closed system,  as CHFS is capable of indefinite operation as long as 

the structural integrity of the apparatus is maintained, blockages are not encountered , 

and precursor reagents remain available.   The use of short residence times in CHFS 
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not only allows access to kinetic, metastable products, but also limits the duration of 

particle growth and Ostwald ripening processes observed in batch hydrothermal 

processes, in accordance with LaMer’s theory.[288, 293] Moreover, the use of water 

as a solvent, relatively high yields, scalability, and relatively low synthesis temperature 

(ca. 450 °C) facilitate CHFS as a promising safe, and green synthesis technology.[284, 

287, 293] Finally, the use of a continuous, flow-based mechanism by design allows 

for automation oppourtunities favourable for industry production, as well as in-flow 

quality control steps. Moreover, reaction parameters such as temperature, temperature, 

pH, precursor concentrations, and flow rates can be monitored and adjusted without 

reaction termination, facilitating the production of nanoparticles while maintaining a 

high level of control and consistency over particle physical parameter such as size, 

composition, and morphology. Materials synthesized using CHFS include metal 

oxides, sulphides, hydroxides, phosphates, as well as their possible doped variations 

and composite materials,[293, 300]  covering a wide range of domains including gas 

sensing,[300, 301] photocatalysis,[302, 303], oxygen electrocatalysis,[236] Li-ion 

batteries,[304, 305] and capacitors[306, 307] and thermochromics[308]For a detailed 

consideration of the applications of CHFS, the reader is kindly directed to the review 

by Darr et al.[293] 

A typical CHFS reactor scheme for the production of metal oxide nanoparticles is 

shown below in Figure 1-20.[309-313] All CHFS-based reactors share a similiar 

design, with larger reactors utilizing scaled up components to handle larger flow 

volumes.[310, 314, 315] 
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Figure 1-20. CHFS reactor incorporating a confined jet mixer (CJM). (a) Single-mixer 

set-up: The metal salt (pump P2) and base (pump P3) precursor are mixed together at 

room temperature and then meet a supercritical water flow (pump P1) in the CJM. 

After cooling, the nanoparticle slurry is collected through the outlet of a back-pressure 

regulator. (b) Dual-mixer set-up: Using a quench of DI water (pump P4) results in a 

shorter reaction time, or alternatively another precursor (i.e. a surfactant) could be 

introduced. Taken with permission from [236, 316]. 

Briefly, a feed of water heated above its critical point (TC = 374 °C and Pc = 22.1 MPa), 

resulting in in reduction in its dielectric constant and ionic solubility. This feed is  

introduced rapidly into an engineered co-current T-shaped confined jet mixer (CJM), 

[309] with metal salt/base aqueous precursor feeds, held at ambient temperature and 

at the same pressure. The patented CJM was designed to eliminate blockages under 

these conditions and facilitate highly turbulent mixing with a high Reynold’s number. 

The hydrothermal reaction to form a metal oxide can be described as two-step process 

within the mixer, primarily driven by the change in precursor species supersaturation 

at supercritical conditions, as discussed in the previous section, and involves a 

hydrolysis and dehydration steps in rapid succession to faciliate nanoparticle 

nucleation and growth. The aqueous nanoparticle stream is then cooled in process and 

ejected through the outlet as a nanoparticle slurry at ambient temperature. The particles 

are cleaned via dialysis, resulting in a a wet solid which is then freeze-dried to retain 

maximal surface area and then collected as a powder. Nanoparticles produced via 

CHFS are typically small (ca.< 10 nm) with narrow size distributions, due to the 

homogenous precursor mixtures, rapid nucleation, and short nucleation times The size 

of the nanoparticles can be controlled through the use of a cold water quench, which 

brings the product mixture to sub-critical levels earlier in the cooling process, 
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preventing particle growth and decreasing the reaction time from around 5 seconds to 

less than 1 second.[288, 317, 318] In addition, the CHFS processes have been 

demonstrated to exhibit high yields and  particle turnovers, capable of producing in 

excess of  > 1 kg per hour,[310] making the solution highly scalable for industry 

demands.  Finally, as CHFS allows for the introduction of dopants while maintaining 

the other properties of the produced particles, it is particularly suited for optimization 

studies.[293] 

 

 

1.9 Thesis Outline 

The research aims of this thesis are focused around the evaluation of the feasibility and 

characteristics of nanosized electrode materials made using Continuous Hydrothermal 

Flow Synthesis, contrasting them against reported literature candidates. Various 

physical and electrochemical characterization techniques are used to facilitate the 

evaluation process. In addition, selected in-situ and ex-situ improvement techniques to 

synthesized candidate materials are also evaluated. The scope of the thesis covers 

several energy storage systems, including negative electrodes in Li-ion and Na-ion 

batteries, bifunctional oxygen electrocatalysts, and air-cathode candidates in Zn-air 

batteries.  

Beyond the thesis outline and research objectives, Chapter 1 introduces background 

information relevant to the energy storage applications covered in our thesis, while 

also providing a brief literature review on relevant bifunctional catalysts, CHFS, and 

the general benefits of nanosized materials.  

Chapter 2 outlines the methods used for experimental synthesis, cell fabrication 

processes, along with physical and electrochemical characterization methods used in 

this thesis. Chapter 3 investigates whether CHFS-sythesized insertion-based high-

surface area nanosized sodium titanate materials exhibit differences in charge storage 

mechanisms as anode materials in Li-ion and Na-ion half-cells. Chapter 4 investigates 
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the performance of CHFS-synthesized conversion-based nickel cobalt sulfide 

nanomaterials as anode materials in Li-ion and Na-ion half-cells, and examines the 

effect of in-situ carbon coating and post-synthesis heat-treatments on the performance 

and charge storage mechanism of the material.  Chapter 5 investigates the feasibility 

of CHFS-synthesized nanosized nickel cobalt sulfide as bifunctional catalysts for Zn-

air cells, and attempts to provide insight into the relationship between cationic 

component composition and electrochemical performance, by both varying the 

inherent cationic components and by introducing tertiary transition metal dopants. 

Chapter 6 summarizes the main conclusions of all research conducted during this PhD 

program, and outlines suggestions for future investigations to further improve upon 

performance of CHFS-derived electrodes materials. In addition, Chapter 6 also gives 

a brief introduction into the possibility of building Machine Learning-assisted 

screening mechanisms for materials discovery through the use of CHFS-derived 

materials databases.  
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2. Materials and Methods 

This chapter describes the experimental techniques and methods used throughout this 

thesis. The CHFS process employed to fabricate the investigated nanomaterials are 

described, along with the design of the Confined Jet Mixer (CJM).  Details of shared 

physical and electrochemical characterisation methods utilized in each chapter are 

presented. This chapter provides an overview of the various experimental methods 

used in this thesis, covering the theoretical background and specific implementation 

details behind the methodologies relevant to each Chapter. 

 

2.1 Electrochemical Measurement Methods of Energy Storage Systems. 

2.1.1 Potentiodynamic Measurements for Li-ion, Na-Ion, and Zn-air, batteries 

The operating principle of potentiodynamic electrochemical measurements rely on the 

changing of the potential of a working electrode versus a reference electrode by a set 

potential per time interval, also known as the scan rate. The current response following 

these changes is commonly measured. The most prevalent potentiodynamic methods 

are linear sweep (LSV) and cyclic voltammetries (CV, Figure 2-1), where the former 

relies on a unidirectional linear change sweep across two potentials, while latter 

method relies on a cyclic sweep between two set potentials. Potentiodynamic methods 

allow for the identification and quantification of redox, pseudocapacitive, and 

capacitive charge or discharge processes, along with the determination of the overall 

active potential range of the material. By definition, cyclic voltammetry allows for the 

inspection for possible changes in peak size, position, or shape with extended cycling, 

indicative of changes to charge storage processes over time. Moreover, the crystallinity 

of a material can be qualitatively estimated: for example, it is generally understood 

that materials lacking long-range order, such as amorphous materials, are known to 

exhibit broad signals. In comparison, materials with long-range order are known to 

exhibit well-defined sharp diffraction peaks.[319] 
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Figure 2-1. Idealized plot displaying an example potentiostatic measurement of a Li-

ion half-cell. A) The applied potential vs. Li/Li+ is varied linearly between two 

potential values as a function of time. b) A typical CV plot of Na1.5H0.5Ti3O7 (Chapter 

3) at a scan rate of 0.1 mv s-1 across three cycles, displaying the evolution of peaks 

over time. 

Furthermore, given a CV curve of a half-cell, it is possible to calculate its specific 

discharge capacity by taking the integral of current across a potential range, and 

dividing by its scan rate and active mass, based on the definition of coulombic charge. 

 Qdsch = ∫ 𝐼(𝑉)𝑑𝑉 𝑣−1𝑚−1𝑉𝑚𝑎𝑥

𝑉𝑚𝑖𝑛
 (2.1) 

 

2.1.2 Identification of Charge Storage Mechanisms from Potentiodynamic 

Measurements 

For Li-ion and Na-ion batteries featuring the possibility of multiple concurrent charge 

storage mechanisms, there are various methods to separate diffusion-limited and 

(pseudocapacitive) contributions to charge storage (and currents). The primary method 

employed in this thesis relies on the power law relationship between the current i and 

the scan rate ν (Equation 2.2) 
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 𝑖=𝑎×𝜈𝑏 (2.2) 

 

 

Trasatti et al. demonstrated that  the total charge (qT) can be expressed as the sum of 

the charge stored via capacitive (qs) and diffusion-limed processes (qd), as shown in 

Equation 1.28.[120] The scan rate is expressed with 𝜈. 

 

 𝑞𝑇=𝑞𝑠+𝑞𝑑 (2.3) 

  

Where qT is the total voltammetric charge, which is a measure of the total charge 

exchanged between electrode active material and electrolyte. This component qs 

represents the pseudocapacitive charge stored in the outer, easily accessible surface 

area. In contrast, the component qd is the charge derived from the slower, diffusion-

limited processes. Considering that pseudocapacitive charge storage is linearly 

correlated to ν1, while the diffusion-limited processes are linearly related to ν0.5,  we 

can express the power law in Equation 2.4 as follows:[124] 

 𝑞𝑇=𝑞𝑠+𝑐𝜈−0.5 (2.4) 

Where c is a constant. Hence, by plotting  ν-0.5 against the total charge qT ,  we can 

determine qs the intercept of the plot, and the constant c from the slope of the plot. In 

other words, at a theoretical, infinitely fast scan rate (ν→∞,), the y-intercept qs gives 

the pseudocapacitive charge. Deviations from the linear plot indicated polarization 

effects, which were discounted due to the estimative nature of the approach.[117, 

120]      

We can then express the relative pseudocapacitive and diffusion-limited 

contributions as: 

 𝑞𝑠/𝑞𝑇 x 100% (2.5) 
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 𝑞d/𝑞𝑇 x 100% 

 

(2.6) 

The above section applies primarily for LIB and NIB systems, as Zn-Air batteries 

rely on diffusion-limited processes by principle.[144, 174]  

 

 

2.1.3 Galvanostatic Measurement Methods for Batteries 

Galvanostatic measurement methods are used to determine the capacity and cycling 

stability of an active material. They rely on the application of an alternating positive 

(during charge) or negative current (during discharge) of a constant magnitude to an 

energy storage device in order to measure the change in potential over time in an active 

material. The duration of charge and discharge processes is set by time, typically 

supported by arbitrarily set maximum and minimum cut-off potentials, with the change 

in potential over time being. These potential limits are typically chosen to prevent 

electrolyte degradation or other parasitic side reactions such as gas evolution from 

taking place. 

 

Figure 2-2. a) Idealized plot showing the standard testing regime of a galvanostatic 

measurement of a Li-ion half-cell. The current is varied between two values, with 
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switching occurring when specific potential limits are reached. b) Galvanostatic 

voltage profiles of Ni1.35Co1.65S4 (Chapter 4), displaying the charge and discharge 

profiles across consecutive cycles. 

The discharge capacity Qdsch (expressed as As g-1) of a half/cell can be calculated from 

the current I (expressed in A), the charge or discharge time t (expressed in s), and the 

mass of the active material m (expressed in g) through Equation X: 

 Qdsch = I × t × m-1 (2.7) 

 

The coulombic efficiency is a measure of the cycling efficiency of the cell, defined as 

the retained charge capacity during discharge. Ideally, it should be as high as possible 

(>99%) although deviations from this value are common during the initial cycles in a 

Li-ion / Na-ion cell due to various side reactions, such as the formation of the SEI layer 

in insertion-type materials, or possible activation processes in conversion-type 

materials. The coulombic efficiency can be calculated using Equation 2.8. 

 Ceff = 
Q𝑑𝑠𝑐ℎ

Q𝑐ℎ𝑟𝑔
× 100% (2.8) 

 

2.1.4 Power and Energy Density 

As discussed in Section 1.1, galvanostatic cycling methods can also be used to 

calculate the power density (P) and energy density (E) of an energy storage system, 

which can be obtained through Equations 1.10 and 2.9, shown below. 

 P = 
𝐼

𝑚
× 𝛥𝑉 (1.10) 

 E = 
𝑡

3600
× 𝛥𝑉 (2.9) 

Where m the mass of the active materials in both anode and cathode (in kg), ΔV is the 

average potential during discharge, I the current (in A), and t is the discharge time (in 

s). 

2.1.5 C-rate tests 
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As mentioned in Section 1.3.4, besides the power density of a cell, the high-power 

performance of an electrode in a half-cell is commonly evaluated by amount of 

capacity it exhibits at high current values. C-rate tests refer to galvanostatic charge 

cycling methods where the specific current value is changed after a set number of 

cycles has elapsed, with the resulting capacity recorded. 

C-rates are defined by the theoretical capacity of a material. For example, a C-rate of 

1 C indicates the current values required to theoretically charge or discharge an 

electrode to completion in 1 hour. Similarly, a C-rate of ½ C or 2 C would correspond 

to current values required to charge or discharge an electrode to completion in 2 hours 

or ½ hour, respectively.  

2.1.6 Electrochemical Impedance Spectroscopy (EIS)  

Electrochemical impedance spectroscopy (EIS) is a non-destructive electrochemical 

analysis method to gain information on the electronic conductivity of a material or a 

cell. Impedance is defined as the resistance that interrupts the current flow in a circuit 

when an AC voltage is applied.[320]  These interruptions are represented by various 

circuit elements, such as conductors, inductors, and resistors, which together constitute 

the overall impedance in a circuit. EIS measures the level of impedance in a cell, and 

therefore provides a quantitative value to the overall conductivity. 

In EIS, an AC voltage is applied to an electrochemical cell, with the frequency of the 

signal varied over a wide range (usually from tens of megahertz to microhertz). The 

real and imaginary components of the impedance response are combined with an 

equivalent circuit model to fit the data. Impedance is the equivalent of resistance in 

AC circuits, extending the definition from just a magnitude to include a phase 

parameter. In other words, it refers to the frequency-dependent resistance of a circuit 

element towards current flow.  

To better understand impedance, recall that Ohm’s law defines the resistance (R) of a 

circuit element through the division of the voltage U(t) and current I(t). 

 R = 
𝑈(𝑡)

𝐼(𝑡)
 (2.10) 
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This definition correlates to an ideal resistor because the relationship is only limited to 

a single circuit element. An ideal resistor follows Ohm’s law, independent of 

frequency, across all voltage and current levels, and has its alternating voltage and 

current signals in phase with each other. Real resistors (typically with multiple circuit 

elements) are subject to more complex behaviour, exhibiting impedance, which is also 

a measure of an elements ability to resist current flow. However, the current and 

voltage experienced by a real resistor is dependent on frequency.[321] It has been 

observed that frequency can be expressed in the radial form shown below in Eq. 2.11: 

 𝜔=2𝜋𝑓  

 

(2.11) 

Where f  is the frequency of the AC signal. Similarly, the observed complex potential 

and current responses following an AC excitation can be expressed as a factor of 

frequency, and are given below in Equations 2.12 -2.13: 

 𝑈(𝑡)=𝑈0𝑠𝑖𝑛 (𝜔𝑡)  

 

(2.12) 

 𝐼(𝑡)=𝐼0𝑠𝑖𝑛 (𝜔𝑡+𝜙)  

 

(2.13) 

Where U(t) is the AC excitation signal at t, U0 is the signal amplitude, ω the radial 

signal frequency following Equation 2.12, and I(t) the current response, and I0 is the 

current amplitude shifted by the phase shift φ.  

We can then use Ohm’s law (Equation 2-10) in conjunction with the magnitude Z0 and 

the phase 𝜙 to express impedance Z, which is defined as the complex division of 

voltage and current: 

 Z = 
𝑈𝑜𝑠𝑖𝑛 (𝜔𝑡) 

𝐼𝑜𝑠𝑖𝑛 (𝜔𝑡+𝜙) 
= 𝑍𝑜

𝑠𝑖𝑛 (𝜔𝑡)

𝑠𝑖𝑛 (𝜔𝑡+𝜙) 
 (2.14) 
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Euler’s formula (Equation 2.15) allows us to represent Equation 2.14 into the complex 

function Z(ω) in Equation 2.16, with corresponding real and imaginary components. 

 𝑒𝑥𝑝(𝑖𝜙)=𝑐𝑜𝑠(𝜙)+𝑗 𝑠𝑖𝑛(𝜙)  

 

(2.15) 

 𝑍(𝜔)=𝑍0𝑒𝑥𝑝(𝑖𝜙)=𝑍0(𝑐𝑜𝑠(𝜙)+𝑗 𝑠𝑖𝑛(𝜙)) 

  

(2.16) 

 

The complex impedance responses of a real resistor are typically expressed in Nyqvist 

plots, as seen in Figure 2-3. 

 

Figure 2-3. (a) Nyquist diagram for an ideal electrochemical device consisting of a 

single resistor. (b) Lithium-ion half-cell configuration consisting of two resistors and 

a capacitor. R1 corresponds to the general resistance of the device, current collector, 

electrolyte etc. whereas R2 refers to the resistance of the electrode bulk. 

 

In Nyquist plots such as these, the real part of the complex impedance is plotted on the 

x-axis and the inverse of the imaginary part on the y-axis. These plots are then fitted 
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to equivalent circuits of resistor and capacitor elements (Expressed in Randles circuits), 

from which the overall resistances of the elements of the system can be derived. Real-

world energy storage devices such as batteries typically exhibit several sources of 

impedance, such as from the active material itself (including inter- and intra-particle 

impedances), the interface between particle and current collector, the SEI layer, or 

from the formation of a capacitive electrical double layer between the electrode and 

electrolyte. When attempting to fit an optimal equivalent circuit for EIS data, one 

should aim to achieve an optimum fit with a minimum number of circuit components. 

 

 

 

 

2.2 Experimental Method 

2.2.1 Continuous Hydrothermal Flow Synthesis  

Continuous Hydrothermal Flow Synthesis (CHFS) is an approach to continuous 

nanomaterial production from aqueous precursors at supercritical conditions. The first 

CHFS reactors in the UK were designed and built by Prof. J. Darr and Dr. P. Boldrin 

and at Queen Mary University of London.[284] These initial reactors produced product 

slurries at overall flow rates 40 mL min−1 . (127,128) Over the past decade, pilot-scale 

versions targeting higher slurry flow rates were developed by Dr. R. Gruar and Dr. C. 

Tighe at University College London, as described in Dr Gruar’s thesis.[315, 322] 

These are typically capable of 160 mL min−1 and 800 mL min−1 overall flow rate for 

the lab-scale and pilot-scale reactor, respectively. Section 2.2.2 describes the 

construction of the lab-scale apparatus, and the various apparatus configurations for 

product formation. 

 

2.2.2 Single Mixer Setup 



106 
 

 

Figure 2-4. CHFS reactor incorporating a confined jet mixer (CJM). (a) Single-mixer 

set-up: The metal salt (pump P2) and base (pump P3) precursor are mixed at ambient 

temperature in a tee-mixer, which then meets a supercritical water flow (pump P1) in 

the CJM. After cooling, the nanoparticle slurry is collected through the outlet of a 

back-pressure regulator. (b) Close-up of a single mixer CJM, displaying the flows from 

P1, P2, and P3. Adapted with permission from [316] 

Figure 2-4 shows the schematic for the laboratory-scale single mixer CHFS setup. 

Three identical pressurised diaphragm-pumps (Primeroyal K, Milton Roy, Pont-Saint 

Pierre, France) were used to supply the three independent precursor feeds to a single 

mixer. In a typical reaction, P1 supplied the feed of supercritical deionised water (> 10 

MΩ cm resistivity), which was heated to 450 ◦C using a custom insulated 7 kW 

electrical heater. Pumps P2 and P3 supplied ambient precursor feeds: typically, 

aqueous metal precursor solutions were pumped through P2, while pH-altering and 

other reagent solutions (such as base, acid, sucrose, or urea), were pumped from P3. 

The P2 and P3 precursor feeds were mixed in-flow in a tee-shaped mixer prior to 

mixing with the supercritical water feed from P1 in the confined jet mixer (CJM), at 

which point the product was rapidly formed in flow as a slurry. The product feed was 

then cooled in process to ∼40 ◦C using a pipe-in-pipe heat exchanger. Once cooled, 

the product slurry passed through a backpressure regulator (Tescom, model 26-1762-

24-194, or Equilibar, model EB1HP2 HF), before being collected at the outlet in an 

appropriately sized beaker/vessel. 
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Each pump of the lab-scale CHFS reactor was equipped with a three-way ball valve, 

which allowed for the inlet to be switched between individual 1 L conical precursor 

vessels and a communal 200 L reservoir of deionised water, as needed. While pumps 

P2 and P3 where switched to the precursor vessels during the phase, all pumps were 

fed from the common reservoir during heating, cooldown, and flushing stages. of 

operations 

For safety reasons, each pressured line was equipped with a pressure relief valve 

(Parker HPRV, relief pressure 276 bar), a non-return valve assembly, and a pressure 

gauge. The pressure relief valves ensured that the pressure in the system did not rise 

above 276 bar (which would be evidence of internal blockage), while the pressure 

gauges allowed for independent monitoring of the pressure experienced by each pump 

for diagnosis and monitoring purposes. Finally, in the event of pump or catastrophic 

failure, the non-return valve assembly prevented back-flow of the feeds into the reactor 

lines. 

2.2.3 Synthesis of Sodium Titanates Using a Single Mixer Setup 

In accordance with the setup described in Section 2.2.4 and Figure 2-4, an aqueous 0.1 

M TiBALD solution was fed by pump 1 (P1) at a flow rate of 40 mL min-1. A second 

feed of aqueous 1 M NaNO3 and 4 M NaOH base (precursor 2) was supplied at a flow 

rate of 40 mL min-1 by pump 2 (P2) (to maximize sodium uptake, a ca. 40x ratio of 

Na-ions to titanium ions was maintained). These two precursor feeds were premixed 

in flow inside a dead volume tee piece at ambient temperature, before being met by an 

80 mL min-1 flow of supercritical water (ca. 450 °C and 24.1 MPa) inside a patented 

confined jet mixer at a mixing temperature of 335 °C and a total residence time of ca. 

3 seconds. 

The precipitated nanomaterials were then cooled down through an enlarged pipe-in-

pipe heat exchanger to facilitate their growth into nanoparticles, before exiting through 

a back-pressure regulator to an n outlet at ca. 40 °C. The white slurry laden with 

nanomaterials was accumulated and allowed to sedimentunder gravity for 2 hours 

before washing briefly in pH 8 ammonia solution to prevent Na-ions leeching and 

maximize electrochemical performance.[72]  The resulting wet solids were then 

processed in accordance with Section 2.2.5. 
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2.2.4 Dual Mixer Setup 

 

Figure 2-5. CHFS reactor incorporating a confined jet mixer (CJM). (a) Dual-mixer 

set-up: The metal salt (pump P2) and base (pump P3) precursor are mixed at ambient 

temperature at the tee-mixer before meeting a supercritical water flow (pump P1) at 

the first CJM, before meeting a flow of DI water at the second CJM. After cooling, the 

nanoparticle slurry is collected through the outlet of a back-pressure regulator. (b) 

Close-up of a dual mixer linked CJM, displaying the flows from P1, P2, P3, and P4. 

Adapted with permission from [236]. 

Figure 2.5 shows the schematic for the laboratory-scale double mixer CHFS setup. 

While sharing the same components and overall reactor design to the single mixer 

setup, the dual-mixer setup differs from the former by linking two Confined Jet Mixers 

in sequence, where the output from the first CJM (fed by P1, P2, and P3) serves as an 

input for the latter CJM together with a feed from an additional pump (P4). Both 

mixers are of the 3/8-inch CJM specification, with the two connected together with a 

Swagelok 3/8 to 3/16 inch reducer. Dual mixer set-ups are typically used to control 

reaction time or temperature during nanoparticle formation. To achieve a shorter 

reaction time, P4 could be used to pump in ambient water, leading to a fall in the 

mixing temperature from ca. 330 °C at the first mixing point, to ca. 187 °C at the 

second mixing point. Alternatively, dual mixer set-ups can also be used to effect 

preliminary changes in the precursor solutions. Chapter 4 and 5 detail the synthesis of 

metal sulfides, and features a dual-mixer setup where an aqueous feed of thiourea is 
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introduced to a feed of supercritical water to promote the formation of reactive thiol 

groups at the first mixer (P1, P2, and P3), before the mixture is introduced to an 

aqueous metal nitrate precursor solution at the second mixer (P4) for sulfide 

nanoparticle precipitation. The product feed was then cooled in process to ∼40 ◦C 

using a pipe-in-pipe heat exchanger. Once cooled, the product slurry passed through a 

backpressure regulator (Tescom, model 26-1762-24-194, or Equilibar, model EB1HP2 

HF) and was collected at the outlet as done previously. 

2.2.4.1 Synthesis of Spinel Nickel Cobalt Sulfides Using a Dual Mixer Setup 

In accordance with the setup described in Section 2.2.3 and Figure 2.5, an aqueous 2 

M thiourea (Sigma Aldrich,UK) solution of was fed by pumps 2 & 3 at a flow rate of 

40 mL min-1 each (achieving an overall rate of 80 mL min-1). Within the first 3/8 inch 

CJM, these feeds were met by a  80 mL min-1 feed of supercritical water (P1) at ca. 

450 °C and 24.1 MPa, initiating the  breakdown of thiourea at a mixing temperature of 

ca. 330 °C. After ca. 4 seconds, the mixture was met by an ambient temperature feed 

of nickel (Ni(NO3)2 · 6H2O, Sigma-Aldrich, UK) and cobalt nitrates (Co(NO3)2 · 6H2O, 

Sigma-Aldrich, UK) at a flow rate of 40 mL min-1 and total metal concentration 0.1 

M, at the second 3/8 inch CJM, achieving a mixing temperature of 187 °C that 

facilitates rapid nanoparticle formation.[323-326] The ratio between nickel and cobalt 

precursors could be adjusted to affect changes in the phase of the overall product.  

Measures were taken to ensure adequate ventilation of the process, as the reactions 

involved cause the production of toxic and pungent hydrogen sulfide gas. The 

precipitated nanomaterials were then cooled down through an enlarged pipe-in-pipe 

heat exchanger to facilitate their growth into nanoparticles, before exiting through a 

back-pressure regulator to an n outlet at ca. 40 °C. After synthesis, the black slurry 

laden with nanoparticles was accumulated and allowed to sediment under gravity, 

before being cleaned by washing briefly with DI water. The resulting wet solids were 

then processed in accordance with Section 2.2.5.   

2.2.4.2 Synthesis of Tertiary Doped Spinel Nickel Cobalt Sulfides Using a Dual 

Mixer Setup 

The synthesis of tertiary doped nickel cobalt sulfides shared the setup and processes 

detailed in Section 2.2.4.1, but differed in in having the ambient feed of cobalt and 

nickel nitrates kept at a combined concentration of 0.18 M, to which a 0.02 M dopant 
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metal precursor was mixed. The ratio of the two ingredients was arbitrary, intended to 

explore the effects of ca. 10% dopant precursor concentration while maintaining the 

tertiary spinel nickel cobalt sulfide primary phase. Titanium(IV) bis(ammonium 

lactato) dihydroxide (TiBald, 50% wt. Sigma Aldrich, UK), ammonium vanadate 

(NH4VO3, Sigma Aldrich, UK),, chromium nitrate (Cr(NO3)3 · 9H2O, Sigma Aldrich, 

UK), manganese nitrate (Mn(NO3)2· xH2O, Sigma Aldrich, UK), iron nitrate 

(Fe(NO3)3· 9H2O) and silver nitrate (AgNO3, Sigma Aldrich, UK) were used as dopant 

precursors for this study. 

2.2.4.3 Synthesis of Carbon-Coated Doped Spinel Nickel Cobalt Sulfides Using a 

Dual Mixer Setup 

The procedure for the synthesis of carbon-coated shared the setup and processes 

detailed in Section 2.2.4.1, but differed in having the possibility of combining the 

aqueous precursor feed of 2 M thiourea with 0.2 M sucrose solution (C12H22O11, Sigma 

Aldrich).  

2.2.5 Confined Jet Mixer 

The design of the CJM is shown in detail in Figure 1b). The design of the CJM allow 

for two flows possible precursor solutions to be introduced co-currently with a flow of 

supercritical water. The pipe-in-pipe design facilitates the flow of supercritical water 

through the inner pipe, while the precursor solutions were introduced orthogonal to the 

water feed into the mixture. Nanoparticle formation is observed at the mixing point, 

with the reaction products carried upwards onwards by the combined flow of the three 

feeds. The CJM was especially designed to eliminate blockages while facilitating 

turbulent mixing with a high Reynauld’s number, typically exceeding 5000.[315, 327] 

  

2.2.6 Post-processing of the as-made CHFS slurries 

The solids from the collected particle-laden slurries were separated from water by 

centrifugation using a Sigma 4K15 centrifuge at 4500 rpm using 500 mL centrifuge 

buckets. After separation was complete, the particles were cleaned by washing the 

centrifuged materials with deionised water, agitating the mixture, and centrifuging. 

This process was repeated until the supernatant conductivity measured < 50 mS using 

a Hanna Instruments H198311 conductivity meter.  
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After cleaning and centrifugation was complete, the samples were obtained in the form 

of a dense paste of ca. 50–60 wt% solids.  To dry the samples, the paste was dried 

using a Virtis Genesis 35 XL Freeze Drier. This was achieved by first freezing the 

sample chamber (containing the dense wet pastes) and the condenser unit (which 

contains the extracted water) to –40 °C, then introducing a vacuum such that the 

pressure was < 13 Pa. Subsequently, the temperature in the sample chamber was 

incrementally raised from –40 °C to 25 °C over a period of 24 h. This resulted in free-

flowing powders which were then ground and collected, following which total yields 

then measured and calculated. 

 

 

2.3       Physical characterization 

2.3.1 Powder X-ray Diffraction (PXRD) 

Powder X-ray diffraction (XRD) is a non-destructive structural characterization 

technique used for phase identification of crystalline and semi-crystalline materials, 

crystal lattice parameter determination, and for particle size estimation. PXRD relies 

on the observation of preferential diffraction of incident X-ray radiation at certain 

angles by crystalline materials, where the relationship between the angle of the 

radiation θ and the distance between lattice planes d, can be described by Equation 

2.18, also known as Bragg’s Law: 

 2𝑑𝑠𝑖𝑛 (𝜃)=𝑛𝜆 (2.18) 

Where n is the number of lattice planes and λ the constant wavelength of the incident 

radiation. Spectral peaks, representing reflected incident radiation, are observed when 

this condition is satisfied. 

Similarly, the particle size can be estimated from PXRD data using the Scherrer 

method, which is described as: 
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 t = 
Kλ

βcosθ
, (2.19) 

where K is the dimensionless shape factor taken to be 0.9, t is the lower bound of the 

estimated crystallite size, 𝜆is the wavelength of the X-ray source used, 𝛽 is the line 

broadening at half the maximum intensity for the peak inquestion, and 𝜃 is the Bragg 

angle. 

PXRD patterns of all the samples considered in this thesis were obtained on a Stoe 

Stadi-P diffractometer (Darmstadt, Germany) using Mo-Kα radiation (λ = 1.54 Å) over 

the 2θ range 2 – 45° with a step size of 0.05° and a step time of 20 s.  

The patterns were identified through comparison with standard reference patterns 

available on Joint Committee on Powder Diffraction Standards (JCPDS) database 

(Royal Society of Chemistry, RSC). Specific standard patterns are listed in each 

chapter for the phase identification of the corresponding sample PXRD pattern. 

2.3.2 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a quantitative measurement technique used 

to determine the surface-level (1 to 5 nm) elemental composition of a material. For a 

detected chemical species, its chemical state, electronic state, and relative surface-level 

abundance can be determined. XPS relies on the excitation of core-level electrons by 

incident X-rays, which are then emitted by the material and detected by the 

instrument.[328, 329] The difference in energy between the incident X-ray, the emitted 

electron, and the work function (which represents the minimum amount of energy 

needed to release an electron from a solid into a vacuum immediately above the solid’s 

surface) can be used to quantify the binding energy of a material (Ebinding), which is 

characteristic to chemical species. This relationship is described below in Equation 

2.20. 

 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔=𝐸𝑝ℎ𝑜𝑡𝑜𝑛−𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐−𝛷  (2.20) 

Where 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔  refers to the binding energy of the electron, 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 the energy of the 

photon, and 𝛷 the work function of the species, which is the the minimum energy 
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required to release an electron from a solid into a vacuum immediately above the solid’s 

surface.  Note that as the binding energies of the core electrons is influenced by 

changes to the outer shell (valence) electron number, the relative differences in binding 

energies can utilized to determine oxidation sates.[539] 

XPS measurements of all the samples considered in this thesis were collected using a 

Thermo Scientific™ K-alpha™+ spectrometer using Al-Kα radiation and a 128-

channel position sensitive detector. Survey and high-resolution region scans were an 

energy of 150 and 50 eV, respectively. The XPS spectra were processed using 

CasaXPS™ software (version 2.3.16). The binding energy scale was calibrated by a C 

1s peak at 284.7 eV. Samples were prepared by affixing small cuts of double-sided 

carbon tape to the instrument sample holder, with the powder samples placed on the 

up-turned side of the tape. 

2.3.3 Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) is a microscopic analysis method where an 

electron beam is used instead of a light source. The benefit of using electrons in this 

manner is due to the wave particle duality, as the resulting smaller wavelength allows 

for the resolution of smaller features commonly observed in nanoscale particles. A 

TEM instrument operates by emitting an electron beam from an electron gun through 

an ultra-high vacuum column towards a sample, which are then focused through 

multiple electromagnetic lenses. The resulting beam is then transmitted through a 

sample, mounted on a conductive substrate, interacting with a detector to form an 

image. This imaging output is typically projected on to a fluorescent screen. 

The particle size and morphology of the as-made nanomaterials were determined by 

transmission electron microscopy (TEM) using a Jeol JEM 2100 – LaB6 filament. The 

system was equipped with a Gatan Orius digital camera for digital image capturing. 

Samples were prepared by briefly ultrasonically dispersing a few milligrams of the 

nanoparticle powder in ethanol (>99.5%, EMPLURA, Darmstadt, Germany) and 

pipetting drops of the dispersed sample on to a copper film grid (300 mesh – Agar 

Scientific, Stansted, UK). Image analysis were carried out using Gatan Digital 

Microscopy Suite software. The average particle size was determined by the average 
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of at least 150 particles with ImageJ software. The same set up was also used for 

Energy-dispersive X-ray spectroscopy, with the detectors and software being supplied 

by Oxford Instruments. 

 

2.3.4 Energy Dispersive X-ray Spectroscopy (EDX) 

 

Energy dispersive X-ray spectroscopy (EDX) is an analytical technique used for the 

quantification of elemental composition at the near surface of a material. EDX relies 

on electrons of an atom possessing characteristic discrete energy states around its 

nucleus, which can be excited by incident high-energy radiation. A ground state 

electron from an inner shell position (representing theoretical distance from the 

nucleus) can be excited and ejected, resulting in a higher-level electron filling the 

resulting hole. This is accompanied by the release of detectable X-rays of a wavelength 

corresponding to the energy difference between the two shells, which can be used to 

calculate the elemental composition of a sample. 

 

EDX analysis was performed on the samples using the same Jeol JEM 2100 setup with 

LaB6 filament as was described for TEM in the section above. Energy Dispersive X-

ray Spectroscopy (EDS) analysis was carried out using an Oxford Instruments X-Max 

N80-T Silicon Drift Detector (SDD) fitted to the transmission electron microscope and 

processed using Aztec software. 

 

2.3.5 BET 

Brunauer-Emmett-Teller (BET) is a quantitative measurement technique used to 

determine the specific surface area or pore volume of a material via analysis of the 

surface gas adsorption/desorption behaviour. BET relies on quantification of the 

amount of gas (typically N2) adsorbed on a material at a range of pressures at constant 

temperature (typically 77 K) to describe adsorption isotherms. BET analysis requires 

a few assumptions be made gas molecules must adsorb onto a solid in discrete layers, 

with layers not interacting with each other.   

The BET equation is shown in Equation 2.21: 
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 𝑃

𝑛𝑎𝑑(𝑃𝑠 − 𝑃)
=

1

𝑛𝑚𝐶
+

𝑃(𝐶 − 1)

𝑃𝑠(𝑛𝑚𝐶)
 

(2.21)  

 

Where 𝑛𝑎𝑑  is the amount of adsorbed N2 at the relative pressure 𝑃  / 𝑃𝑠 , 𝑛𝑚 the 

monolayer capacity of a material, and C is a constant dependent on the adsorption layer 

of the first monolayer of adsorbed gas. By plotting the linear relationship between the 

amount of adsorbed gas against various relative pressures, we can obtain 𝐶 and 𝑛𝑚 

from the slope and intercept, respectively.  

The BET surface area can be calculated using Equation 2.22 below:  

 
𝑆𝐵𝐸𝑇 =  

𝑣𝑚𝑁𝑠

𝑉𝑚
 

(2.22) 

Where 𝑣𝑚 is the measured volume of adsorbed gas, 𝑁𝑠is Avogradro’s constant, 𝑉 is 

the molar volume of adsorbed gas, and m is the mass of the sample. Given that nitrogen 

(N2) has a molecular cross-sectional area of 0.162 nm2, we can hence calculate the 

BET surface area of our material. 

BET measurements were carried out on dry sample powders using N2 in a 

Micrometrics ASAP 2420 instrument. 0.1- 0.2 grams of sample powder was weighed 

out and then degassed at 150 °C (12 h) under vacuum in glass BET tubes before 

measurements. The samples were re-weighed to ascertain the post-degassing mass, 

after which the instrument measured the adsorption isotherms to calculate the BET 

surface area. 

2.3.6 Raman Spectroscopy 

Raman spectroscopy is  used for the characterization of vibrational modes of a species, 

and can further be used to identify and differentiate the structures of different materials. 

When incident photons collide with a crystal lattice, the majority of the photons are 

scattered elastically, retaining their original wavelengths. However, a fraction of 

photons may be scattered inelastically through interactions with the vibrational crystal 
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lattice of the material, with an energy difference between the scattered and incident 

photons equal to the molecular vibrational energy levels of the material. This change 

in energy results in a difference in frequency and wavelength, which can be used as a 

chemical fingerprint to identify the material. 

Raman spectroscopy measurements were collected on a Renishaw inViaTM Raman 

microscope, using a laser with a wavelength of 514 nm. The sample was diluted in 

ethanol and then pipetted on to a silicon plate before measurements. 

2.3.7 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is a facile analytical method used to observe 

possible mass differences as a function of applied temperature and time. In TGA, the 

sample is placed in an inert holder within a furnace that is attached to a balance. The 

temperature is then increased at a constant rate under a specific gas atmosphere, and 

the weight differences recorded. TGA is commonly used for compositional analysis, 

particularly of water, as well as to observe the presence of chemical reactions as a 

function of temperature. 

TGA measurements were performed using a Perkin Elmer Pyris 1 TGA instrument 

under a nitrogen flow rate of 20 mL min-1. The temperature range was between 25 to 

900 oC, while the heating rate was 10 oC min-1. 

2.3.8 Inductively-Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

Inductively-coupled plasma optical emission spectroscopy (ICP-OES), also known as 

Inductively-coupled plasma atomic emission spectroscopy (ICP-AES), is a 

quantitative analysis method used to determine the elemental composition of a material. 

ICP relies on the introduction of the active sample, prepared as a solution in dilute acid 

and converted into an aerosol, being introduced to argon plasma. The interaction 

between the electrons of each species within the sample and plasma result in their 

excitation into a higher energy state. When these electrons fall back into their original 

energy levels, the energy difference is liberated as photons, with each element 

exhibiting their own characteristic emission spectrum at various intensities, allowing 

for the identification and quantification of the species in the sample.  
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Compositional analysis was carried out on selected samples using inductively coupled 

plasma atomic emission spectroscopy (ICP-OES). Dilute solutions of the samples were 

prepared by dissolution in 1% aqueous nitric acid, and analysis was carried out using 

a Perkin Elmer Optima 5300DV instrument. 

 

2.3.9 XRF 

X-Ray Fluorescence (XRF) is a non-destructive analytical technique used to 

characterize the elemental composition of a material. The principle behind XRF relies 

on the ejection of an electron from its lower atomic orbit (or energy level) once a 

sample is irradiated by an X-ray beam. When an electron from a higher orbit (energy 

level) drops to the lower orbit to fill this space, secondary X-ray characteristic to the 

element is emitted, providing the means to qualitatively establish the elemental 

composition and quantitatively measure the concentration of these elements in the 

sample. 

XRF spectrometry data of the nickel cobalt sulfide powders were collected on a Brüker 

M4 Micro XRF Spectrometer, using a 30W Rh source. 

2.4 Electrochemical characterization 

As this thesis deals with multiple electrochemical systems, techniques and approaches may 

differ across each system for the same concept. As such, separate explanations for each system 

are provided for each section where necessary. Furthermore, as a detailed consideration of the 

electrochemical evaluation methods was given in section 2.1, they will not be repeated here. 

2.4.1 Electrode Preparation 

2.4.2 Foil electrodes for Na-ion / Li-ion anodes 

For evaluation in CR2032 coin cells, working electrodes (WE) were prepared from 

slurries consisting of 70 wt% active material, 10 wt% polyvinylidene fluoride, PVDF, 

(PI-KEM, Staffordshire, UK), and 20 wt% conductive agent (carbon black, Super P, 

Alfa Aesar, Heysham, UK). The mixtures were milled at 800 rpm for 20 minutes 

(Fritsch PULVERISETTE, GmbH-Milling & Sizing, Idar-Oberstein, Germany) and 

the slurry was cast on a copper foil (PI-KEM, Staffordshire, UK) and dried in an oven 

at 70 °C for 10 minutes and then left to dry overnight at ambient temperature. 
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Electrodes with a diameter of 16 mm were punched out, pressed with 2 tons of force, 

and finally dried overnight at 70 °C.  

2.4.3 Electrocatalyst inks for OER/ORR evaluation in an RDE setup 

For catalytic evaluation on a rotating disk electrode, catalyst inks were prepared by 

mixing in active material and carbon black (Vulcan XC-72R, Cabot, USA) at a ratio 

of 80:20, before being mixed in 2.5:1:0.094 H2O:IPA:Nafion solution at the 

concentration of 3.75 mg ml-1. The resulting solution was sonicated for 30 minutes. 

10.68 µl of catalyst ink was pipetted onto a polished glassy carbon electrode surface 

to give a loading of 0.1 mg cm-2, and then dried in air for 30 minutes.  

 

2.4.4 Air-cathode preparation for Bifunctional air-cathodes for Zn-air batteries 

For evaluation as air cathodes in Zn-air batteries, the catalyst inks mentioned in the 

previous section were deposited onto a carbon paper surface (SGL 38BC, SGL 

Germany), to achieve an active material loading of ca. 1.5 mg cm-2 ± 0.1 mg cm-2. 

Deposition was done via drop-casting, with the electrode being air-dried at room 

temperature for 2 hours. The area of air-cathode exposed to the electrolyte and air was 

ca. 0.79 cm2. 

 

2.5 Electrochemical Evaluation 

2.5.1 Na-ion / Li-ion half-cells 

All electrochemical measurements were performed under half cell set up, consisting 

of a working electrode containing the active material, a glass-fibre separator, and either 

a Na or Li metal disk serving as a counter electrode and an ion source. The presence 

of the counter electrode ensures that cell operation is not restricted by providing an 

excess of sodium ions present, counteracting the fact that most materials undergo 

irreversible capacity losses during the first cycles. All electrochemical measurements 

were performed in a coin cell using a 48-channel Arbin BT-2000 Instrument (Caltest 

Instruments Ltd, Guildford, UK) at room temperature. 

2.5.2 Coin cell assembly procedure 
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Two-electrode 2032-type coin cell were assembled in an Ar- filled glovebox with H2O 

and O2 levels limited below 1 ppm. Sodium metal foil (PI-KEM, Staffordshire, UK) 

or a lithium metal chip (PI-KEM, Staffordshire, UK) served as a counter electrode. 

The separator (glass microfiber filters, WHATMAN, Buckinghamshire, UK) was 

saturated with an organic electrolyte of NaPF6 in 3:7 wt% ethylene carbonate/ethyl 

Diethylene carbonate (Kishida). The coin cell cap was wetted with a drop of separator 

at the bottom and the working electrode (WE) was put on it with the blank metal side 

to the cap. The separator was laid on the electrode foil disc and soaked with the 

electrolyte (150 μL). The sodium metal counter-electrode was then pressed on the 

spacer and put then with the sodium side on the separator. Finally, the cell was closed 

by the spring and the lid and pressed with 30 tons of force. 

2.5.3 Potentiodynamic methods 

Cyclic voltammetry was performed on a Gamry Interface 1000E potentiostat (Gamry 

Instruments, USA) across various voltage ranges at a scan rate of 0.05 mV s-1 in both 

Li-ion and Na-ion half cells.  To better distinguish between different charge storage 

mechanisms taking place in a system, cyclic voltammetry was also performed at 

incrementally increasing scan rates of up to 50 mVs-1. 

For sodium titanates (Chapter 3), CV measurements were performed across the 

potential range 0.1 to 2.5 V (vs. Na/Na+ and Li/Li+) at scan rates of 0.05, 0.2 0.5, 2, 

and 5 mV s-1, respectively. 

For nickel cobalt sulfides (Chapter 4), CV measurements were performed across the 

potential range 0.05 to 3.00 V (vs. Li/Li+ and Na/Na+, respectively) at scan rates of 0.5, 

1, 2, 5, 10, 20, 30, and 50 mV s-1, respectively. 

2.5.4 Galvanostatic methods 

Galvanostatic charge/discharge cycling were performed across various voltage ranges 

in Na-ion and Li-ion half-cells on an Arbin BT 2000 battery tester (Arbin Instruments, 

USA).  Cells were charged and discharged at different specific currents, with the 

specific capacity and specific current calculated based on the mass of active material 

in the electrode in question. 
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For sodium titanates (Chapter 3), Galvanostatic charge-discharge cycling was 

performed across the potential range 0.1 to 2.5 V vs. Na/Na+ and 0.1 to 3.0 V vs. Li/Li+, 

respectively. Specific capacities under current densities of 50, 100, 200, 500, 750, 1000, 

and 2000 mA g-1 were examined.  

For nickel cobalt sulfides (Chapter 4) Galvanostatic charge-discharge cycling was 

performed across the potential range 0.05 to 3.00 V vs. Li/Li+ and Na/Na+. Specific 

capacities under current densities of 50, 100, 200, 500, 750, 1000, and 2000 mA g-1 

were examined.  

 

2.5.5 Electrochemical Impedance Spectroscopy (EIS)  

The electrochemical impedance of each cell was investigated using EIS 

(Electrochemical Impedance Spectroscopy) on an Gamry Interface 1000E potentiostat 

(Gamry Instruments, USA), under ambient conditions. The applied frequency range 

was between 0.01 Hz and 100 kHz, and the amplitude of AC signal was set at 5 mV.  

2.6 Oxygen Evolution Reaction (OER) and Oxygen Reduction Reaction 

(ORR) Bifunctional Catalysts 

2.6.1 Catalyst Evaluation in Bifunctional Oxygen Electrocatalysis 

The catalytic performance of all materials was examined on an Autolab potentiostat 

(Autolab PGSTAT302N, Metrohm AG, Herisau, Switzerland) using a three-electrode 

set-up incorporating a rotating-disk electrode (RDE) in 0.1 M and 1 M KOH for ORR 

and OER measurements, respectively (Figure 2-6). The active area of the electrode 

was 0.196 cm-2. During ORR, the setup was continuously purged by O2 gas, while for 

OER the electrolyte was first saturated with oxygen gas to establish an equilibrium. 

The reference and counter electrode were an Ag/AgCl electrode (Model 6.0726, 

Metrohm AG, Herisau, Switzerland) and Pt foil (Model 3.109 Metrohm AG, Herisau, 

Switzerland), respectively. 

 

2.6.2 Potentiodynamic Methods 
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The concentration of the KOH electrolyte was specific to the electrochemical process. 

In OER, 1 M KOH electrolyte was saturated with N2 for 30 minutes before cycling. 

For ORR, 0.1 M KOH electrolyte was saturated with O2 for 30 minutes before cycling. 

 

The catalytic activity was first investigated by LSV (linear sweep voltammetry) at a 

voltage range from 1.3 to 1.7 V vs. RHE and from 1.2 to 0.2 V vs. RHE for OER and 

ORR, respectively at a rotation rate of 1600 RPM at a scan rate of 5 mVs-1. To 

investigate the electron kinetics for ORR, LSV measurements were repeated at rotation 

rates of 400, 800, 1225, 1600, and 2000 RPM. 

2.6.3 Stability Evaluation Methods 

The electrochemical stability of the samples during ORR was also evaluated by 

observing the change in current as a factor of time at an applied constant potential of 

1.0 V vs. RHE. Similarly, the electrochemical stability of the samples during OER was 

evaluated by observing the change in voltage as a factor of time at a constant current 

of 10 mA cm-2. 
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Figure 2-6. Structural layout and components of the MetroOhm RDE setup for ORR 

and OER measurements. Components are numbered as follows: 1 – Pt counter 

electrode. 2- Rotator unit with attached RDE electrode with active sample pipetted. 3 

– Reference Ag/AgCl electrode. 4- Gas supply of O2 or N2. 5 – Glass beaker holding 

1 M or 0.1 M KOH electrolyte. RDE control unit and potentiostats are not shown. 

 

 

 

 

2.7 Zn-air Cells 

2.7.1 Zn-air Cell Assembly Procedure  

 

Electrochemical performance of the catalyst materials in batteries were evaluated 

using a Perspex homemade Zn-air cell, with the design shown in Figure 2-7.  
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Figure 2-7. Structural layout and components of Perspex-type Zn-air cell.  

Components are numbered as follows: 1 - Perspex end cap with hole for air cathode. 

2 – PTFE membrane (Merck Millipore, 0.2 um pore size). 3 - Titanium current 

collector. 4 - Air cathode, consisting of pipetted active material on carbon paper 

backing. 5 – Perspex housing filled with 6 M KOH electrolyte, with hole for air 

cathode. 6 – Zn plate. 7- Perspex end cap. Structural screws and transparent rubber 

seal films, used to prevent leakage, are not shown. 

 

Briefly, an air cathode (as described in Section 1.4.1.6) was coupled with a polished 

Zn plate anode (70 x 60 x 10 mm). A current collector of metallic mesh, typically of 

titanium (Ti, 80 mesh, Alfa Aesar, Haverhill Massachusetts, USA) or nickel, was 

placed next to the air cathode, with a Teflon-coated carbon paper backing layer 

(SIGRACELL, SGL Carbon, Weisbaden, Germany)to prevent electrolyte from 

leaking out. The exact current collector chosen is specified within the actual 

experimental context. The electrolyte chosen was 6 M KOH with 0.1 M 

Zn(O2CCH3)2, which was injected into the cell after the assembly, before letting the 

cell rest for 30 minutes prior to measurements. It must be emphasized that the use of 
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fresh current collectors, electrodes, and electrolytes is necessary to maintain validity 

and repeatability of results. The area of active materials exposed to the electrolyte 

and air was ca. 0.79 cm2. 

2.7.2 Potentiodynamic Methods 

The electrochemical performance was first investigated by LSV (linear sweep 

voltammetry) on an Autolab potentiostat (Autolab PGSTAT302N, Metrohm AG, 

Herisau, Switzerland) across a cell voltage range of 2.5 to 0.25 V.  

2.7.3 Galvanostatic Methods 

Galvanostatic charge/discharge cycling were performed in a cell voltage range of 1.2 

to 2.4 V on an Neware battery tester (model V5, Shenzen Neware Technology 

Company, China) using an applied charge and discharge current of 4 mA cm-2 for 10 

minutes per step. 

2.7.4 Electrochemical Impedance Spectroscopy (EIS)  

The electrochemical impedance of each cell was investigated using EIS 

(Electrochemical Impedance Spectroscopy) on an Autolab potentiostat (Autolab 

PGSTAT302N, Metrohm AG, Herisau, Switzerland), described above under ambient 

conditions. The applied frequency range was between 0.01 Hz and 100 kHz, and the 

amplitude of AC signal was set at 5 mV.  
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3. High-Power Sodium Titanate as Anode Materials 

in Li-ion and Sodium-ion Batteries 

 

Aims 

Sodium titanate has been demonstrated to be a promising anode insertion-based system 

for both Li-ion and Na-ion battery systems, but differences between the two systems 

in terms of mechanisms of energy storage have not been explored. The aim of this 

chapter is thus to investigate the performance of sodium titanate materials made via 

CHFS as anode materials for both Na-ion and Li-ion half-cells and conclude on any 

system-specific differences on energy storage mechanisms. The materials are 

physically characterized using XRD, BET, EDS, TEM, TGA, RAMAN, and XPS. To 

evaluate their performance as energy storage materials, the materials are 

electrochemically evaluated in Li- and Na-ion half-cells using both potentiodynamic 

and galvanostatic methods. 

 

 3.1 Introduction  

As discussed in Chapter 1, global concerns over the increasing growing energy 

demand and the resulting detrimental effects from the consumption of fossil fuels, have 

accelerated research interest in the development of efficient and renewable energy 

technologies.[330]  Moreover, the development of sustainable smart grid energy 

storage devices to store energy from wind and solar sources has developed into a key 

component to coping with peak energy allocation optimization.[331] Among various 

technologies, Li-ion batteries have emerged as the dominant energy storage approach 

in consumer electronics and electric vehicles, attributed to their commercialization by 

Sony in 1991.[332]  With the growing scarcity and cost of lithium, research on more 

inexpensive, accessible, and sustainable alternatives, such as Na-ion batteries, has 

increased.[333]   Observed similarities between the Li-ion and Na-ion insertion 

behaviour allows for knowledge from Li-ion battery research to be applied to Na-ion 

batteries, thus accelerating progress in the latter field.[23, 31]  More importantly, 
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elemental sodium  is significantly more accessible, and its extraction from natural 

sources such as molten sodium hydroxide or seawater has been demonstrated through 

electrolysis-based approaches such as the Castner[334] and Downs[335]processes, 

respectively.[336]   

As previously discussed, the mechanisms for energy storage found in electrode 

materials of Li-ion and Na-ion systems, can be classified into conversion-, alloying, 

pseudocapacitive, or insertion-based processes. Materials utilizing 

insertion/intercalation-based mechanisms are able to structurally accommodate 

shuttling cations  via n-dimensional channels (where n is in the range 1 to 3).[337]  

However, Na-ion does not always insert as effectively with traditionally accepted Li-

ion anode hosts such as graphite, primarily due to its larger dimensions,. For example, 

the graphene sheet interlayer distance is typically ca. 3.35 Å, which when compared 

to the ionic diameter of Na-ions (ca. 2.0 Å versus 1.1 Å for Li-ions), can result in poor 

cycling stability.[338, 339]  Consequently, research has focused on developing 

appropriate anode candidates for Na-ion batteries, with examples such as transition 

metal oxides[35] (including spinels[36]), hard carbons,[5], sulfides, phosphides, and 

phosphates exhibiting potential.[83]  Among these materials, metal titanate have 

shown particular promise as Na-ion anodes, due to titania’s natural abundance, its low 

cost, good high temperature stability, and a tendency to form layered structures with 

suitably wide crystal lattice spacings, favouring insertion processes.[31]  

Sodium titanates of the form Na2TinO2n+1, are typically characterized by corner- and 

edge- sharing TiO6 octahedra positioned in a zig-zagged arrangement, forming layered 

sheets with Na-ions  intercalating between layers.[340]  Among these titanates, 

Na2Ti3O7 (Figure 3-1), can possess a large interlayer spacing (of as large as ca. 8 Å), 

which can be conducive to good cycling performance in both Li- and Na-ion batteries 

at high current densities,[340] while possessing higher energy densities than 

graphite.[7] 
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Figure 3-1. Unit cell of Na2Ti3O7, with sodium, titanium, and oxygen ions and 

polyhedra shown in purple, grey, and red, respectively. Unit cell space groups and 

lattice parameters are displayed in the upper-left corner. (Taken with permission from 

Inorganic Crystal Structure Database, FIZ Karlsruhe) 

Furthermore, Na2Ti3O7 also possesses a low voltage in Na-ion cells, at ca. 0.3 V vs. 

Na/Na+ compared to ca. 1.7 V for Li+/Li[341],  together with a  high theoretical 

capacity of 177 mAh g-1.[342] Moreover, sodium titanate’s layered sheet-like structure 

can aid in tolerating volume expansion and shrinkage that occur during cycling, 

improving cycling stability.[343] Together, these favourable characteristics of 

Na2Ti3O7 -based structures make them potential anode candidates for grid-storage 

applications of Na-ion batteries at scale.[304] To further improve its high rate 

capability, nano-sizing of battery electrode materials has been shown to improve the 

surface area to volume ratio, resulting in improved ion access to intercalation 

channels.[304] Similarly, it has been shown that a higher surface pseudocapacitive 

contribution is often observed together with a higher surface area, which can indicate 

larger charge storage capacities at high current densities.[12]   

One synthesis method previously explored in literature for sodium titanates have 

involved batch hydrothermal synthesis, which have been used to produce titanates with 

a range of particle morphologies and phases, with titanate products of the nominal 

formulae Na2Ti3O7, and NaTi3O6(OH)·2H2O, having been made at base 

concentrations of 10 and 11 M, respectively.[7, 344] However, such methods possess 

some inherent disadvantages, including long reaction times, chemically or energy- 
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intensive syntheses, batch to batch variations, and typically inadequate control over  

output particle properties such as morphology, shape, and size.[345] 

 

Previous reports by some of the authors [304, 346] to synthesize sodium titanates via 

CHFS relied on relatively high concentrations of NaOH base (in the range 12 to 15 M) 

coupled with a 0.2 to 0.3 M titanium-containing precursor, generating nano-sized 

titanates with sheet-like morphologies, with individual fine or small nanoparticles or 

clusters not being observed.  More recently, the sodium titanate synthesized at 12 M 

NaOH via CHFS was characterized as Na0.9H1.1Ti3O7.[304] This nanomaterial 

exhibited excellent electrochemical performance in Li-ion half-cells at moderate 

current rates, reaching a specific capacity of 120 mAh g-1 at a current rate of 500 mA 

g-1.  Prior to that time, the authors were not appraised comparable electrochemical 

studies of flow-synthesized sodium titanates featuring base concentrations of below 5 

M.  Under such conditions, it was hypothesized either 2D nano-sheets of sodium 

titanate phases or anatase might be formed in flow; if the former could be achieved, it 

would hence be of interest for evaluation of electrochemical properties in both Li- and 

Na-ion batteries. 

In this chapter, the authors describe the one-step continuous hydrothermal flow synthesis 

(CHFS) of a layered sodium titanate nanomaterial, synthesized at a low base concentration 

(4 M NaOH), which was then evaluated as an anode material in both Li-ion and Na-ion cells. 

In particular, the differences in energy storage mechanisms of the synthesized sodium 

titanates in both systems are examined and discussed. 

 

 

 

3.2 Experimental Design 

3.2.1 Synthesis of Sodium Titanates 

Nanosized sodium titanates were synthesised using a laboratory-scale continuous 

hydrothermal flow synthesis (CHFS) reactor as described in Section 2.2.2, according 

to the procedure detailed in Section 2.2.3.  The exact setup can be viewed in Figure 

2.2.2. The resulting wet solids were processed in accordance with Section 2.2.6, with 

the freeze-dried nanopowders heat-treated in air conditions at 150, 300, 450, or 800 °C. 
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3.2.2 Physical Characterisation 

Characterization methods of Powder X-ray diffraction (XRD), Transmission Electron 

Microscopy (TEM), Energy Dispersive X-ray Spectroscopy (EDS), X-ray 

photoelectron spectroscopy (XPS), Brunauer-Emmet-Teller (BET) surface area 

measurements, Raman Spectroscopy, and Thermogravimetric analysis (TGA) were all 

performed using the methodologies specified in Chapter 2.  Crystallite sizes were 

approximated from the XRD data using the Scherrer equation[347], as described in 

Chapter 2 (Section 2.3). 

 

3.2.3 Electrochemical characterisation 

The electrode slurries were prepared in accordance with the method described in 

Chapter 2 (Section 2.4.2). The 16 mm electrodes had an active mass loading in the 

range 1.0 to 1.1 mg cm-2. Electrochemical half-cell tests were performed using a two-

electrode 2032-type coin cell, in accordance with Section 2.5.2. The parameters for 

potentiodynamic and galvanostatic characterization methods are detailed in Sections 

2.5.3, 2.5.4, respectively. 

 

 

3.3 Results and Discussion 

3.3.1 Physical Characterisation Results 

The synthesized sodium titanate samples were acquired post freeze-drying as a cream 

coloured powder with a yield percentage of 86 % (calculated using the concentration 

of the titanium precursor), which was attributed to the losses from the recovery and 

washing process. In a pilot-scale CHFS plant, this could correspond to ca. 300 g per 

hour.[293] Powder XRD was performed on the  sodium titanate samples heat-treated 

at 150 °C, with the patterns (Figure 3-2a) exhibiting good agreement to the reference 

pattern for Na2Ti3O7 (JCPDS 31-1329), with characteristic peaks being observed at 2θ 

= 4.0 ° (001), 11.2 ° (011), 13.1° (111), 20.0 ° (401), 21.6 ° (020) and 29.5 ° (421).  

The strong peak at 2θ = 4.0 ° may be linked to some limited directional growth by the 

particles, as has been reported in literature for similar sheet-like materials. The 2θ 
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position of this peak has also been known to shift with changing interlayer spacing, 

which in turn may be linked to factors such as water content.[348, 349] The interlayer 

spacing of our samples were calculated using the (001) peak and Bragg’s Equation, 

and it was found that the spacing increased from 0.861 to 0.868 Å with heat-treatment 

to 150 ºC, followed by a decrease to 0.846 Å when further heat-treated to 450 ºC, which 

could be due to the removal of lamellar water and -OH groups, with all measured 

values smaller than the reference estimate of 1.166 Å. 

 

Figure 3-2. (Top, a) (i) JCPDS standard reference XRD pattern for Na2Ti3O7 (JCPDS 

31-1329), XRD patterns of (ii) as-synthesized sodium titanate sample and (iii) sodium 

titanate sample heat treated at 150 °C in air. (Bottom) XPS spectra of as-synthesized 

sodium titanate sample, with characteristic spectra in the regions for (b) Na 1s (dark 

red), (c) Ti 2p (2p1/2 in dark red, 2p3/2 in blue), and (d) O 1s (dark red). Background 

noise was subtracted using the Shirley model. The interlayer spacing of  
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The measured BET surface area of our as-synthesized titanate sample was 74 m2 g-1. 

Similarly, thermogravimetric analysis (TGA) was performed on the as-synthesized 

sample (Figure S3-1b) across a temperature range of 25 to 150 °C, revealing a ca. 5 % 

mass loss, which was linked to the loss of strongly bonded and weakly adsorbed water 

molecules. A further mass loss across temperature range of 200 to 400 °C was 

associated with intralayer -OH group dehydroxylation.[350] The final mass loss of  

2.5 % was observed across the range of 600 to 800 °C, which was attributed to the 

structural rearrangement into the Na2Ti7O15 phase (Figure S3-1a).[7] This is supported 

by the corresponding endothermic DSC pattern across the temperature range of 450 to 

780 °C, which was associated with Ti-O-Ti bond formation.[351] Heat-treatment of 

sodium titanates have been shown to  generate the secondary Na2O phase together in 

literature, together with decrease in the ratio of sodium to titanium in the derived 

titanate phase (e.g. from 1:1.5 to 1:3.5) .[352, 353] These changes have been linked to 

the removal of interlayer OH groups and chemically bonded water that typically occur 

across the temperature range of 500-600 oC, with the resulting oxygen vacancies 

inducing a structural repositioning of the Ti (IV) ions.[7, 304, 354] To focus the scope 

of our study and minimize the risk of structural shifts, it was decided that further 

physical and electrochemical characterization be done on titanate samples heat-treated 

to 150 °C. 

The mean crystallite size of the sodium titanate sample, estimated via using the 

Scherrer equation to the (001) XRD peak, was approximated at ca. 5 nm, with the 

values approximated from the (401) and (011) peaks were 6 and 5 nm, respectively. 

[355] 

High-resolution X-ray photoelectron spectroscopy (XPS) was used to determine the 

valence states of the cations in the as-synthesized sample (Fig. 3-2 b-d). The oxygen 

O 1s peak position at 529.7 eV agreed with that of Ti-O bonds, with the small shoulder 

at 531.6 eV (Fig. 1d, shown in blue) being attributable to surface hydroxyl Ti-OH 

bonds. Similarly, the Na 1s orbital peak at 1071.0 eV agreed for sodium within bulk 

Na2Ti3O7.[356, 357] The Ti 2p level binding energies were ca. 458.3 and 464.0 eV 

were attributed to Ti 2p3/2 and Ti 2p1/2 states, respectively. The spin orbital splitting of 

ca. 5.7 eV between these peaks was in good agreement with that of Ti4+, in agreement 

with the valence composition of Na2Ti3O7. 
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Energy-dispersive X-ray spectroscopy (EDS) measurements were performed on the 

sodium titanate sample to characterize the surface-level elemental distribution and 

composition, (Figure 3-3). 

 

Figure 3-3. Energy-dispersive X-ray spectroscopy elemental analysis results of the as-

synthesized titanate material, with maps of (a) sodium, (b) titanium, (c) oxygen atoms, 

with (d) composite map and (e) TEM-image of the material scanned area. 

Quantification analysis suggested that the bulk structure of the as-synthesized sodium 

titanate possessed a 1:2 Na:Ti ratio. This suggests that the sample was Na-deficient 

titanate structure, with charge balance likely maintained through excess protons. 

Hence, the final structure of the as-synthesized sodium titanate sample was determined 

as Na1.5H0.5Ti3O7. 
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Figure 3-4. Ex-situ Raman spectra of the as-synthesized sodium titanate material, 

measured in the range of 200 and 1000 cm-1. 

Raman spectroscopy (Figure 3-4) was used to characterize the bonding structure of the 

sodium titanates. The Raman spectra for the as-synthesized sodium titanate sample 

(Figure 3-4) displayed broad bands at 200, 277, 441, 647, 840, and 900 cm-1, in broad 

agreement to literature reports for Na2Ti3O7.[7, 353, 358] Similar spectra have been 

previously observed by Zarate et al. for batch hydrothermally synthesized sodium 

titanates using  5 M NaOH, which was linked to a protonated, Na-deficient metastable 

structure, similar to that seen herein, instead of the traditional 2:3:7 Na:Ti:O ratio for 

Na2Ti3O7.[358] Similarly, the bands in the range of 600 to 800 cm-1 and those below 

450 cm-1 were attributed to Ti-O stretching and Na-O bond vibrations within the 

distorted TiO6 octahedra, respectively. Moreover, the band at ca. 277 cm-1 was linked 

to long Ti-O bonds characteristic to Na2Ti3O7.  In contrast, bands located between 800 

to 900 cm-1 were linked to low-coordination Ti-O bonds, with the band at ca. 900 cm-

1 linked to stretching vibrations of single-coordination Ti-O bonds characteristic of 

short Ti-O bond lengths (that are typically ca. 1.7 Å long).[7] 

Transmission electron microscopy imaging was executed on the as-synthesized 

titanate sample following heat-treatment at 150 °C. The results indicated that the 

sample consisted of clusters of primarily small nanoparticles alongside smaller 

quantities thin nano-sheet structures (Fig. 3-5a). The average primary crystallite size 
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was analyzed across 200 individual particles (Appendix Figure 1), with 65% of them 

found to possess a particle size of 4.5- 6 ± 0.5 nm, in good agreement with our previous 

Scherrer estimation. The nanosheets (Appendix Figure S3-3). were found to exhibit 

visible “curling” at the sheet edges, with dimensions of ca. 300 nm in length (average 

ca. 322 ± 30 nm), and 200 nm in width (average ca. 207 ± 21 nm). In contrast, previous 

batch and continuous synthesis attempts made at higher NaOH in the range of 12 to 

15 M were found to exhibit exclusively nanosheet morphologies.[304, 346]  These 

results suggest that the particle nucleation preceded aggregation or growth into sheet-

like structures, and that the rate of this process was strongly linked to the base 

concentration. Herein, the use of a lower 4 M base concentration resulted in a reduced 

proportion of nanosheets being observed during the rapid residence time characteristic 

of CHFS processes. 

The transmission electron microscopy images of the sodium titanate sample heat-

treated at 150 °C (Fig. 3-5b-c) exhibited comparable morphological characteristics to 

its as-synthesized counterpart. Two separate interlayer spacings were observed, at 0.76 

± 0.05 nm (001) and 0.33 ± 0.05 nm (011), corresponding to nanoparticle sheets and 

clusters, respectively. The interlayer spacing of the nanosheets consistent with layered 

titanates exhibiting the presence of inter-sheet hydroxyl ions or water.[7, 359] 

However, this was still lower than the spacing value (ca. 10 Å. ) calculated using the 

Bragg-equation on the (001) peak (2θ = 4.0 °) of the powder XRD pattern. This 

difference has been attributed to a systematic difference between XRD-calculated and 

TEM-observed spacing values.[360] This difference may be further linked to sample 

perforation by the electron beam of the TEM instrument  and sample dehydration 

under high vacuum Differences in peak intensities between the synthesized sample and 

the reference patterns may be associated with the co-existence of particles with various 

other morphologies and consequently, the measured XRD pattern represents a mean 

taken over several crystallites with different preferred orientations.   
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Figure 3-5.  Transmission Electron Microscopy image of (a) the as-synthesized 

sodium titanate sample (bar = 100 nm), (b) sodium titanate sample heat-treated at 

150 °C (inset; interlayer spacing of the corresponding titanate sample). (c) TEM image 

of the sodium titanate sample heat-treated at 150 °C at higher magnification (bar = 

10 nm).  

 

3.3.2 Electrochemical Characterisation Results 

3.3.2.1 Cyclic Voltammetry in Li-ion and Na-ion Half-cells 

The electrochemical properties of the Na1.5H0.5Ti3O7 electrodes were characterized in 

Li-ion and Na-ion half-cells. To remove the influence of any moisture, the sodium 

titanate samples were first heat-treated at 150 °C in air prior to formation as electrodes; 

the results of cyclovoltammetry measurements performed on these electrodes are 

displayed in Figure 3-6, measured across the potential range of 0.1 to 2.5 V vs. Li/Li+ 

and Na/Na+, respectively.  
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Figure 3-6. Cyclic voltammograms of the sodium titanate samples heat-treated at 

150 °C for a (a) Li-ion half-cell and (b) Na-ion half-cell, measured at a scan rate of 

0.05 mVs-1. 

In both Li-ion and Na-ion systems, the samples heat-treated at 150 °C exhibited broad 

and rectangular profiles, with electrochemical activity occurring across a wide 

potential range, characteristic of capacitor-like electrochemical behaviour. In Li-ion 

half-cells, the sodium titanate sample (heat-treated at 150 °C) exhibited 

electrochemical activity primarily across the potential range of 2.1 to 1.0 V (vs. Li/Li+), 

with SEI layer growth occurring during the first cycle together with carbon lithiation 

at 0.7 V vs. Li/Li+. In Na-ion half-cells, the corresponding range for electrochemical 

activity was from 0.3 to 1.5 V (vs. Na/Na+), with irreversible carbon sodiation 

exhibited during the first cycle at ca. 0.5 V vs Na/Na+.[7, 342] The small anodic peak 

observed at ca. 0.05 V may be linked to the insertion of Na-ions into the carbon black. 

The rectangular nature of the overall CV profile is suggestive capacitive charge storage 

processes being present, with the presence of observed (albeit less sharp) peaks 

suggestive of the concurrent presence of diffusion-limited charge storage processes. In 

both systems, the significant decrease in post-first cycle peak area was observed, 

attributed to SEI layer formation and irreversible lithiation/sodiation of the carbon 

black additive. The SEI layer is composed of decomposed electrode and electrolyte 

products that grows at the inactive and active particle surfaces during the initial cycle. 

The SEI layer has been described as a passivation layer protecting the electrolyte from 

continued decomposition, although its insulating nature has been liked to reduced 

conductivity. [7], 69  
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3.3.2.2 Scan-rate Tests in Li-ion and Na-ion Half-cells 

The charge storage properties of the sodium titanate samples heat-treated at 150 °C 

were further characterized at different scan rates across the same potential range in Li-

ion and Na-ion cells (Figure 3-7). The scan rates (0.2, 0.5, 2 and 5 mV s-1) were kept 

low to allow for sufficient time for ionic diffusion processes. Diffusion layers have 

been shown to grow closer to the electrode at higher scan rates, resulting in decreased 

layer width and a higher flux to the electrode surface and consequentially, higher 

magnitude in current responses.[361]  

 

Figure 3-7. Cyclic voltammograms of the scan rate tests (at 0.2, 0.5, 2 and 5 mV s-1) 

for the sodium titanate samples following heat-treatment at 150 °C in a (a) Li-ion half-

cell vs. Li/Li+ and (b) Na-ion half-cell vs. Na/Na+. 

Trasatti’s estimation approach of charge storage deconvolution was undertaken for the 

previously mentioned scan rates, in order to understand the relative contributions of 

diffusion-limited and pseudocapacitive charge storage mechanisms to the total 

volumetric charge of the electrode.[362, 363] Firstly,  the total specific charge was 

measured for each scan rate. This was calculated by taking the integral over the total 

area corresponding to the discharge section of the CV curve (i.e. half of the total area 

of the curve). Next, the relative contributions of the pseudocapacitive and diffusion-

limited components to total specific charge was expressed as qt = qc+ bv -0.5, where b 

is an arbitrary constant (Appendix Equation E3-1), qc the pseudocapacitive 
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contribution, qt is the total specific charge of the system, If the measured peak specific 

capacities  are plotted against the diffusion-limited component v-0.5, the y-axis intercept 

corresponds to the theoretical charge contribution at infinite scan-rate (Figure 3-10a), 

commonly known as the maximum theoretical pseudocapacitive contribution. Using 

this value, the pseudocapacitive contribution ca then be expressed via qc/qt x 100%. 

Figure 3-8b displays the resulting charge contributions at the aforementioned scan 

rates for both Li- and Na-ion systems. 

The results suggest that the sodium titanate sample, following heat-treatment at 150 °C, 

exhibits increasing pseudocapacitive contributions with increasing scan rates in both 

Li-ion and Na-ion systems, which may be explained by the reduced time units allowed 

for insertion processes that occur with large potential steps.  

The results of our charge storage contribution analysis suggest that the sodium titanate 

sample exhibits increasing pseudocapacitive charge contributions in both Li-ion and 

Na-ion systems with increasing scan rates with the Li-ion system exhibiting 

pseudocapacitive percentage contributions of 32, 41, 58, and 74 % at scan rates of 0.2, 

0.5, 2, and 5 mV s-1, respectively. In contrast, the Na-ion system was observed to 

exhibit higher pseudocapacitive contributions across the board, of ca. 47, 57, 71 and 

86 % for the same aforementioned scan rates, respectively.  

Similarly, it is possible to estimate the relative contributions from diffusion-limited 

and pseudocapacitive charge storage mechanisms for materials exhibiting redox 

reaction limited by semi-infinite linear diffusion through through the equation i= k1 v 

+  k2 v
0.5 (where all values are taken at a specific potential), where k1 and k2 are 

constants proportional to the capacitive and diffusion-limited contributions, 

respectively. For our titanate material heat-treated at 150 ºC,  the k1/k2 ratio in Li-ion 

and Na-ion were found to be 0.42 and 0.4, respectively.[124] 
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Figure 3-8. (a) Trasatti plot of the electrodes made with the sodium titanate sample 

following heat-treatment at 150 °C. (b) Diffusion limited (full-colored, red and blue) 

and Trasatti’s estimated pseudocapacitive contributions (striped, red and blue )to the 

total specific charge at scan rates of 0.2, 0.5, 2, and 5 mV s-1 in Li-ion cells (red) and 

Na-ion (blue), respectively.  

Titanate-based electrodes have been known to exhibit extrinsic pseudocapacitive 

behaviour (size- and morphology dependent), attributed to their large interlayer-

spacing (ca. 8 Å) and surface area.[364]   The increased diffusion-limited contribution 

observed  in Li-ion cells has been linked to the smaller dimensions of the lithium ions, 

with an ionic radius of 0.76 versus 1.02 Å for lithium and sodium ions, 

respectively.[339]  

3.3.2.3 Galvanostatic Charge Discharge Profiles in Li-ion and Na-ion Half-cells 

The coexistence of significant pseudocapacitive component together with a decreasing 

diffusion-limited component in our sodium titanate sample herein is reminiscent of 

“intercalation pseudocapacitive” compounds such as Nb2O5, which exhibit 2D 

insertion of Li-ions at the near-surface of nanoparticles without structural 

rearrangement.[365] When nanosized, materials such as V2O5 and LiCoO2 have 

demonstrated a pseudo-linear dependence between stored charge and voltage.[273, 

366] This is believed to be linked to a critical crystallite size, beyond which the 

formation of a ”solid-solution” of surface insertion sites is observed, covering a wide 

range of energies. The inherent structural disorder found in the surface atoms, 

compounded with changes following surface insertion of Li-ions, result in the large 

variance in site energies being observed. To investigate the dependence half-cell 
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potential and measured charge for our sodium titanate samples, voltage profile was 

measured across the first two cycles for both Li- and Na-ion systems at a low current 

density of 50 mA g-1  (Figure 3-9).  

 

Figure 3-9. Voltage profiles for the half-cells featuring electrodes containing sodium 

titanate following heat-treatment at 150 °C, measured at a current density of 100 mA 

g-1(a) in Li-ion half-cells in the range 0.1 to 2.5 V vs. Li/Li+ and (b) in Na-ion half-

cells in the range 0.1 to 2.5 V vs. Na/Na+. First cycle lithiation is marked in black, 

while the second cycle delithiation-lithation process is marked in dashed blue. 

Our results suggest that a  pseudo-linear relationship exists between the stored charge 

and measured potential for our sodium titanate samples in Li- and Na-ion half-cells, a 

trait characteristically observed in pseudocapacitive electrode materials and suggestive 

of a ”solid-solution” of surface insertion sites.[367]  In  contrast, bulk materials tend 

to exhibit single or two-phase voltage plateaus. An example of the latter has been 

attributed to the insertion mechanism of Na2Ti3O7 in literature, where  the two separate 

plateaus correspond to the phase evolution from Na2Ti3O7 to Na3-xTi3O7 and finally to 

Na4Ti3O7.[350, 368] The difference in voltage profiles has been attributed to 

differences in the particle dimensions, with larger particles exhibiting bulk-material 

behaviour, while our nanoparticles exhibited a  reduced or no miscibility gap when 

accommodating Na-ions,  suggesting behaviour as an extrinsic pseudocapacitor in Na-

ion systems.[273] In literature, comparable behaviour has been observed  for similar 

materials such as nanosized TiO2, which has been associated to the reduced diffusion 

distances that are typically observed in nano-sized materials.[369] 

3.3.2.4 Galvanostatic Cycling Li-ion and Na-ion Half-cells 
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The charge storage capabilities of the sodium titanate electrodes were investigated at 

incremental current densities for 10 cycles each in Li-ion and Na-ion half-cells, with 

the results plotted in Figure 3-10. The initial capacity loss during the first three cycles 

was ascribed to the irreversible lithiation or sodiation of the carbon black, 

accompanied by SEI layer formation,[370] along with side reactions related to the 

decomposition of LiPF6 or NaPF6 electrolyte, respectively.[370, 371]  

The sodium titanate samples exhibited high Coulombic efficiencies ( > 99 % ) after ca. 

20 cycles in both Li-ion and Na-ion half-cells. In Li-ion half-cells, current densities of 

50 (~0.3 C, where 1 C refers to the applied current density required to fully charge and 

discharge cell to theoretical capacity in one hour), 100 (~0.6 C), and 200 (~1.1 C) mA 

g-1, corresponded to specific capacities of ca. 260, 235, and 205 mAh g-1, respectively. 

At higher current densities of 750 (~4.2 C), 1000 (~5.6 C) and 2000 (~11.3 C) mA g-

1, corresponding capacities of 160, 150 and 128 mAh g-1 were achieved, respectively, 

before the final recovery cycling step at 50 mA g-1  (with a specific capacity of 243 

mAh g-1).  In Na-ion half-cells, specific capacities of 152, 135, and 117 mA g-1 were 

achieved across the same low specific current densities of 50, 100, and 200 mA g-1.  

Similarly, specific capacities of 100, 95 and 83 mAh g-1 were achieved at higher 

current densities 750, 1000 and 2000 mA g-1, before a capacity of 131 mAh g-1 was 

achieved at the recovery cycling step at a current density of 50 mA g-1.  

The decrease in specific capacity in both systems at high current densities has been 

linked to the inherent kinetic limitations of the diffusion processes, although the larger 

dimensions of the sodium ion when compared to lithium ions and the interlayer spacing 

(ca. 8 Å) of the sodium titanate[340], may also be linked to poor performance at higher 

current densities in Na-ion half-cells.[25]. Similarly, the performance of the as-

synthesized titanate sample and that of sodium titanate sample following heat-

treatment at 300 °C, was also evaluated in the same fashion (Appendix Figure S3-4). 

Both were observed to exhibit poorer performance than the sodium titanate sample 

heat-treated at 150 °C, with a maximum difference in specific capacity of 80 mAh g-1 

at a current density of 100 mA g-1 exhibited between the sodium titanate samples heat 

treated at 300 °C and 150 °C in Li-ion half-cells. Similar observations have been made 

of  hydrogen titanate nanosheets in literature, and maybe linked to the sample heat 

treated at 150 °C exhibiting fewer interlayer -OH groups while still maintaining the 

Na2Ti3O7 phase, while the samples heat treated at higher temperatures exhibiting 
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localized structural changes.[7, 372] Raman studies by Shirpour et. al on hydrated 

Na2Ti3O7-type sodium titanate suggested that heat-treatments performed at 300 °C and 

above yield changes to the Ti-O bond lengths in the resulting dehydrated titanate, 

attributed to the displacement of alkali ions closer to the TiO6 octahedral layers 

following the desorption of water molecules. The resulting structure featured more 

closely arranged TiO6 octahedral layers while maintaining a Na2Ti3O7-type spectrum, 

with elements of Na2Ti6O13 being observed at heat treatment temperatures 

of >700 °C.[7] 

 

Figure 3-10. (Top) Current rate tests for Li-ion (left) and Na-ion (right) half-cells 

featuring electrodes made using sodium titanate samples following heat-treatment at 

150 °C; the half-cells were evaluated at incremental current densities of 50, 100, 200, 

500, 750, 1000, 2000, and 50 mA g-1 for 10 cycles each. (a) Cycling results in Li-ion 

half-cell across the potential range 0.1 to 3.0 V vs. Li/Li+ and (b) Cycling results in 

Na-ion cell across the potential range 0.1 to 2.5 V vs. Na/Na+. (Bottom) Results from 

long-term (400 cycles) galvanostatic stability cycling tests, performed at a current 

density of 1 A g-1 for the (c) Li-ion and (d) Na-ion cells. Coulombic efficiencies are 

shown in green and specific capacities in red.  



143 
 

Subsequently, long-term galvanostatic stability cycling tests were performed the Li- 

and Na-ion half-cells at a current density of 1000 mA g-1 for 400 cycles. A slow decay 

in capacity was observed over the first ca. 300 cycles, after which capacities converged 

at ca. 131 and 87 mA g-1 in Li-ion and Na-ion half-cells, respectively, together with 

high Coulombic efficiencies of > 99 % being observed. Moreover, the decreased 

specific capacity at the end of the 300th cycle corresponded to only a ca. 23 and 25 % 

decrease in specific capacity from that observed at the end of the 10th cycle, suggesting 

that adequate resistances against capacity decay are present in both systems. As 

mentioned previously, the initial drop in specific capacity observed during the first 

cycle can be ascribed the SEI layer formation, together with various other electrolyte 

decomposition-related side reactions at the electrode surface. Addressing such losses 

in literature has been done using various electrolyte additives (such as fluoroethylene 

carbonate, cyclohexane, or vinylene carbonate) or through prelithiation and 

presodiation techniques. The role of additives has been shown to improve the SEI layer 

stability through either the removal of unstable intermediates or through the limitation 

of electron participation in side reactions.[27, 373, 374] 

Our results are comparable to those reported for hydrothermally-synthesized Na2Ti3O7, 

Na2Ti6O13, and TiO2 materials in literature.  Batch hydrothermally synthesized sodium 

titanate have exhibited differing performance depending on material morphologies. In 

Li-ion cells, Dominko et al. synthesized micron-sized Na2Ti6O13 tubes through a 

combination of batch hydrothermal synthesis and calcination, with the material 

achieving specific capacities of 150 mAh g-1 at a current density of 5 mA g-1, while 

Zhang et al. achieved higher capacities of 135 mAh g-1 at 50 mA g-1 with  nano-sized 

Na2Ti6O13 tubes in Li-ion half-cells.[375, 376]  Similarly, CHFS-synthesized 

Na0.9H1.1Ti 3O7
 by Lubke et al.  achieved capacities of  150 mAh g-1  and 125 mAh g-1 

at current densities of 50 mA g-1 and 500 mA g-1, respectively in Li-ion half-cells.[304] 

Herein, our sodium titanate (heat-treated at 150 ºC) exhibited significantly higher 

capacities of 260 and 160 mAh g-1 at current densities of 50 and 750 mA g-1, 

respectively. This superior performance may be linked to the high surface area and the 

creation and stability of more 2D-channels for Li-ion insertion processes, attributed to 

the higher proportion of inter-layer Na-ions, as suggested by the formulaic 

composition Na1.5H0.5Ti3O7). 
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In Na-ion cells, the electrochemical performance of our sodium titanate samples is in 

agreement with literature.[344, 377] Batch hydrothermally-synthesized Na2Ti3O7 

(made with high base concentrations) have exhibited capacities of 72 mAh g-1 at a 

current density of 40 mA g-1, while one-step batch hydrothermally synthesized 

NaTi3O6(OH)2·H2O by Shirpour et al. exhibited a specific capacity 100 mAh g-1 at 30 

mA g-1 following a post-synthesis dehydration process.[7, 378] Mixed-phase Na2Ti3O7 

and Na2Ti6O13 titanate heat treated at 800 °C by Vanek et al. displayed capacities of  

63 mAh g-1 at a current density of 39 mA g-1, while Na2Ti3O7 annealed at 850°C 

yielded capacities of 72 mAh g-1 and 58 mAh g-1 at current densities of 40 and 200 mA 

g-1, respectively.[379, 380] At higher current densities, Wang et al. synthesized 

Na2Ti3O7 using a batch hydrothermal approach using 10 M NaOH, obtaining capacities 

of 108 mAh g-1 at a high current density of 354 mA g-1 (2 C) in Na-ion half-cells. In 

comparison, Na2Ti3O7 synthesized via a solid-state approach by Rudola et al. exhibited 

capacities of ca. 80 mAh g-1 at a current density of ca. 600 mA g-1 in Na-ion half-cells. 

[72, 381] When compared to literature results, our sodium titanate sample exhibits 

higher capacities of 152 and 100 mAh g-1 at current densities of 50 and 750 mA g-1, 

respectively, have presented clear advantages. 

 

 

3.4 Conclusions and Future work 

 

Layered nanosized sodium titanates of the nominal composition Na1.5H0.5Ti3O7 were 

produced using a CHFS process at relatively low base concentration of only 4 M. The 

as-synthesized material was heat treated at 150 °C and evaluated as an active electrode 

material in Li-ion and Na-ion half-cells. The material exhibited high specific capacities, 

attributed to the layered structure, high surface area, and small crystallite size of the 

sodium titanates, with contributions from diffusion-limited insertion processes and 

pseudocapacitive surface effects observed in both systems. Moreover, increasing 

pseudocapacitive contributions were observed with higher scan rates. In Li-ion and 

Na-ion systems, specific capacities of 235 and 135 mAh g-1 were obtained at a current 

density of 100 mA g-1, respectively. Similarly, long-term cycling stability was 

adequate, giving capacities of ca. 131 and 83 mAh g-1 being observed at a current 
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density of 1 A g-1 after 400 cycles in Li-ion and Na-ion half-cells, respectively,  with 

both systems exhibiting high Coulombic efficiency of ca. 99 %.  Due to the prevalence 

of fast-faradaic charge storage  mechanisms in both systems, increasing the 

conductivity and surface area of the anode materials is thought to lead to increased 

performance. To evaluate these conclusions further, it follows that the feasibility of 

various conductivity enhancement approaches such as doping or carbon doping should 

be investigated in future work, along with various techniques to increase the effective 

electrochemical surface area, such as through introduction of hollow-shell or porous-

type structures or the use of graphitic carbon supports. Moreover, the performance of 

sodium titanates should be evaluated across incremental heat-treatment temperatures. 

Finally, the evaluation of CHFS pilot plant for the commercial-scale production of 

sodium titanate should be undertaken. 
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4. Carbon-supported Cobalt Nickel Sulfide Spinels 

as Stable Anodes for Lithium-ion and Sodium-ion 

Batteries 

 

Aims 

Spinel-type tertiary chalcogenides have received attention as promising catalyst and 

energy storage materials due to their inherent high conductivity and capability of 

forming multivalent oxidation states in their metallic components, giving rise to 

possible synergistic electronic interactions. However, their proliferation in Li-ion and 

Na-ion batteries has been hindered by their high capacity fade, attributed to the 

pulverizing volume change as a consequence of conversion-based mechanisms.  The 

aim of this chapter is to observe the effect of heat-treatments and amorphous carbon-

coating on the electrochemical mechanism and performance of nickel cobalt sulfide 

materials in Li-ion and Na-ion half-cells. The materials were characterised using XRD, 

BET, TEM, TGA, XRF, RAMAN, and XPS. and evaluated as Li-ion battery electrode 

materials. To evaluate their performance as energy storage materials, the materials are 

electrochemically evaluated in Li- and Na-ion half-cells using both potentiodynamic 

and galvanostatic methods. 

 

4.1 Introduction 

As mentioned in Chapter 1 (Section 1.3.2), the charge storage mechanisms of electrode 

materials for Li-ion electrochemical devices, can be categorized into insertion-, 

conversion-, or alloying-based processes. Insertion/intercalation-based materials such 

as graphite are capable of accommodating ions within the N-dimensional channels 

(where N is in the range 1 to 3) in their structures.[337] Insertion-based electrodes 

have been well-explored in industry for commercial LIBs. In contrast, conversion 

mechanisms (Section 1.3.3) typically involve the reduction of the active metallic 

species of a compound into its elemental metallic particles, embedded within a lithium 
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compound, typically an oxide or a sulfide.  Such materials are typically characterized 

by significant volume expansion, multiple electron transfer processes, and high 

theoretical specific capacities.  However, they have been characterized as suffering 

from low initial Coulombic efficiency, high voltage hysteresis and poor cycling 

stability.[387-389] Improvements in performance have been achieved through the 

introduction of nanostructured materials, which have been shown to alleviate the strain 

of volume expansion, while increasing the electrode-electrolyte area to improve the 

high current rate performance of the material.[389-393] Consequently, efforts have 

accelerated in the development of nanostructured Li-ion anodes, with candidates such 

as transition metal oxides,[127, 394, 395] sulfides,[393] phosphides,[392, 396] and 

selenides demonstrating potential.[397]  

Among these materials, bimetallic spinel sulfides (e.g. NiCo2S4) have gained 

recognition as possible Li-ion conversion anodes, due to their varied multivalent 

oxidation state chemistry, the presence of multiple active metallic species, good 

mechanical and thermal stability, and superior electronic conductivity.[260, 398-401] 

NiCo2S4 has been shown to possess a high theoretical capacity and improved 

electrochemical activity compared to monometallic counterparts such as NiS and 

Co3S4, while simultaneously exhibiting significantly higher electrical conductivity 

when compared to its oxide counterpart, NiCo2O4.[260, 394] Various morphologies of 

NiCo2S4 have been explored for Li-ion batteries, including nanosheets[388, 402], 

hollow-shell polyhedrons[399], hydrangea macrophylla[403], encapsulated 

nanocores[400], and hollow prisms.[404] While the exact conversion mechanism of 

NiCo2S4 in Li-ion and Na-ion batteries is still under debate, XRD and cyclic 

voltammetry studies have shown that it reduces into its monometallic components 

embedded within a lithium or sodium sulfide matrix during discharge, before oxidizing 

into monometallic polysulfides during charge.[399, 404, 405] 

The conversion-based mechanism of NiCo2S4 results in significant volume change 

during cycling, with the accompanying electrode pulverisation resulting in rapid 

capacity fade and reduction in conductivity, followed by eventual cell failure. 

Overcoming this issue is key to unlocking the commercial applications of NiCo2S4. To 

address this, the introduction of supportive carbon frameworks have been explored to 

not only buffer volume change and improve conductivity, but also to reduce 

agglomeration during cycling and reduce electrode polarization.  While more ordered 
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carbon supports such as CNTs, RGO, and graphene have all shown promise in 

supporting the performance of NiCo2S4 in electrochemical storage,[400, 406-408] the 

complex requirements behind their preparation restrict their applications in industry. 

In contrast, amorphous carbons made through the hydrothermal carbonization of 

organic matter present a relatively facile and energy efficient route for large-scale 

production. In addition, the lack of long range order observed in amorphous carbons 

has been linked lend improved ability to buffer volume change during charge and 

discharge processes, attributed to the presence of inter-grain nanovoids.[409-411] The 

feasibility of amorphous carbon-supported NiCo2S4 as Li-ion electrode materials, has 

been previously demonstrated in literature, with biomass-derived composite materials 

exhibiting cycling stability and power density in supercapacitor applications.[412, 

413]  However, while the performance of NiCo2S4 in Li-ion half-cells has received 

attention in literature, systematic effects on the effects of heat-treatments and the 

accompanying phase evolution on the performance of NiCo2S4, have not been studied. 

Similarly, studies on the differences in performance and charge storage mechanisms 

between carbon-coated and uncoated cobalt nickel sulfides heated at different 

temperatures, have remained unexplored. 

 

 

Figure 4-1. Unit cell of NiCo2S4, with nickel, cobalt, and sulfur ions and polyhedra 

shown in green, pink, and yellow, respectively. The unit cell space group and lattice 

parameters are shown in the upper-right. (Taken with permission from Inorganic 

Crystal Structure Database, FIZ Karlsruhe) 
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As previously mentioned, bimetallic sulfides such as NiCo2S4, have gained interest as 

a possible Li-ion and Na-ion conversion anode materials, due to their rich multivalent 

oxidation state chemistry, the presence of multiple active metallic species, good 

thermal and mechanical stability, and exceptional electronic conductivity. Structurally, 

NiCo2S4 (space group Fd-3m, Figure 4-1) consists of cubic close-packed S2- anions 

with eight tetrahedral sites and four octahedral sites occupied by Co(III) and Ni(II) 

cations, respectively, in an Fd-3m space group.[242, 414] However powder neutron 

diffraction studies have shown that spinel CoNi2S4 has its cations occupied these sites 

in a reverse manner, i.e. Ni(III) and Co(II) in the tetrahedral sites and octahedral sites, 

respectively.[414, 415] Furthermore, the co-existence of oxidation states in both sites 

has also been observed in nickel cobalt oxides previously the XPS, XANES, and 

magnetic moment studies.[414, 416-418]  As a result, it is difficult to  distinguish 

between CoNi2S4, NiCo2S4 and other possible immediate states. 

 

Various morphologies have been explored for Li-ion and Na-ion batteries using 

conventional synthesis methods such as solid state or hydrothermal synthesis, 

including nanosheets[388, 402], hollow-shell polyhedrons[399], hydrangea 

macrophylla[403], encapsulated nanocores[400], hollow prisms,[404] and flower-

shaped.[419]. However, as these methods exhibit a tendency to give rise to bulk-size 

materials with large particle sizes, alternative synthesis routes have been explored. 

While solvothermal and batch hydrothermal synthesis approaches have been 

previously employed to obtain nanostructure NiCo2S4 materials, however these 

methods typically require extended heating times of between 6 to 48 hours, while 

possessing an elevated risk of batch-to-batch differences.[404, 420] Meanwhile, the 

introduction of carbon supports has been chieved through various approaches, such as 

through the introduction of carbon-base precursor materials for hydrothermal synthesis, 

or through direct growth on sp2-type carbon surfaces such as carbon nanotubes 

(CNTs).[300, 394, 421] In industrial applications, a feasible continuous scalable 

approach featuring high levels of batch-to-batch consistency is desirable. Moreover, 

while the performance of NiCo2S4 in Li-ion and Na-ion half-cells has received 

attention in literature, systematic effects on the effects of heat-treatments and the 

accompanying phase evolution on the performance of NiCo2S4 have not been studied. 

Similarly, studies on the differences in performance and charge storage mechanisms 
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between carbon-coated and uncoated cobalt nickel sulfides heated at incremental 

temperatures have remained unexplored.  

Herein, as-synthesized and carbon-coated cobalt nickel sulfide spinel nanomaterials 

were synthesized using CHFS, heat-treated, and their electrochemical properties 

evaluated anode materials for Li-on and Na-ion batteries. The structural and 

electrochemical effects of heat treatment for both sets of samples were evaluated, and 

insights were derived as to the mechanism behind electrochemical performance. By 

evaluating both carbon-coated and uncoated cobalt nickel sulfide materials at 

incrementally higher heat-treatment temperatures, it was possible to separate the role 

of amorphous carbon from that of monometallic phase evolution in the performance 

of the anode materials. It was hypothesized that the use of heat-treatment may have an 

effect on the structure of the nickel cobalt sulfide material, which in turn may have an 

effect on its performance in Li-ion and Na-ion cells. Similarly, it was hypothesized 

that the presence of carbon-coating should improve the capacity retention of the sulfide 

nanomaterial by assisting in tolerating volume change. 

 

 

4.2 Experimental Design 

4.2.1 Synthesis of Nickel Cobalt Sulfides 

Spinel nickel cobalt sulfide nanoparticles were synthesised via a laboratory-scale 

CHFS process in a reactor, the structural design and layout of which, is specified in 

Section 2.2.4, following the procedure detailed in Section 2.2.4.1 and Section 2.2.4.2.  

The laboratory scale CHFS reactor used herein has a similar design to the pilot scale 

CHFS described previously,[422] but at ca. one fifth scale of the latter. The exact setup 

can be viewed in Figure S5-1, Appendix A.  

The samples underwent post-processing as detailed in Section 2.2.6. Portions of the 

synthesized samples were also heat-treated to 300 °C, 600 °C, and 900° C for ca. 30 

minutes under a nitrogen flow in a tube furnace (Model TSH12/100/940, Elite Thermal 

Systems Limited, UK) The synthesized nickel cobalt sulfides were named by 

combining the prefix NC (for nickel and cobalt) with an optional tag for carbon coating 
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(CC), and a tag corresponding to the final heat treatment temperature (RT, 300, 600, 

or 900, respectively). For example, the sample name “NCS-CC-600” corresponds to 

the carbon-coated cobalt nickel sulfide sample heat-treated at 600 °C for 30 minutes. 

4.2.2 Physical Characterisation 

Characterization methods of Powder X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), Transmission Electron Microscopy (TEM), Energy Dispersive 

X-ray Spectroscopy (EDS), Raman Spectroscopy, Brunauer-Emmet-Teller (BET) 

surface area measurements, and Thermogravimetric analysis (TGA) were all 

performed using the methodologies specified in Chapter 2.  Crystallite sizes were 

estimated from the XRD data using the Scherrer equation[347], as described in 

Chapter 2 (Section 2.3). 

 

 

4.2.3 Electrochemical Characterisation 

 

The electrode slurries were prepared in accordance to the method described in Chapter 

2 (Section 2.4.2). The 16 mm electrodes had an active mass loading in the range 1.0 to 

2.0 mg cm-2. Electrochemical half-cell tests were performed using a two-electrode 

2032-type coin cell, in accordance with Section 2.5.2. The electrodes had an active 

material mass loading in the range 1.0 to 2.0 mg cm-2. The parameters for 

potentiodynamic and galvanostatic characterization methods are detailed in Sections 

2.5.3, 2.5.4, respectively. 

 

 

 

 

4.3 Results and Discussion 

4.3.1 Physical Characterization Results 
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Figure 4-2. XRD patterns for the a) as-synthesized and b) carbon coated nickel cobalt 

sulfides, along with their heat-treated counterparts. Peaks not associated with NiCo2S4 

(JCPDS 073-1704) are shown with an asterisk (*). 

The X-ray diffraction (XRD) patterns for the as-synthesized and heat-treated nickel 

cobalt sulfides, along with their carbon-coated counterparts, are displayed in Figure 4-

2. The XRD patterns of samples NCS-RT, NCS-300, NCS-CC-RT, and NCS-CC-300, 

were in good agreement with the NiCo2S4 reference pattern (JCPDS 073-1704), with 

characteristic peaks observed at 2θ values corresponding to indices (in parentheses) at 

7.5 ° (111), 12.3 ° (220), 14.4 ° (311), 17.3 ° (400), 21.3 ° (422), 22.6 ° (511), and 24.7 

° (440), respectively. No major tertiary phases were identified for the aforementioned 

samples.  

When both the uncoated and carbon-coated sulfides were heat-treated to 600 °C, phase 

evolution led to mixed-phase products, which was attributed to the shift from the 

kinetic, metastable phases derived from CHFS, to the more thermodynamically stable 

phases through sustained heat-treatments.[293] NCS-600 exhibited peaks in 

agreement with reference patterns for NiCo2S4, (Co,Ni,Fe)9S8 (JCPDS 30-0444), and 

small amounts of Co0.5NiS2(JCPDS 070-2848),  while NCS-CC-600 exhibited a dual-

phase product of (Co,Ni,Fe)9S8 and Co0.5NiS2. The length of heat-treatment time was 

also found to have a minimal effect on crystal structure, with NCS-CC-600-4h (Figure 

S4-1) displaying XRD peaks at the same positions as its counterpart heat-treated for 

30 minutes. When heat-treated to 900 °C, the NiCo2S4 the uncoated sulfide sample 

(NCS-900) exhibited a strong pattern of (Co,Ni,Fe)9S8 with reduced intensities for 

Co3S4 (JCPDS 073-1703) and NiS peaks,  while NCS-CC-900 comprised of the 

(Co,Ni,Fe)9S8 phase.   
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Thermogravimetric analysis measurements (TGA, Figure S4-2) of samples NCS-RT 

and NCS-CC-RT, were in broad agreement with literature reports for pure and carbon-

supported NiCo2S4.[423-426]  For sample NCS-RT, a small graduated mass loss (ca. 

5%) was observed from 25 to 400 °C, which was linked to the removal of hydroxyl 

groups. The strong endothermic peaks at around 530 and 790 °C were attributed to 

phase evolution, with milder endothermic peaks centered at ca. 480 and 730 °C. For 

sample NCS-CC-RT, the TGA curve also exhibited similarities to that of sucrose 

pyrolysis, with a gradual sloping profile accented by the presence of endothermic 

peaks centered at 510, 580, 680, and 720 °C. The difference in peak positions suggests 

that the presence of carbon has an effect on the phase evolution of the cobalt nickel 

sulfide under increasing temperature.[427] 

The average crystallite size (Table S4-3) for the uncoated and carbon-coated cobalt 

nickel sulfides was estimated through application of the Scherrer equation to the (111) 

and (011) XRD peaks of NiCo2S4 for as-synthesized sulfide samples and its 

counterpart sample heat-treated to 300 oC. In the case of  Co9S8, Scherrer peak analysis 

of the (311) and (222) XRD peaks was undertaken for sulfide samples heat treated to 

600 and 900 oC, although the crystallite sizes of the samples heat-treated at  600 and 

900 oC can only be considered as an estimation due to their mixed-phase natures. 

Within their respective categories, the crystallite sizes of both uncoated and carbon-

coated samples was observed to increase with heat-treatment, suggesting that particle 

aggregation is present with increasing heat-treatment temperature. For the uncoated 

sulfides, these results are supported by the decreasing BET surface areas.  In contrast, 

while the crystallite sizes of the carbon-coated sulfides also exhibited a similair 

decreasing trend, BET surface area was observed to increase with increse heat-

treatment temperature, which may be linked to increased porosity that acompanies 

sucrose carbonization at higher temperatures.[394, 428] Moreover, the carbon-coated 

sulfides were systematically smaller than their uncoated counterparts at the same heat-

treatment temperature, which suggested that carbon encapsulation of the sulfide 

particles, was linked to reduced particle agglomeration and growth. [429] 
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Figure 4-3. Raman Spectra of the carbon-coated cobalt nickel sulfide samples heat-

treated across incremental temperatures, shown alongside the undoped as-synthesized 

cobalt nickel sulfide sample. 

 

Raman spectroscopy was performed on the carbon-coated sulfide samples to 

characterize the graphitic nature of the carbon, with the results shown in Figure 4-3. 

All of the carbon-coated sulfide samples displayed broad D and G peaks of varying 

intensity linked to that of an amorphous carbon with a sp2 nature in literature.[412, 

430-433]  NCS-CC-600 and NCS-CC-900 exhibited the most intense D and G peak 

responses at, ca. 1360 and 1580 cm-1, suggestive of a more ordered, less-defective and 

graphitic nanocrystalline nature. Similarly, NCS-CC-600 heat-treated for 4 hours 

(Figure S4-4), also shared a similar profile to that of NCS-CC-900 heat-treated for 30 

minutes. Furthermore, CHN analysis (Figure S4-5) showed that all of the considered 

carbon-coated samples shared similar levels of carbon in the range 36-42 wt.%. The 

relative amount of carbon was observed to increase with increasing heat-treatment 

temperature of the samples, with ca. 6 % increase observed between sample NCS-CC-

RT/NCS-CC-300 and NCS-CC-600/NCS-CC-900. This increasing trend was 

accompanied by a small decrease in the relative hydrogen content in the samples, 

which was attributed to the removal of hydroxyl groups, and suggested that observed 
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increase in relative carbon content may be due to its increasing proportion of the total 

mass. 

Transmission Electron Microscopy (TEM) imaging of the as-synthesized materials 

implied a tendency to form agglomerated nanostructures consisting of individual 

particle sizes in the range of 15 nm ± 5 nm (Figure 5-4 and Figure S4-7a, b). Closer 

examination of the sulfide samples, revealed a lattice spacing value of ca. 0.29 nm 

(±0.1 nm) for 100 nanoparticles sampled, respectively; these are closely aligned to 

values for the (311) lattice spacing reported in literature for NiCo2S4, and the (222) 

and (311) spacing values for Co9S8 .[434-436]  The BET surface areas of the uncoated 

nickel-cobalt sulfide samples, were observed to decrease with increasing heat-

treatment temperature, while the inverse was observed for their carbon-coated 

counterparts, with NCS-CC-900 showing the highest value of 60 m2g-1.  The full 

characterization of BET surface areas is displayed in Table S4-6. 

 

Figure 4-4. Transmission Electron Microscopy images of a) NCS-RT and b) NCS-

CC-RT.  

 

X-ray Fluorescence (XRF) was used to quantify the elemental composition of the as-

synthesized pure and carbon-coated cobalt nickel sulfide samples, with nickel, cobalt 

and sulfur demonstrated to be present in all samples. The relative metallic ratios of all 

samples are shown in Table S4-8. All of the samples shared a similar, near-equimolar 
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ratios of cobalt and nickel, which is understandable given that all of the heat-treated 

samples derive from their as-synthesized counterparts. Based on the XRD and XRF 

results, the inorganic composition of samples NCS-RT, NCS-300, NCS-CC-RT and 

NCS-CC-300 was determined as being approximately Ni1.35Co1.65S4. In contrast, the 

composition of the cobalt nickel sulfides heat treated at 600 °C and 900 °C could not 

be accurately estimated due to the presence of multiple monometallic and bimetallic 

phases, but the overall ratios of nickel and cobalt appeared to remain constant as 

expected. Future studies studies could utilize techniques such as Rietveld refinement 

to better quantitatively estimate the ratio of phases present in each sample.[458] 

X-ray Photoemission Spectroscopy (XPS) was used to characterize the chemical 

valence and surface composition of the cobalt nickel sulfides, establishing the presence 

of sulfur, nickel, and cobalt in all nickel cobalt sulfide samples. Figure 4-5 displays 

the fitted S 2p, Ni 2p, and Co 2p XPS spectra for the as-synthesized cobalt nickel 

sulfide samples. It should be noted that due to the poor resolution of peaks at the 

surface of all carbon-coated samples, no elemental analysis quantification was 

performed (Figure S4-9). 
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Figure 4-5. X-ray Photoelectron Spectroscopy (XPS) for (a) NCS-RT, (b) NCS-300, 

(c) NCS-600, and NCS-900 cobalt nickel sulfides exhibiting 2p orbitals belonging to 

the cobalt, nickel, and sulfur species. Oxidation numbers have been assigned to peaks 

where applicable 

 

The two deconvoluted spin-orbital doublets were assigned to 2+ and 3+ species of 

cobalt and nickel, in conjunction with their shake-up satellites. The cobalt and nickel 

peak position values were similar across all of the uncoated cobalt nickel sulfide 

samples, with a maximum variation of peak positions of 0.4 eV. In the case of as-

synthesized nickel cobalt sulfide (NCS-RT), the doublet pair for Co 2p 2p3/2 and 2p1/2 

states were located at 780.3 and 777.9 eV and at 793.1 and 797.1 eV, respectively. In 

contrast, the Ni 2p 2p1/2 doublet  peaks were located at 873.4 and 869.9 eV, while the 
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2p3/2  doublet peaks were located at 855.5 and 852.7 eV. Similarly, a single S 2p state 

was confirmed with peaks at 160.8 and 161.9 eV for 2p3/2 and 2p1/2, respectively, which 

is in overall agreement with literature values of 161.4 and 162.5 eV for the respective 

orbitals of NiCo2S4.[437, 438] Table 4-1 displays the XPS-derived relative intra-

species ratios of cobalt and nickel oxidation states in the uncoated nickel cobalt 

sulfides. As shown previously in literature studies, cobalt and nickel were found to co-

exist in both oxidation states of 2+and 3+ in the nickel cobalt sulfide samples.[414]  

Differences in intra-species oxidation states were observed with increasing heat-

treatment temperature; for example, while NCS-RT contained slightly higher 

proportions of Ni(II) and Co(III) than Ni(III) and Co(II), sample NCS-300 was found 

to possess a significantly higher Co(II)/Co(III) ratio, and a lower a Ni(II)/Ni(III) ratio, 

which may be linked to the removal of partially bonded hydroxyl groups. For samples 

NCS-600 and NCS-900, the changes in oxidation states may be linked to the 

proliferation of new phases as a consequence of the transition from metastable to 

thermodynamically stable phases, and the mutual interaction between the present 

various mono- and bimetallic sulfide crystal structures.   

 

Table 4-1. Calculated relative intra-species oxidation state ratios of nickel and cobalt 

observed in the uncoated cobalt nickel sulfides. 

 

 

 

 

Ni(II)/Ni(III) 

/ % 

Co(II)/Co(III) 

/ % NCS-RT 59/41 42/58 

NCS-300 25/75 80/20 

NCS-600 47/53 40/60 

NCS-900 22/73 81/19 

 

 

4.3.2 Electrochemical Characterization Results 

4.3.2.1 Cyclic Voltammetry in Li-ion Half-cells 

The electrochemical characteristics of our cobalt nickel sulfide samples were evaluated 

through cyclic voltammetry tests across the potential window of 0.05-3.00 V  (vs. 
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Li/Li+ and Na/Na+, respectively) at a scan rate of 0.5 mVs-1 in both Li-ion and Na-ion 

half cells, with the results displayed in Figure 4-6 and Figure S4-10, respectively. 

Measurements of the anodic scan first took place first, starting from the lower limit of 

the potential window towards the upper limit, before undergoing the reverse scan in 

the opposite direction. 

 

 

Figure 4-6a. Cyclic voltammetry tests at a scan rate of 0.5 mV s-1 in Li-ion half cells 

incorporating anodes made from a) as-synthesized uncoated cobalt nickel sulfide, and 

samples heat-treated at b) 300 °C, c) 600 °C, and d) 900 °C. Measurements were made 

from 0.05 V to 3.00 V (vs. Li/Li+), anodic scan first. 
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Figure 4-6b. Cyclic voltammetry tests at a scan rate of 0.5 mV s-1 in Li-ion half cells 

incorporating anodes made from a) as-synthesized carbon-coated cobalt nickel sulfide, 

and samples heat-treated at b) 300 °C, c) 600 °C, and d) 900 °C. Measurements were 

made from 0.05 V to 3.00 V (vs. Li/Li+), anodic scan first. 

Overall, differences in peak definition with cycling can be observed for both uncoated 

and carbon-coated sulfide samples as a function of heat-treatment temperature in both 

Li-ion and Na-ion half-cells. In both systems the shape of the voltammograms of the 

uncoated materials NCS-RT, NCS-300, NCS-600, and NCS-900 can be described with 

sharp first-cycle peak responses that become more muted with subsequent cycles, 

indicative of poor redox reversibility. A similar trend observed for their carbon coated 

counterparts NCS-CC-RT and NCS-CC-900, while NCS-CC-600 and NCS-CC-900 

exhibited overlapping, intense peaks during subsequent cycles, an indication of 

improved reversibility. The small differences in peak voltages, along with the peak 

shifts during subsequent cycles, may be linked to the different oxidation states of the 

metallic components, a consequence of the proportional difference of the active sulfide 

phases present. The duration of heat-treatment was not observed to have a significant 
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effect on the shape of the CV, with NCS-CC-600-4h (Figure S4-10c) exhibiting the 

same shape and peak positions as NCS-CC-600, attributed to their shared crystal 

structures. The poor reversibility observed in the uncoated sulfide samples may be 

linked to structural damage as a consequence of ionic insertion and extraction 

processes, as has been previously observed for NiCo2S4.[404] 

Literature studies of NiCo2S4 have suggested a complex multi-step mechanism is 

present. Although a general agreement in CV profile is present between studies, 

inconsistencies exist over peak assignments, attributed to the similar potentials of 

redox activity of Co and Ni and a multistep redox process[399, 404, 419, 421, 439]. In 

Li-ion half cells, first-cycle cathodic peaks at 1.1 and 1.6 V, which were ascribed to 

the Li+ insertion into the NiCo2S4 lattice followed by the conversion reaction of 

NiCo2S4 to form metallic Ni and Co embedded in an amorphous Li2S matrix.[407, 440, 

441]. These peaks become muted or poorly resolvable during subsequent cycles, with 

cathodic activity taking place in the range 1.0 to 1.7 V, linked to the reduction of the 

monometallic sulfides into their metallic states. In contrast, the anodic peaks at 1.3 V 

and 2.2 V were ascribed to the oxidation of metallic Ni and Co into their homometallic 

NiSx and CoSx polysulfide counterparts, while the muted anodic activity 1.1 V was 

ascribed to the formation of sulfide intermediates, [407, 442-446]  While similar peak 

characterizations were made for the carbon-coated samples, NCS-CC-600 and NCS-

CC-900 exhibited highly reversible cathodic and anodic peaks at 1.2 and 2.1 V, 

respectively, attributed to the improved reversibility that arose from the high 

proportion of monometallic sulfide phases and the presence of the amorphous carbon 

matrix.  

 

4.3.2.2 Cyclic Voltammetry in Na-ion Half-cells 

The cyclic voltammograms of the cobalt nickel sulfide samples in Na-ion half cells are 

shown in Figure S4-10. The peak definitions of the cobalt nickel sulfide samples in 

Na-ion half-cells followed the trend established in Li-ion half cells, with poor 

reversibility being observed in the majority of samples. In particular, only NCS-CC-

600 and NCS-CC-900 exhibited adequate levels of reversibility across sequential 

cycles.  For the uncoated sulfide materials, the muted first-cycle cathodic peaks at 0.7 

and 1.3 V, were ascribed to the conversion reaction of NiCo2S4 into metallic Ni and 
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Co embedded in an amorphous Na2S matrix, and the insertion of sodium ions into the 

NiCo2S4 lattices, respectively.[404, 408] During subsequent cycles, muted cathodic 

activity takes place between 0.5-1.3 V, with specific peaks observed at ca 0.75 V  and 

0.6 V for NCS-CC-600 and NCS-CC-900, respectively. On the anodic scan, muted 

peaks at 1.4, 1.8, and 2.0 V were ascribed to the oxidation of metallic Ni and Co to 

form their polysulfide species, in agreement with previous literature.[404, 408, 419, 

447] The muted anodic activity at 2.3 V was also attributed to the formation of the 

cobalt polysulfides.[408, 447, 448] This decomposes to muted areas of anodic activity 

between 1.5-2.5 V for the majority of samples, with NCS-CC-600 and NCS-CC-900 

exhibiting sole reversible peaks at ca. 0.6 and 0.8 V, respectively. 

The overall electrochemical mechanism of energy storage of NiCo2S4 in LIBs and 

NIBs is still under debate due to the wide variety of possible intermediate sulfide states 

being formed during cycling. However, one possible pathway is shown below as a 

generalization for both systems (Y = Li+, Na+)[395, 404, 419, 421]: 

 NiCo2S4 + 8Y+ +8e−→Ni + 2Co +4Y2S (4.1) 

 Ni + xY2S → NiSx + 2xY+ + 2e- (4.2) 

 Co + xY2S → CoSx + 2xY+ + 2e- (4.3) 

In the case of Co9S8 and Ni9S8, additional first-cycle reactions can also be described 

with the proposed mechanisms below[436, 449, 450]: 

 
Co9S8 + 16Y+ + 16e−→9Co + 8Y2S 

(4.4) 

 
Ni9S8 + 16Y+ + 16e−→9Ni + 8Y2S 

(4.5) 

 

4.3.2.3 Scan Rate Tests in Li-ion and Na-ion Half-cells 

 

Scan rate tests were conducted on the carbon-coated (Figure S4-12a) and uncoated 

cobalt nickel sulfide (Figure S4-12b) samples in both Li-ion (Figure S4-12a and Figure 

S4-12b)  and Na-ion (Figure S4-12c and Figure S4-12d) half-cells across the potential 
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window of 0.05-3.00 V (vs. Li/Li+ and Na/Na+) at scan rates of 0.5, 1, 2, 5,10, 20, 30, 

and 50 mV s-1. The lower scan rate values were selected to facilitate enough time for 

ionic diffusion processes.  In contrast, diffusion layers have been shown to grow nearer 

to the electrode surface at higher scan rates, resulting in a higher flux and a decreased 

layer size to the electrode surface and therefore higher observed current responses.[361]  

The smaller current densities observed across the uncoated nickel cobalt sulfide 

samples was attributed to the incredibly poor reversibility of the systems occurring 

already at the 0.5 mV s-1 scan rate. In both systems, significant sharper, cationic 

insertion and deinsertion peaks were observed for the carbon-coated samples NCS-

CC-600 and NCS-CC-900, suggesting improved redox reversibility. In contrast, NCS-

CC-300 and NCS-CC-RT exhibited muted peak responses, particularly at higher scan 

rates.  These result suggest that suggesting that the superior reversibility the carbon-

coated samples is due to the presence of the supportive carbon matrix, with the 

excellent reversibility of NCS-CC-600 and NCS-CC-900  possibly linked to the higher 

proportion of sp2-type carbons present.[412] As observed in the cyclic voltammetry 

analysis, the uncoated cobalt nickel sulfide samples exhibited poorer reversibility than 

their carbon-coated counterparts, with signs of electrode deterioration being 

particularly evident in Na-ion half-cells.  

Trasatti’s estimation method for charge storage deconvolution was used on the 

aforementioned scan rate tests to examine the relative contributions of the diffusion-

limited and pseudocapacitive charge storage mechanisms to the total combined 

volumetric charge.[362, 363, 441] First, the total specific charge was measured for 

each scan rate, calculated by integrating the total area under the discharge portion of 

the cyclic voltammetry curve (or the negative half of the curve area representing the 

lithiation of the anode). The relationship between the diffusion-limited and 

pseudocapacitive contributions to total specific charge can then be estimated using the 

equation qt = qc+ bv -0.5, where qc the pseudocapacitive contribution, b an arbitrary 

constant, and qt is the total specific charge of the system. By plotting the measured 

peak specific capacities against the calculated diffusion-limited component v-0.5, the 

theoretical pseudocapacitive charge contribution at infinite scan-rate can be 

ascertained. This y-axis intercept of the plot is otherwise known as the maximum 

pseudocapacitive contribution. The Trasatti plot and pseudocapacitive contributions 

for selected nickel cobalt electrodes in Li-ion half cells at scan rates of 0.5,1, 2 and 5 
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mV s-1 are shown in Figure 4-7. From these results, the pseudocapacitive contribution 

can be approximated as qc/qt × 100%.  Only the carbon-coated sulfide samples 

exhibited pseudocapacitive activity in Li-ion half cells, with an increasing 

pseudocapacitive contribution observed with higher scan rates, which can be attributed 

to the reduced time units allowed for insertion processes at larger potential steps.  

As the scan rate tests of the cobalt nickel sulfide samples in Na-ion half cells exhibited 

poor peak response at higher scan rates, no pseudocapacitive contribution could be 

estimated for them. 

 

Figure 4-7. (a) Trasatti plot for electrodes of made from NCS-CC-600 in Li-ion half 

cells. (b) Pseudocapacitive contributions (striped) to total specific charge at scan rates 

of  0.5, 1,  2 mV s-1, and 5 mV s-1 for electrodes of NCS-CC-RT (brown), NCS-CC-

600 (red), and NCS-CC-900 (green) in Li-ion half cells, respectively, with the 

diffusion-limited contribution in NCS-CC-600 described in white.  

The relative estimated pseudocapacitive and diffusion-limited charge contributions of 

NCS-CC-RT, NCS-CC-600, and NCS-CC-900 in Li-ion were compared to better 

examine the effects of heat-treatment and carbon-coating (Figure 6). The order of 

pseudocapacitive contribution of the samples followed a pattern of NCS-CC-600> 

NCS-CC-RT> NCS-CC-900. NCS-CC-600 exhibited the strongest pseudocapacitive 

contribution of all considered samples, with relative contributions of 22, 28, 35, and 

48% at scan rates of 0.5, 1, 2, and 5 mVs-1, respectively. Given that no systematic 

increase in surface area was observed across with increased heat-treatment temperature 

and that NCS-CC-600 exhibited a higher pseudocapacitive contribution than both 
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NCS-CC-RT and NCS-CC-900, the increased pseudocapacitive contribution may be 

linked to the interaction between bimetallic and monometallic phases.  The presence 

of pseudocapacitance also been observed in other carbon-supported nanostructured 

NiCo2S4 examples in Li-ion batteries. [408, 419, 421, 451] 

As a supplementary measure, the  diffusion-limited and pseudocapacitive charge 

storage contributions for materials exhibiting redox reaction limited by semi-infinite 

linear diffusion through through the equation i= k1 v +  k2 v
0.5 (where all values are 

taken at a specific potential), where k1 and k2 are constants proportional to the 

capacitive and diffusion-limited contributions, respectively. [124] The plotted k1/k2 

ratios, displayed in Table S4-21, suggest that the carbon-coated materials exhibit 

more consistent contributionr ratios across both systems, while their uncoated 

counterparts tend to exhibit higher ratios in Na-ion,  suggestive of a stronger 

pseudocapactive component. However, given the rapid rate of cell decay and failure 

observed in Na-ion CV measurements, their performance remains inadequate. 

 

4.3.2.4 Galvanostatic Charge-Discharge Profiles in Li-ion and Na-ion Half-cells 

Galvanostatic charge-discharge profiles of the cobalt nickel sulfide samples were 

performed in the potential range of 0.05-3.00 V vs. Li/Li+ and Na/Na+, respectively, at 

current rates of C/20 (corresponding to the 1st and 2nd cycles) and C/10 (corresponding 

to the 5th and 10th cycles), with the voltage profiles displayed in Figure S4-17. Overall, 

a good agreement is observed between the voltage plateaus and the measured CV 

peaks, with the initial long discharge plateaus, attributed primarily to the 

decomposition of NiCoS4 I into Ni, Co and Li2S /Ni2S along with contributions from the 

formation of the SEI layer, giving way to a milder, more consistent discharge plateaus 

during subsequent cycles. corresponding lithiation (and delithiation) and sodiation 

(and desodiation processes) are observed to be multiphasic, with clear differences in 

mechanism (as indicated by a differing number of inflection points and consistency) 

observed between the samples heat-treated at lower temperatures (NCS-RT, NCS-CC-

RT, NCS-300, NCS-CC-300) and those heat-treated at higher temperatures (NCS-600, 

NCS-CC-600, NCS-900, NCS-CC-900), attributed to the activity of the cobalt and 

nickel components of different electrochemically active phases. The profiles of these 

two sets of samples are in agreement with those reported for NiCo2S4 and Co9S8 in Li-
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ion half-cells, respectively, supporting the presence of different dominant phases.[399, 

452] Moreover, the improved ability of carbon coating to stabilize cycling by buffering 

volume expansion is evident, with the carbon coated samples exhibiting near-

overlapping voltage profiles and specific capacities across multiple cycles. This is 

particularly relevant in the case of Na-ion half-cells, where only the carbon-coated 

samples exhibited good agreement with literature, with their uncoated counterparts 

exhibiting significant capacity fade in subsequent cycles.[404] 

 

4.3.2.5 Galvanostatic Cycling in Li-ion Half-cells 

The specific capacities of the as-synthesized and carbon-coated cobalt nickel sulfides, 

along with their heat-treated counterparts, were measured in Li-ion half-cells at 

incremental specific currents, with the results plotted in Figure 4-8. After an initial 

activation cycling period of two cycles at a current rate of 0.05 C (35 mA g-1),  the 

cells were cycled at 0.1 C (70 mA g-1), 0.2 C (140 mA g-1), 0.5 C (350 mA g-1), 0.7 C 

(490 mA g-1), and 1 C (700 mA g-1), for ten cycles per specific current rate. Herein, a 

current rate of 1 C refers to the necessary specific current required to discharge and 

charge the Li-ion cell to theoretical capacity in one hour. For ease of C-rate calculation, 

it was assumed that all active material in a cell corresponded to NiCo2S4. Afterwards, 

each cell underwent a two-step recovery cycling program, cycling for 10 cycles at 0.1 

C and 0.5 C for 100 cycles. The average specific capacity values of our materials in 

Li-ion cells at each cycling step can be found in tabulated in Table S4-14. 
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Figure 4-8. Current rate tests for Li-ion half-cells containing electrodes made 

synthesized cobalt nickel sulfide samples in the potential range of 0.05 to 3.00 V vs. 

Li/Li+. (Top) Cycling results for (a) the carbon-coated cobalt nickel sulfide samples 

(b) uncoated cobalt nickel sulfide (Bottom) Recovery cycling results for (c) the carbon-

coated cobalt nickel sulfide samples (d) uncoated cobalt nickel sulfide samples.  

A pattern in increasing capacity over the first 5 cycles was observed for all of our 

materials, which was accompanied by a lower Coulombic efficiency of < 80 %,  

attributed to the electrode activation process during which the initial transition metal 

sulfides are formed into respective metals embedded in a lithium or sodium sulfide 

matrix.[389, 390, 408] This was in sharp contrast to our previous study on insertion-

based materials where a capacity loss indicative of the irreversible lithiation of carbon 

black and the formation of the SEI through decomposition of the surrounding LiPF6 

electrolyte, was observed.[370] As the presence of SEI formation was identified to be 

present in our sulfide samples from the CVs, and has been extensively documented in 
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literature for NiCo2S4, it was concluded that the resulting capacity gain during the 

activation process supplemented SEI-related irreversible capacity losses .[370, 371]  

Following the activation cycling process, all considered materials demonstrated high 

Coulombic efficiencies > 95 % after 20 cycles in both Li-ion half-cells.  Overall, the 

role of carbon coating was identified as improving cycling stability by reducing per-

cycle capacity loss. For Li-ion half-cells, it was observed that although the as-

synthesized cobalt nickel sulfide (NCS-RT) reaches a higher initial capacity of ca. 570 

mAh g-1 when compared to its carbon coated counterpart (NCS-CC-RT), this decayed 

by over 81% capacity decay after 10 cycles at 0.1 C, while NCS-CC-RT exhibited only 

ca. 2% change over the same duration to yield an average specific capacity of 268 

mAh g-1. NCS-300 and NCS-CC-300 exhibited significantly poorer average specific 

capacities than their as-synthesized counterparts, exhibiting average specific capacities 

of 179 and 92 mAh g-1 at 0.1 C, respectively. In contrast, sample NCS-600 and NCS-

900 exhibited significantly higher average specific capacities over the same period, at 

566 and 490 mAh g-1, while their carbon-coated counterparts NCS-CC-600 and NCS-

CC-900 exhibited similar values of 591 and 504 mAh g-1, respectively, while also 

exhibiting improved capacity retention during subsequent cycles.  The similar initial 

capacities of  NCS-RT, NCS-600, and NCS-900 suggest that mixed-phase cobalt 

nickel sulfide nanomaterials exhibit reduced capacity fade when compared to phase-

pure NiCo2S4. These results support our previous CV observations, with the cobalt 

nickel sulfide samples heat-treated at higher temperatures exhibiting increased redox 

peak reversibility across multiple cycles.  

At a higher current rate of 1 C, the carbon-coated materials NCS-CC-RT, NCS-CC-

600, and NCS-CC-900 exhibited the best performance, yielding average capacities of 

149, 288, and 197 mAh g-1, respectively, in contrast to the capacities of their uncoated 

counterparts, at 40, 105, and 71 mAh g-1, respectively. These carbon-coated materials 

also demonstrated the highest average capacities during the recovery cycling step at 

0.1 C, at 237, 409, and 365 mAh g-1 respectively, representing a capacity retention rate 

of 90, 69, and 72%. In contrast, NCS-RT, NCS-600, and NCS-900 exhibited capacity 

values of 91, 180, and 133 mAh g-1, corresponding to retention rates of 18, 27, and 23% 

(when measured across the first five cycles), respectively.  
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Finally, during subsequent cycling at a current rate of 0.5 C for 100 cycles, NCS-CC-

RT, NCS-CC-600, and NCS-CC-900 exhibited the highest specific capacities at 182, 

213, and 156 mAh g-1, respectively. It should be noted that a slight increase in capacity 

was observed during long-term cycling, which has also been observed in previous 

studies.[404, 421, 448, 453] This effect has been attributed to an increasing 

pseudocapacitive contribution, electrode activation, and enhanced reaction kinetics 

with prolonged cycling. Notably, a higher specific surface area was not identified as a 

primary factor behind enhanced performance, with the measured capacities of high 

surface area NCS-CC-900 being similar or poorer to that of NCS-CC-600 at all current 

rates. 

It should be noted that the trend of specific capacities for samples of each category 

shared the same pattern, with NCS-600 and NCS-CC-600 exhibiting the highest 

capacities amongst the uncoated and carbon-coated sulfide samples, respectively. The 

superior performance of NCS-CC-600 was selected for further compared against NCS-

CC-600-4H in Li-ion and in order to examine the effect of heat-treatment duration on 

capacities and cycling stability (Figure S4-12, with no significant systematic 

improvement in performance being observed, suggesting that the heat-treatment 

duration does not increase the performance of the carbon coated/cobalt nickel sulfides. 

Given that NCS-CC-600 and NCS-CC-600-4H share a similar crystal structure, this 

difference in specific capacity may be linked to the poorer sp2-nature of the carbon 

coating observed for NCS-CC-600-4H. 

 

4.3.2.6 Galvanostatic Cycling in Na-ion Half-cells 

Similarly, the specific capacities of the as-synthesized and carbon-coated cobalt nickel 

sulfides, along with their heat-treated counterparts, were investigated in both Na-ion 

at incremental specific currents, with the results plotted in Figure 4-9. 
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Figure 4-9. Current rate tests for Na-ion half-cells containing electrodes made 

synthesized cobalt nickel sulfide samples in the potential range of 0.05 to 3.00 V vs. 

Na/Na+. (Top) Cycling results for (a) the carbon-coated cobalt nickel sulfide samples 

(b) uncoated cobalt nickel sulfide (Bottom) Recovery cycling results for  (c) the 

carbon-coated cobalt nickel sulfide samples (d) uncoated cobalt nickel sulfide samples. 

In Na-ion half-cells, all of the cobalt nickel sulfide samples performed poorly at current 

rates above 0.5 C,  exhibiting capacities of below 30 mAh g-1, which could be partially 

linked to the inherent volume change issues arising through the cycling of the larger 

Na+ ion. However, at lower currents of 0.1 C the carbon-coated sulfide materials NCS-

CC-RT, NCS-CC-600, and NCS-CC-900 exhibited the highest average capacities at 

252, 241, and 227 mAh g-1, respectively. In contrast, their uncoated counterparts 

(NCS-RT, NCS-600, and NCS-900) only managed average capacities of 139, 81, and 

146 mAh g-1 over 10 cycles. However, none of our materials exhibited adequate 

capacity retention during the subsequent recovery cycling step at 0.1 C, with all of the 

sulfide samples exhibiting capacities of below 90 mAh g-1. As observed in Li-ion, 
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NCS-CC-RT, NCS-CC-600, and NCS-CC-900 exhibited the highest average 

recovered capacities, at 84, 37, and 56 mAh g-1, corresponding to a capacity retention 

rate of  33, 15, and 25%,  respectively. Performance during subsequent cycling at a 

current rate of 0.5 C for 100 cycles was poor, with all of the samples exhibiting 

capacities below 15 mAh g-1, suggesting that significant irreversible electrode damage 

has taken place, which can be attributed to the larger amount of volume change present 

in the Na-ion system.[404, 419, 454]. Furthermore, as observed in Li-ion, no 

significant difference in performance could be observed between NCS-CC-600 and 

NCS-CC-600-4H. 

4.3.2.7 Electronic Impedance Spectroscopy Measurements in Li-ion and Na-ion 

Half-cells 

Electronic impedance spectroscopic (EIS) measurements were performed on fresh Li-

ion and Na-ion half-cells at open circuit voltages and the Nyqvist plots (together with 

fitted equivalent circuits) are shown in Figure 4-10 with the corresponding element-

specific resistances tabulated in Table S4-16. For reasons of consistency, fresh cells 

were used for all EIS measurements.  
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Figure 4-10. Nyquist plots obtained from electrochemical impedance spectroscopy 

results in a) Li-ion half cells and b) Na-ion Half cells at open circuit voltage (OCV), 

with anodes made from the cobalt nickel sulfide samples. 

The equivalent circuit with the best fit in Li-ion half cells was identified as 

R1+Q2/(R2+W2)+Q3, with the measured resistances attributed to the Ohmic cell-

component resistance (R1) and the charge-transfer resistance (R2), with additional 

elements such as the constant phase element (CPE, Q) and Warburg impedance (W) 

used to supplement nonideal capacitor and ionic diffusion characteristics, respectively. 

In contrast, the Nyqvist curve in Na-ion half-cells was found to match the equivalent 

circuit R1+Q2/(R2+W2)+Q3/(R3+W3)+C4. While there exists little consensus on the 

overall equivalent circuits of NiCo2S4 in literature studies, the presence of multiple 

constant phase elements has been linked to space charge capacitances, while the 

Warburg impedance has been linked to anionic diffusion coefficients within the anodes 

themselves.[447, 419] While presence of capacitor components has also been reported 

for NiCo2S4, their cause remains unclear.[399] The inclusion of tertiary resistor 

element suggesting an additional source of charge-transfer resistance is present in the 

system, in addition to the existing resistance at the electrode-electrolyte interface. 

Overall, it was observed that in both Li-ion and Na-ion half-cells, the lowest total 

resistance were observed for NCS-600 and NCS-CC-600 within the uncoated and 

carbon-coated sample categories, respectively, in agreement with our current rate tests. 

Correspondingly, NCS-300 and NCS-CC-300 exhibited the highest total resistance 

within their respective categories in Li-ion and Na-ion half-cells. Cell component 

resistance (R1) measured between 3-7 Ohms for all samples, indicating minimal 

impact on overall total resistance. It should be noted that the while our results are in 

broad agreement with literature for NiCo2S4, introduction of the carbon coating in the 

cobalt nickel sulfide was not found to systematically reduce the overall total resistance 

in either ionic system, in contrast to examples in literature involving graphitic carbons 

such as reduced graphene oxide (RGO), or carbon-coated microspheres, where a 

reduction in resistance is observed.[404, 421, 447, 455]. This phenomenon has been 

linked to the lack of long-range order in amorphous carbons.[456] 

 

4.4 Discussion 
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Our results suggest that the cycling performance of the cobalt nickel sulfides can be 

improved through heat- treatments at 600 and 900°C in N2. The improved capacity 

retention and differing XRD patterns of the cobalt nickel sulfides heat-treated at high 

temperatures (NCS-600, NCS-900, NCS-CC-600, NCS-CC-900) when compared to 

their lower-temperature counterparts (NCS-RT, NCS-300, NCS-CC-RT, NCS-CC-

300), suggest that this improved performance may be linked to the separation of the 

NiCo2S4 phase into monometallic phases such as (Co,Ni,Fe)9S8. Literature reports on 

the electrochemical activity of the Co9S8[452, 457] in Li-ion cells have demonstrated 

high specific capacity and cycling stability, supporting our observations. This 

improvement was not only linked to the structural stability of the monometallic phases 

themselves, but also from the reduced need for activation cycling steps for the 

decomposition of NiCo2S4 into monometallic cobalt and sulfide phases, resulting in 

reduced overall volume change. Moreover, the improved performance of NCS-600 

over NCS-900 suggests that the co-occurrence of bimetallic phases such as Co0.5NiS2 

and NiCo2S4 together the monometallic (Co,Ni,Fe)9S8 phase in the sulfide material 

may be linked to synergistic inter-phase interactions.  Similar observations can be 

made for their carbon-coated counterparts, with NCS-CC-600 exhibiting superior 

performance and both the (Co,Ni,Fe)9S8 and Co0.5NiS2 phases, while NCS-CC-900 

only exhibited the former. Our observations are supported by literature reports on the 

superior electrochemical activity of mixed phase NiCo2S4/Co9S8 [458-462] and 

NiCo2S4/Ni9S8 [451]. This has been attributed to the combination of a highly 

conductive NiCo2S4 phase, a structurally stable Co9S8 phase, and the presence of 

heterostructural coupling between the different components leading to improved 

electron transfer kinetics. The synergistic coupling  compatibility of different phase 

components is dependent on their electronic structure,  Liu et al. further demonstrated 

that the performance of mixed-phase materials could be tuned by adjusting the ratio of 

NiCo2S4 to Co9S8, where a deviation from an optimum ratio resulted in sub-par 

performance.[459] These factors may also explain the low EIS impedance (Figure S4-

15) of the NCS-600 and NCS-CC-600 anodes within their respective categories.  

In contrast, the poorer performance observed for NCS-RT, NCS-300, NCS-CC-RT 

and NCS-CC-300 may also be linked to the activation steps needed for the 

decomposition of the NiCo2S4 phase, as well as to the presence of intra-lattice hydroxyl 

groups, which are removed at higher heat-treatment temperatures. Given the similar 
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cycling performance of uncoated NCS-RT and NCS-300 in Li-ion half cells, the poorer 

performance of carbon-coated NCS-CC-300 when compared to NCS-CC-RT is 

unclear, but may be linked to the larger crystallite size and the possibility of higher 

number of impurities arising from the pyrolysis process at low temperatures. 

While the initial capacities of our uncoated sulfide materials was similar to that of 

unsupported nanosized cobalt nickel sulfides reported in literature, differences in 

cycling stability were observed. Zhang et al. demonstrated that nanosized hollow-

prism NiCo2S4 could exhibit a specific capacity of 550 mAh g-1 in Li-ion half-cells at 

a current density of 100 mA g-1 with minimal capacity decay even when current 

densities were increased to 1600 mA g-1.[404] Similarly, Yuan et al. showed how 

hollow NiCo2S4 polyhedra were capable of showing stable cycling with discharge 

capacities of 774  (cycle 15) and 545 (cycle 35) mAh g-1 at current rates of 70 and 703 

mA g-1 in Li-ion half cells, respectively, attributed to the porous hollow structure 

facilitating both improved accommodation for volume change, and an increased 

interfacial reaction area of the polyhedral.[399] Similarly, Wang et al. showed how 

growing porous NiCo2S4 nanosheets on nickel foam resulted in a specific capacity of 

1368 mAh g-1 at a current density of 200 m A g-1 after 50 cycles in Li-ion half-cells, 

compared to ca. 250 mAh g-1 for NiCo2S4 nanopowder. The improved performance 

was attributed to the hierarchical nanosheet structure, linked to improved interfacial 

reaction area and improved buffering for volume change.[388] Zou et al. showed how 

NiCo2S4 nanosheet arrays grown on carbon cloth could achieve a specific capacity of  

1137 mAh g-1 at a current density of 1000 mA g-1 in Li-ion half-cells after 100 

cycles .[405] For mixed-phase materials, Liu et al. demonstrated how solvothermally 

grown hollow Co9S8 on NiCo2S4 nanowires anchored on carbon cloth exhibited 

excellent performance in Li-ion hybrid capacitors, yielding capacities of 332 mAh g-1 

at a current of 1000 mA g-1.[459] The excellent performance was ascribed to the high 

surface area of the materials, enhanced by the heterojunction of combining 1D and 2D-

components. Hou et al. demonstrated how hollow mesoporous NiCo2S4/Co9S8 

exhibited superior conductivity and a high capacitance of 95 F g-1 at a current density 

1000 mA g-1 in Li-ion hybrid supercapacitors with minimal capacity fade, with the 

improved performance over pure NiCo2S4 attributed to synergistic effects between its 

components.[462] When compared against our aforementioned examples, our 

uncoated samples exhibited significantly poorer performance, with all  samples 
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displaying discharge capacities of below 150 mAh g-1 by the 50th cycle, although NCS-

600 exhibited the highest capacity retention. 

The consistent observation of rapid capacity decay in NIBs suggests that the larger 

size of the sodium ion, and consequently the larger magnitude of volume change, is a 

significant barrier to the use of nickel cobalt sulfides in NIBs, and is also observed in 

literature studies. Sun et al demonstrated how hydrothermally synthesized NiCo2S4 

exhibited rapid capacity decline over the first ten cycles when cycled at 100 mA g-1, 

attributed to the aggregation and pulverization of the nanoparties during cycling, in 

agreement with our observations.[408] Liu et al. showed how hydrothermally grown 

NiCo2S4 nanostructures displayed specific capacities of 344 and 207 mAh g-1 at current 

densities of 400 and 800 mA g-1, although capacity decay was also observed over the 

first 10 cycles. [463] Similarly, Zhang et al. demonstrated that porous hollow prism 

NiCo2S4 could exhibit a specific capacity of 200 mA g-1 at a current density of 100 mA 

g-1 after 10 cycles, although significant capacity decay resulted in near-zero capacities 

being observed above current densities of 200 mA g-1[404]  These reported results are 

in agreement with our own observations, with all of our samples exhibiting little or no 

discharge capacity by the 50th cycle. While little literature exists for mixed-phase 

materials in Na-ion cells, Zhou et al. showed how hydrothermally-grown Ni3S2 

spheres on Co9S8 exhibited a high capacity of 595 and 572 mAh g-1 at 100 and 400 

mA g-1, with excellent cycling stability observed, attributed to improved ionic 

diffusion kinetics and increased pseudocapacitive contributions due to the 

heterostructural coupling.[453] 

As evidenced by our electrochemical characterization results, the role of carbon-

coating was identified as improving the cycling stability and facilitating access to 

additional pseudocapactive charge storage mechanisms. While the uncoated sulfide 

materials can be generalized as exhibiting poor capacity retention, their stable (albeit 

reduced) capacities during the recovery cycling tests suggests some inherent ability to 

tolerate volume change. In contrast, all of the carbon-coated samples exhibited 

superior relative capacity retention over their uncoated counterparts. Moreover, the 

similar specific capacities between uncoated NCS-600 and NCS-900 and their carbon-

coated equivalents at 0.1 C (NCS-CC-600 and NCS-CC-900), suggest that the role of 

the carbon coating is to act as a conductive carbon framework, providing a buffer for 

volume change to reduce capacity decay while facilitating pseudocapacitive charge 
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storage mechanisms to supplement the relatively lower amount of active cobalt nickel 

sulfide. As the relative carbon content was shown by CHN analysis to be similar across 

all of our carbon-coated samples, the improved performance of NCS-CC-600 and 

NCS-CC-900 at high current rates when compared to NCS-CC-RT and NCS-CC-300 

may be linked to the improved sp2- nature of their respective carbon coatings (as 

suggested by Raman spectroscopy), along with the presence of the structurally stable 

monometallic sulfide phases. Furthermore, the increasing role of pseudocapacitive 

charge storage mechanisms identified in NCS-CC-RT, NCS-CC-600, and NCS-CC-

900 in Li-ion half-cells, together with the enhanced ability to buffer volume change, 

may also be linked to their enhanced performance at higher current rates. 

In literature, the various carbon coating approaches have been successfully 

demonstrated to improve both the capacity and stability of the nickel cobalt sulfide 

anode in both LIBs and NIBs. These benefits have been linked to improved 

conductivity, surface area, and structural stability following the introduction of the 

carbon support. Zuo et al. showed dopamine-derived carbon-coated NiCo2S4 

microspheres are capable of achieving a specific capacity of 1680 and 1040 mAh g-1 

at current densities of 100 and 1000 mA g-1, respectively, compared to 1270 and 719 

mAh g-1 for its uncoated counterpart.[421] TEM analysis revealed that the composites 

maintained structural integrity even after extended cycling at 1000 mA g-1. Chen et al. 

showed how NiCo2S4 nanocores encapsulated in porous graphene sheets can exhibit 

stable discharge capacities of 776 and 579 mAh g-1 at current densities of 200 and 1000 

mA g-1 in Li-ion half cells.[400] Interestingly, pure NiCo2S4 exhibited a slightly higher 

capacity value at 200 mA g-1 (ca. 1000 mAh g-1), attributed to the relative larger 

amount of active sulfide material, but capacity fade lead to the graphene composites 

outperforming the former at current densities of above 1000 mA g-1. Moreover, the 

recovered capacity of the composites after 50 cycles was significantly superior, at 747 

versus 366 mAh g-1 at a current of 200 mAh g-1, demonstrating the improved structural 

integrity as a consequence of the introduced porous graphene layers. Zhang et al. 

showed how RGO-encapsulated NiCo2S4 exhibits a specific capacity of 1000 and 750 

mAh g-1 (versus 620 and 550 mAh g-1 for the pure NiCo2S4) at current densities of 100 

and 800 mA g-1, respectively, with acceptable cycling stability observed over 80 cycles. 

When evaluated in Na-ion half-cells, the corresponding capacities were 600 and 250 

mAh g-1 (versus 200 and <1 mAh g-1 for the pure NiCo2S4), respectively.[404] The 
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significantly improved stability at higher current densities was attributed to the porous 

RGO sheets holding the hollow NiCo2S4 clusters together during cycling, preventing 

collapse through pulverisation. Similarly, for mixed-phase materials, Yan et al. 

demonstrated showed that hydrothermally-synthesized yolk-shell NiCo2S4-Ni9S8 

carbon microspheres exhibited high capacities of 294 mAh g-1 at 1 A g-1 in lithium-ion 

hybrid supercapacitor, with high retention rate of above 81%, attributed to a mixture 

of structural factors and enhanced electron kinetics at the heterojunction of its 

components.[451] Song et al. demonstrated that graphene-supported NiCo2S4/Co9S8 

could exhibit high capacities of 477 mAh g-1 at a high current rate of 5000 mA g-1 

across 100 cycles in lithium-ion hybrid supercapacitors, with its performance 

attributed to the structural integrity of the graphene and monometallic sulfide 

components, and the increased conductivity of the mixed-phase product. Our own 

observations are in agreement with these reports, with all of our samples exhibiting a 

100-200% increase in discharge capacity by cycle 50, together with a significantly 

improved capacity retention, with NCS-CC-600 displaying capacities of 270 mAh g-1 

by the 50th cycle. 

For Na-ion half cells, Sun et al. showed how NiCo2S4 supported on a porous RGO 

matrix exhibited a specific capacity of 650 and 400 mAh g-1 (versus 550 and 50 mAh 

g-1 for pure NiCo2S4)
 at current densities of 100 and 1000 mA g-1, respectively, with 

only minimal capacity degradation and a high pseudocapacitive contribution being 

observed [408] In contrast, while the performance of our carbon-coated cobalt nickel 

sulfides were generally improved over their uncoated counterparts in Na-ion half-cells, 

they fared significantly poorer to literature examples, which could be linked to the 

poorer conductivity and lack of long-range ordered structure of our amorphous carbon 

coating. While no reports on carbon-coated mixed-phase sulfides were found for Na-

ion half cells, Ko et al. showed how Co9S8- carbon composites made via a spray 

pyrolysis process exhibited a specific capacity of 404 mAh g-1 at a current density of 

500 mA g-1 in Na-ion half-cells, exhibiting significantly superior stability than its bare 

hollow counterpart, while Zhang et al. demonstrated how carbon-coated Co9S8 

synthesized via a hydrothermal process exhibited a similar capacity of 479 mAhg-1. In 

both cases, this performance was significantly superior to their uncoated counterparts, 

and was attributed to the high surface area of the Co9S8 particles providing more 

interfacial contact, to the improved kinetics and the structural flexibility of the carbon 
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coating, the latter aiding in tolerating volume change.[464, 465] Unfourtunately, 

although carbon coating improved the initial capacities (< 10 cycles) for NCS-CC-RT, 

NCS-CC-600, and NCS-CC-900, all samples exhibited little or no discharge capacity 

by the 25th cycle.  

Overall, the performance of our materials falls short of their counterparts mentioned 

in literature studies in both Li-ion and Na-ion half cells. Although the presence of 

mixed-phase structures was observed to improve specific capacities and cycling 

stability, only average capacities could be achieved, which could be linked to the low 

surface area of our materials.  Similarly, although carbon-coating was observed to 

significantly reduce capacity decay and increase average capacities in both systems, 

the performance of the materials in Na-ion half-cells remained poor, which may be 

linked to the amorphous nature of our carbon-coating, its low surface area, or lack of 

porosity.  This is supported by the observation of the improved performance of  NCS-

CC-600 and NCS-CC-900, both of which exhibited a higher graphitic nature and lower 

measured impedance,  over their counterparts NCS-CC-RT and NCS-CC-300. 

 

4.5 Conclusions and Future Work 

Spinel cobalt nickel sulfides were successfully produced via a CHFS continuous 

precipitation process (and in some cases with an amorphous carbon coating derived 

from sucrose) and samples were heat-treated, and evaluated as anode materials for Li-

ion and Na-ion half-cells. It was established that the samples heat-treated at 600 °C, 

NCS-600 and NCS-CC-600, exhibited the best performance within their respective 

categories. The improved specific capacity and capacity retention were primarily 

attributed to the presence of structurally stable monometallic phases, conductive 

bimetallic phases, and improved electron transfer kinetics arising from synergistic 

heterostructural coupling between them. Moreover, the heat-treatment process was 

linked to the evolution of the monometallic phases, reducing the need of activation 

cycling steps that typically feature high amounts of volume change. Similarly, the role 

of carbon-coatings was identified as to buffer the volume expansion that accompanies 

insertion/deinsertion processes observed during cycling and to provide a source of 

pseudocapacitive charge storage, improving specific capacity and capacity retention. 

This effect was most pronounced in Li-ion half-cells, with their Na-ion counterparts 
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exhibiting persistent rapid capacity decay, attributed to the larger size (and hence 

larger volume change) of the sodium-ion.  

This study deepens the understanding of the role of amorphous carbon-coating and 

mixed-phase structure in supporting electrochemical activity of conversion-type cobalt 

nickel sulfide nodes in LIBs and NIBs. In addition, the potential scaled-up industrial 

applications of the CHFS process make this study relevant in to helping to advance the 

development of conversion-based high-performance anode materials for LIB and 

NIBS at commercial scale. To improve our understanding of the mechanism behind 

electrochemical charge storage in mixed-phase nickel cobalt sulfides, detailed 

observations of the phase evolution in the cobalt nickel sulfides should be undertaken 

in future work, possibly through a combination of cyclic voltammetry and in-situ XRD 

studies. Additionally, CHFS-synthesis should be attempted on each of the individual 

phases detected in the mixed-phase sulfides, and evaluated individually in Li-ion and 

Na-ion half-cells for comparison purposes.Similarly, to better understand the nature of 

interactions between the components in the mixed-phase sulfides, computational DFT-

based studies should be undertaken in order to find optimal phases for heterostructural 

coupling. 

Furthermore, the poor performance of the materials in NIBs when compared to 

literature suggest that amorphous carbon coatings may not be suitable as a conductive 

and structural support to improve performance. To investigate whether this is related 

to the porosity of our material, detailed pore-size studies to better understand the 

reasons behind the difference in the two systems.  Taking inspiration from literature, 

studies on the performance of such materials in NIBs should focus on the feasibility 

of the production of more graphitic composite products through the altering of heat-

treatment conditions. Furthermore, additional characterization techniques of the 

carbon coating should be undertaken to quantify the ratio of sp2/sp3 carbons, such as 

FT-IR spectroscopy or C-13 NMR spectroscopy. Moreover, literature has 

demonstrated the feasibility of synthesis of CNT-based nanocomposites using 

CHFS.[300] Consequently, the synthesis of CNT-based nickel cobalt sulfide 

nanocomposites should be undertaken and evaluated for their electrochemical 

performance in LIBs and NIBs. Finally, the knowledge of successful examples of 

hollow or porous NiCo2S4 and/or carbon support structures as anode materials in LIBs 
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and NIBs in literature should be leveraged to investigate the feasibility of creating 

similar structures via CHFS. 

 

 

 

5. Nanosized Spinel Nickel Cobalt Sulfides as 

OER/ORR catalysts and Air Cathodes for Zinc-Air 

Batteries 

Aims 

Spinel nickel cobalt sulfides of the general structure NiCo2S4 have shown promise as 

air catalysts for zinc-air batteries owing to their inherent high activity in oxygen 

evolution and oxygen reduction reactions. However, minimal study has been 

undertaken into studying the contributions of inherent or doped foreign cationic 

components for oxygen electrocatalysis, opening the way to improved optimized 

performance. The aim of this chapter is to investigate the effect of compositional 

variation in the cationic make-up of the spinel nickel cobalt sulfides towards oxygen 

electrocatalysis and as air cathodes for zinc-air batteries, through altering of the 

concentrations of metal nitrate precursors used during the CHFS synthesis process. A 

further subsequent study on the effects of tertiary doping on oxygen electrocatalysis 

has also been explored. Attempts to justify differences in performance are made using 

their cationic composition and electronic structure, in accordance with accepted 

literature. All the synthesized nanomaterials are physically characterized using XRD, 

BET, XRF, TEM, EDS, and XPS. To evaluate their performance as energy storage 

materials, the materials are electrochemically evaluated in a potentiostat featuring a 

rotational disk electrode (RDE) setup, and in zinc-air batteries using both 

potentiodynamic and galvanostatic methods. 
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5.1 Nanosized Spinel Nickel Cobalt Sulfides as 

OER/ORR catalysts and Air Cathodes for Zinc-Air 

Batteries: Evaluating the role of compositional tuning on 

Oxygen Reduction and Oxygen Evolution Reactions. 

5.1.1 Introduction 

An increase in awareness of the environmental effects of fossil fuel use has led to a 

shift in preference towards sustainable energy sources.[466, 467]  While Li-ion 

batteries have received significant attention as a grid-scale energy storage solution, a 

demand exists for more inexpensive, sustainable, and safer solutions. Among other 

candidates, zinc–air batteries have aroused interest as a possible candidate for grid-

scale energy storage applications, due to their inexpensive nature, environmental 

benignity, high energy density, and excellent safety deriving from the use of an 

aqueous and non-flammable electrolyte together with their inherent design as open-

systems (posing minimal risk of internal pressure build-ups).[135, 468] The operating 

principles of a zinc-air battery have been discussed in detail in Chapter 1. A typical 

secondary zinc-air cell is made up of an air-cathode component containing a 

bifunctional catalyst arranged opposite a zinc anode in an alkaline electrolyte. During 

discharge, hydroxide ions are formed through the reduction of molecular oxygen at the 

cathode (commonly referred to as. oxygen reduction reaction, or ORR), with the 

corresponding anodic reaction being the oxidation of zinc to Zn2+, which dissolves into 

the electrolyte. During charging, the reverse process occurs, as molecular oxygen is 

evolved at the air-cathode from hydroxide ions, with zinc being plated back onto the 

metallic anode. Although a zinc-air battery is theoretically capable of delivering an 

equilibrium voltage of 1.65 volts, this not observed in practice, attributed to the 

overpotentials primarily observed at the air-cathode. Furthermore, the oxygen 

conversion processes observed during ORR and OER are known to exhibit sluggish 

kinetics, resulting in poor performance at high current densities. Consequently, 

improving OER and ORR performance through the use of a suitable bifunctional 

catalyst on the air-cathode is imperative to overcome these issues.[135] With improved 

bifunctional catalytic activities, the multi-electron transfer kinetics observed in ORR 
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and OER catalyses are expected to be improved,[252, 416] resulting in decreased 

overpotentials at the air-cathode, and consequently improved the round-trip energy 

efficiency in the zinc-air cell.  

Although catalysts containing precious metals are known to exhibit good OER or 

ORR catalytic activity, such as Pt/C for ORR and Ir/C or RuO2 for OER, they are 

unsuitable for commercial applications due to their scarcity and costly nature, 

particularly at scale.[135, 252] To address this, inexpensive and earth-abundant 

alternatives, such as transition metal compounds, have emerged as suitable substitute 

candidates.[251, 403, 416, 469]  These compounds have aroused interest due to their 

inherent high catalytic activities and low cost.  To further improve their catalytic 

activities, various strategies exist, including: 1) the introduction conductive 

nanostructured support materials to improve electron transfer kinetics; 2) improving 

the electrochemical active surface area by increasing the number of catalytically active 

sites through chemical activation; 3) fine-tuning the localized electronic and chemical 

environment through doping with hetero-atoms.[266]  

In literature,  transition metal nitrides, selenides, phosphides, and sulfides, have 

demonstrated potential as ORR catalysts, while transition metal hydroxides and oxides 

have shown promise as OER catalysts.[240, 242-246] In particular, ternary transition 

metal chalcogenides have exhibited superior electrocatalytic activities,[242, 250] 

attributed to the synergistic couplings between its metallic cationic components.[251, 

252] For example, spinel nickel cobalt chalcogenides exhibited significantly improved 

catalytic activities when compared to their individual monometallic chalcogenides 

counterparts in water and methane oxidation reactions.[401, 470] 

Among other candidates, spinel bimetallic transition metal sulfides (e.g. NiCo2S4) 

have gained interest as oxygen electrocatalysts, as they possess rich multivalent 

oxidation state chemistry, high electronic conductivity (superior to that of NiCo2O4), 

good thermal  and chemical stability, and high number of exposed octahedral active 

sites.[260, 401, 437, 469]  
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Figure 5-1. Unit cell of NiCo2S4, with nickel, cobalt, and sulfur ions shown in green, 

pink, and yellow, respectively. (Taken with permission from Inorganic Crystal 

Structure Database, FIZ Karlsruhe) 

 

NiCo2S4 has been synthesized in various morphologies, such as spheres and wires, 

and evaluated as active materials in lithium-ion batteries,  supercapacitors, catalysis 

(OER, ORR, and Hydrogen Evolution Reactions (HER), and dye-sensitized solar 

cells.[391, 393, 471-474] The aforementioned NiCo2S4 morphologies have all shown 

potential as  bifunctional catalysts,[241, 242, 251, 252, 403, 416, 475, 476] with the 

electron transfer kinetics further improved through surface morphology engineering, 

incorporation of conductive support materials, as well as through tertiary elemental 

doping.[252, 477-483] 

Although NiCo2S4 has been shown to exhibit mixed-valence redox chemistry,[242, 

252, 401] the role of the nickel and cobalt cations with regards to its electrocatalytic 

performance remains poorly understood.[242, 250] Due to the intrinsic restrictions of 

spinel structure, we are able to separately analyze the contribution of each metallic 

species toward the overall catalytic activities in OER and ORR.[484-486] This can be 

achieved through incremental variations in the metallic precursor ratios during 

synthesis, and evaluating the differences in physical and electrochemical 
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characterization results. Such approaches have been used in literature to design optimal 

electrocatalysts for specific catalytic reactions.[259, 484, 487] Herein, we focus on 

demonstrating a similar approach with an emphasis on reproducible and scalable 

synthesis for large-scale commercial viability.  

 

Amongst various nanoparticle synthesis processes, Continuous Hydrothermal 

Flow Synthesis (CHFS) has been demonstrated as a scalable and rapid synthesis 

approach providing excellent control and consistency over the output product’s 

physical properties.[293] Herein, we demonstrate the CHFS synthesis of nanosized 

phase-pure cobalt nickel sulfide spinels (of the formula NixCoyS4) with incrementally 

varied compositions through tuning of the metallic precursor concentrations. 

Subsequently, the electrochemical performances of the nickel cobalt sulfides were 

evaluated as bifunctional electrocatalysts and as air-cathodes in zinc-air cells. The 

metallic content of the catalysts was quantified using Energy-Dispersive X-ray 

Spectroscopy (EDS), Inductively Coupled Plasma Optical Emission Spectrometry 

(ICP-OES), and X-Ray Fluorescence (XRF), while the surface-level oxidation state 

characterization was studied using X-ray Photoelectron Spectroscopy (XPS). By 

altering the metallic cationic composition to form the nominal compounds Ni1.5Co1.5S4, 

NiCo2S4, and CoNi2S4 and evaluating their bifunctional electrochemical performance, 

the respective contributions of each of the metallic components with different 

oxidation states could be evaluated for  ORR and OER activity. 

 

5.1.2. Experimental Design 

5.1.2.1 Synthesis of Nickel Cobalt-Sulfide Nanoparticles 

Nanosized spinel nickel cobalt sulfides with varied compositions were synthesised 

using a CHFS reactor with a double-mixer setup, detailed in Chapter 2.2.4, following 

the procedure detailed in Section 2.2.4.1. The exact setup can be viewed in Figure S5-

1, Appendix A.  

The samples were assigned names according to their synthesis precursor compositions 

of the Co and Ni precursors, such as NC13, NC11, and NC31 for NiCo2S4, Ni1.5Co1.5S4, 

and CoNi2S4, respectively. Herein, NC11 refers to the sample prepared using a 

precursor solution with a Ni to Co molar ratio of as 1. This rule extends to  applies to 
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NC31 and NC13. An exception to this rule is NiS2, which was made using a purely 

nickel-based precursor solution. 

5.1.2.2 Physical Characterization 

Characterization methods of Powder X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), Transmission Electron Microscopy (TEM), Energy Dispersive 

X-ray Spectroscopy (EDS), Raman Spectroscopy, Brunauer-Emmet-Teller (BET) 

surface area measurements, X-Ray Fluorescence (XRF), and Thermogravimetric 

analysis (TGA) were all performed using the methodologies specified in Chapter 2.   

 

5.1.2.3 Electrochemical Characterization 

 

The electrochemical performance of all samples was evaluated on an Autolab 

potentiostat  featuring a three-electrode rotating-disk setup (RDE), the details of which 

are listed in Section 2.6.1. Catalyst inks for the glassy carbon electrodes of the RDE 

setup were prepared according to the procedure detailed in Section 2.4.3. RuO2 (99.9%, 

Sigma Aldrich, Dorset UK) and Pt/C (99.9%, Sigma Aldrich, Dorset UK) benchmarks 

were also prepared as electrodes following the same procedure. Similarly, the 

electrochemical performance of the samples and benchmarks were evaluated as 

bifunctional air-cathodes in zinc-air batteries, the details of which are listed in Section 

2.4.4 and 2.7.1. The parameters for potentiodynamic, galvanostatic, and 

electrochemical impedance spectroscopic characterization methods are detailed in 

Sections 2.7.2, 2.7.3, and 2.7.4, respectively. 

 

 

5.1.3    Results & Discussion 

5.1.3.1 Physical Characterization Results 
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Figure 5-2. XRD Patterns of the as-synthesized nickel cobalt sulfides, presented with  

the reference pattern for NiCo2S4 (red, Space Group Fd-3m, CPDS Pattern 073-1704). 

CoO2 and NiS2 impurity peaks are marked with an asterisk (*). An unidentifiable 

impurity, possibly CoO2, was linked to the satellite peak at 2θ = 10.7 for all samples, 

with NiS2 impurity responsible for the two satellite peaks at 6.2 and 20.7 for NC31. 

   Powder X-ray diffraction (PXRD) patterns of the cobalt nickel sulfide samples are 

presented with the reference pattern for NiCo2S4 (JCPDS 073-1704) in Figure 5-2. It 

should be noted that the reference pattern is virtually indistinguishable from that of 

CoNi2S4 (JCPDS 073-1297) due to similar scale of the nickel and cobalt ionic 

radii.[488] All of the synthesized sulfide materials featuring varied Ni/Co ratios 

displayed characteristic XRD peaks at 2θ of 7.5 (111), 12.3 (220), 14.4 (311), 17.4 

(400), 21.3 (422), 22.6 (511), and 24.7 (440), respectively. The small auxiliary peak 

at 10.7 observed in all samples, which may be linked CoO2 impurity due to localized 

concentration differences (with NC31 exhibiting two additional at 6.2 and 20.7, 

likely due to a from impurity). The CoO2 is likely to be a separate phase in these 

samples and is not known for activity in oxygen electrocatalysis. Furthermore, its 

oxide counterpart NiCoO2 has exhibited poorer electrocatalytic activity than NiCo2S4 
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for ORR and OER in literature, with the phase also being from the sample XRD 

patterns.[489] The XRD pattern of the as-synthesized NiS2 sample is display in Figure 

S5-5a), Appendix A, and also displays overall agreement with the reference pattern 

for NiS2. 

The theoretical structure of NiCo2S4 is that of a typical spinel, with cubic close-

packed S2- anions arranged with eight tetrahedral and four octahedral sites occupied 

by Ni(II) and Co(III) cations, respectively, in an Fd-3m space group.[242, 414] 

However, powder neutron diffraction studies have shown that spinel CoNi2S4 exhibits 

the reverse occupation in its sites, with Ni(III) and Co(II) in the tetrahedral sites and 

octahedral sites, respectively.[414, 415] Consequently, with powder neutron 

diffraction studies being outside the scope of this study, it was not possible to 

distinguish between NiCo2S4, CoNi2S4, and other possible immediate states, e.g. nickel 

cobalt sulfide samples herein, using purely XRD data.[414]  

Transmission Electron Microscopy (TEM) images of the nickel cobalt sulfide 

samples displayed agglomerated nanostructures (Figure 5-3). High-resolution TEM 

(HRTEM) of the samples suggested d spacing values of ca. 0.33, 0.34, and 0.36 nm 

for the (440) planes of NC13, NC11, and NC31, respectively, similar to those reported 

by Kim and Liang for NiCo2S4.[434, 435] Furthermore, all of the samples exhibited 

similar BET surface area values, at ca.15, 12, and 16 m2g-1, for NC13, NC11, and 

NC31.[434] 

 

Figure 5-3. Transmission Electron Microscopy images of nickel cobalt sulfide. a, d) 

NC13; b, e) NC11; c, f) NC31. 
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The chemical valence states and elemental composition and of the nickel cobalt 

sulfides were qualified using X-ray Photoemission Spectroscopy (XPS), with the 

presence of nickel, cobalt, and sulfur detected amongst all samples. Figure 5-4 shows 

the fitted Co 2p, Ni 2p, and S 2p spectra of NC11. The XPS spectra for NiS2 is shown 

in Figure S5-5, Appendix A. The deconvoluted two spin-orbital doublets observed for 

the metal spectra may be attributed to the 2+ and 3+ states of both metals along with 

their satellite shake-up peaks. Peak positions of the metal species were highly similar 

across all samples, with primary differences being observed in peak intensities. For Co 

2p, the doublet pairs at 781.4 and 778.0 eV and at 792.9 and 797.3 eV were attributed 

to the 2p3/2 and 2p1/2 states, respectively. For Ni 2p, the doublet pair at 856.4 and 

852.8 eV were attributed to the 2p3/2 state, while the singlet peak at 874.1 eV was 

linked to the 2p1/2 state. The peaks at 161.3 and 162.6 eV were attributed to S 2p 

2p3/2 and 2p1/2 states, respectively, in agreement with literature concerning transition 

metal sulfides.[437, 438] Elemental characterization was also performed using ICP-

OES, EDS, and XRF, with the results listed in Table S5-6 (Appendix A). While EDS 

and XPS characterized the near-surface and surface composition, XRF and ICP-OES 

were used to better characterize the bulk composition of the samples. When 

summarized together, the XRD patterns and the compositional data yielded formulas 

of Ni0.8Co2.2S4, Ni1.5Co1.5S4 and Ni2.2Co0.8S4 for NC13, NC11 and NC31, respectively. 

 

Figure 5-4. X-ray photoelectron spectroscopy spectra of NC11. Respective 2p orbitals 

of a) Ni 2p, b) Co 2p, c) S 2p. 

The results from the EDS and XPS data indicated that all samples exhibited surface-

level sulfur deficiency. In literature, surface-level anionic vacancies in perovskite 

catalysts has been linked to improved OER catalytic performance..[226, 256, 490] 

Similarly, difference in surface-level nickel and cobalt cationic composition of 

different oxidation state species (2+ or 3+) may also alter their catalytic activities by 
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altering the oxygen species binding strength at the active site. Consequently, it is 

imperative to characterize the sample surface composition in detail. The XPS data was 

used to calculate the proportion of each oxidation state of each metallic species 

amongst the three cobalt nickel sulfides, with the results summarized in Table 5-1 and 

the oxidation state ratios of each metallic species shown in Table S3-7. As all three 

cobalt nickel sulfides exhibited similar BET, an assumption was made link catalytic 

activity of the sulfides primarily with their cationic composition.  

 

 

Table 5-1. Calculated metallic elemental proportions of the nickel cobalt sulfides. 

 

 

 

NC31/at% NC11/at% NC13/at% 

 Co (II) 31 42 47 

Co (III) 5 7 24 

Ni (II) 3 12 9 

Ni (III) 61 39 20 

 

 

As expected, both nickel and cobalt exhibited co-existence of both oxidation states 

across the samples, in line with literature  the powder neutron diffraction reports by 

Nakagawa.[414] The overall amount of a cationic species was found to be proportional 

to its relative proportional content in the precursor solutions, with all samples 

displaying relatively higher proportions of Co(II) and Ni(III) species. Similar 

observations have been made observed for  Ni1.5Co1.5S4 prepared via a two-step batch 

hydrothermal approach by Zhang et al.[491] Furthermore, XPS, XANES, and 

magnetic moment studies have shown that cobalt nickel oxides also exhibit the co-

existence of species-specific oxidation states.[414, 416-418] Among the three samples, 

NC31 was observed to possess a high nickel content (particularly Ni(III) at 61 at.%), 

NC13 exhibited a high cobalt content (ca. 71 at.% overall cobalt content), while NC11 

exhibited equivalent proportions of cobalt and nickel, with 42, 7, 12, and 39 at.% of 

Co(II), Co(III), Ni(II), and Ni(III) respectively. Overall, our results suggest that  two 



190 
 

metallic species exhibit similar propensity to occupy the tetrahedral or octahedral sites 

in the host spinel structure.[414] Figure S5-5b and S5-5c (Appendix A) display the 

respective characterization data of the NiS2 sample. A significantly higher proportion 

of Ni(III) over Ni(II) was observed, at 15% to 85%, respectively. 

5.1.3.2 Electrochemical Characterization Results 

5.1.3.2.1 RDE Catalytic Activity of Nickel Cobalt Sulfides in OER 

 

 

Figure 5-5. OER catalytic activities of the cobalt nickel sulfides, displayed against 

benchmark and control samples of RuO2 and NiS2 respectively. a) LSV curves of the 

aforementioned samples across a voltage range of 1.3-1.65 V(vs. RHE). b) Close-up 

of Fig. 5-5a, showing relative current densities across a voltage range of 1.52-1.62 V 

(vs. RHE). c) Calculated Tafel slopes based on the LSV results. d) 

Chronopotentiometry results of NC31 and RuO2, measured at a current density of 10 

mA cm-2. All measurements were performed at a rotating speed of 1600 RPM in 1 M 

KOH electrolyte. 
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OER catalytic activities of the nickel cobalt sulfides were evaluated in 1 M KOH 

electrolyte on a Rotating Disc Electrode (RDE) set-up (model GC50, MetroOhm, 

Switzerland) at a scan rate of 5 mV s-1 (Figure 5-5). Figure 5-5a displays the linear 

sweep voltammetry (LSV) scan curves of the three cobalt nickel sulfide samples. 

NC31 and NiS2, with the highest overall nickel content, achieved a current density of 

10 mA cm-2 at low overpotentials of 341 mV and 328 mV, respectively, indicating 

superior OER performance. In contrast, NC13 and NC11, both possessing a lower 

overall nickel content, achieved the same current density at higher overpotentials of 

360 mV and 351 mV, respectively. Our electrochemical characterization results 

suggest that the OER performance of our spinel nickel cobalt sulfides can be altered 

through variations in the nickel and cobalt content. NC31 also exhibited the largest 

OER current density (64 mA cm-2 at 1.63 V), which may be linked to it possessing the 

the highest overall nickel content, together with the highest proportion of Ni (III), triple 

that of NC13.  Moreover, NC31 also exhibited a notably lower Co (III) (5 vs. 24 at%) 

and Ni (II) (3 vs. 9 at%) content compared to NC13. The additional oxidation peaks 

observed across the range of 1.32 to 1.44 V were attributed to the transition of  Ni(II) 

to Ni(III), and has been previous observed in literature in nickel and nickel cobalt 

sulfides.[492, 493] The quantification in the change in nickel oxidation state content 

could theoretically be inferred from the current density, but was not attempted due to 

the relatively wide peak widths preventing accurate quantification attempts.   

The low overpotential required to reach the current density of 10 mA cm-2 

exhibited by NC31 was observed to be smaller or similiar to literature studies on 

comparable materials, including solvothermally-synthesized porous NiCo2S4 (337 

mV), graphene oxide supported nitrogen-doped NiCo2S4 (470 mV) in 0.1 M 

KOH,[416] and carbon cloth-supported NiCo2S4 nanowires (340 mV) in 1 M 

KOH.[251] To further impreove the OER activity of NC31,  high surface-area 

conductive supports may be introduced. Examples of this approach in literature include 

nanowire NiCo2S4 mounted on nickel foam (10 mA cm-2 @ 260 mV in 1 M KOH),[252] 

graphydiene-supported NiCo2S4 (20 mA cm-2 @ 308 mV in 1 M KOH),[241] or indeed 

with NiCo2S4 on heterostructures of NiFe layered double hydroxides with nickel foam 

support (60 mA cm-2 @ 201 mV in 1 M KOH).[417] 

The superior OER activity displayed by NC31, NC13, and NiS2 are also supported 

by their smaller Tafel slope values of 61, 59 and 53  mV dec-1 (Fig 4c), with their 



192 
 

corresponding BET-area normalized slope (Table S5-8, Appendix A). These values 

are lower than those of a number of transition metal-based OER catalysts, such as 

Co3O4 (74 mV dec-1),[494] CuCo2O4 (65 mV dec-1),[495] graphene-supported Co3O4 

(67 mV dec-1),[496] graphene-supported copper-based MOFs (65 mV dec-1),[497] and 

nickel foam-supported NiSe (64 mV dec-1).[498]  

The electrochemical stability of NC31 was evaluated through chronopotentiometry, 

where the voltage to maintain a current density of 10 mA cm-2 was recorded over time. 

RuO2 was also evaluated under the same conditions as a benchmark catalyst. The 

improved stability of NC31 over RuO2 in 1 M KOH electrolyte (Fig. 5-5d) suggest 

improved long-term performance in the former under alkaline conditions.  

5.1.3.2.2 RDE Catalytic Activity of Nickel Cobalt Sulfides in ORR 

 

Figure 5-6. ORR catalytic activities of the cobalt nickel sulfides, displayed against 

benchmark and control samples of Pt/C and NiS2, respectively. a) LSV curves of the 
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aforementioned samples measured across a potential range of 0.2 to 1.2 V (vs. RHE). 

b) LSV curves of NC11 across incremental rotation rates. c) Chronoamperometry 

results of NC11, NC31, NC13, and Pt/C, measured at a constant potential of 0.635 V 

(vs. RHE). d) Calculated electron transport number per oxygen molecule for NiS2, 

NC11, NC13, and NC31, across three different potentials. All measurements except 

for b) were performed at a rotating speed of 1600 RPM in 0.1 M KOH electrolyte. 

The ORR catalytic activities of the nickel cobalt sulfide samples were characterized in 

0.1 M KOH under the same RDE setup (Figure 5-6). Linear sweep voltammetry 

suggested that all of the samples shared virtually identical onset potentials, at  0.92, 

0.93, and 0.92 V for NC11, NC31, and NC13, respectively (measured via the tangent 

intersection method, illustrated in Figure S5-3 in Appendix A), comparable to that of 

NiS2 (0.92 V) and previous reports of NiCo2S4.[403, 416] According to the results 

from the XPS analysis, the superior ORR current density exhibted of NC11 over  NC31 

and NC13 may be linked to its higher relative Ni(II) and Co(II) content. This is 

supported by the observation that NiS2 exhibited inferior ORR activity to the 

stoichiometric NiCo2S4 while exhibiting an absence of Co(II) and a high proportion of 

Ni (II), as reported in literature.[403] To better understand the role of Ni(II) in ORR, 

incremental cobalt doping into NiS or NiS2 should be pursued in future studies, to 

observe for possible patterns in catalytic activity. The lower current density (vs. Pt/C) 

and less positive onset potentials observed for our samples could be improved by 

through surface area modifications, or through tertiary dopants.[134]  

The long-term stability of NC11 was evaluated using chronoamperometry in 0.1 M 

KOH electrolyte, with Pt/C serving as the benchmark. Over the course of 16 hours, 

NC11, NC13, and NC31 displayed a decrease in current density of 50%, 52%, and 

40%, respectively, compared to a 13% decrease observed for Pt/C over the same 

period. This suggests that our samples possess signficantly poorer stability than Pt/C, 

and that a higher proportion of nickel is linked to increased long-term ORR stability. 

Analysis of the electron transfer numbers of the ORR processes (Figure 5-6d) of our 

nickel cobalt sulfides showed that all samples underwent 4-electron transfer dominated 

pathways, with NC13 and NC31 displaying ca. 4 electron transfer number per oxygen 

molecule. In contrast, NC11 exhibted a ca. 3.7 electron transfer number, implying 

limited co-existence of a two-electron transfer pathway for ORR, typically involving 
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the production of  corrosive peroxide groups capable of damaging the carbon support 

in air-cathode.[499]  Although literature studies have demonstrated how graphitized 

carbons can be used to improve the electrochemical stability of transition metal-based 

bifunctional catalysts, this was beyond the scope of this study.[267] 

The performance of our nickel cobalt sulfides  in ORR and OER catalysis may be 

linked with their electronic structure, conductivity, and the synergistic coupling effects 

between cobalt and nickel cations. NiCo2S4 has been demonstrated to exhibit near-

metallic levels of conductivity, up to 104 times the magnitude than its monometallic 

sulfide counterparts and ca. 100 times that of NiCo2O4, resulting in high electron 

transfer kinetics and overall electrocatalytic activity.[234, 437, 500] Xia et al. 

demonstrated  NiCo2S4 exhibits a linear relationship observed between temperature 

and resistivity, a trait indicative of metallic-like conduction[472], attributed to the 

tetrahedral site occupancy by the Ni(II) cations under the t2g
4eg

4 high-spin 

configuration.[242] The high conductivity was also linked to the lower bandgap of 

NiCo2S4 and the n-type and p-type doping caused by the synergistic coupling 

interactions between Ni(III) and Co(II) cations, respectively.[501, 502] Literature 

studies on cobalt oxides have shown that the introduction of Ni(III) in octahedral sites 

can result in a four-order increase in conductivity.[503] Hence, to promote electronic 

conductivity in nickel cobalt catalysts, it is desirable to reduce the proportion of Co(II) 

to minimized p-type (electron-deficient) doping, while maximizing Ni(III) content in 

order to maximize n-type (electron-rich) doping while. This trend agreed with the OER 

results of the nickel cobalt catalysts (NC31-NC13) herein. 

X-ray Absorption Scattering (XAS) studies nickel cobalt oxide compounds by Wang 

et al. linked high OER activity and stable OER cycles with high Ni(III) content, 

partially explaining the high OER activity of nickel-rich NC31.[504] An alternative 

mechanism suggested in literature involves the conversion of Ni(III) to Ni(IV) prior to 

OER, creating more attractive active sites for -OOH adsorption.[505, 506] This was 

supported by OER active site calculations on cobalt oxides, where Ni(III) introduction 

was observed to increase the active site density by a factor of ca.[503]  Furthermore, 

the presence of mixed valences for each cation species has been linked to increased 

number donor-acceptor chemisorption sites for the reversible adsorption of 

oxygen.[253] Additionally, the low electronegativity of sulfur in NiCo2S4 improves its 

structural flexibility, facilitating reversible layer elongation and contraction and 



195 
 

consequently, improved electron transport kinetics compared to its oxide 

counterpart.[401, 501, 507]  

Suntivich et al. observed that correlations existed between the OER and ORR catalytic 

activities and the level of low-spin octahedral centre eg-orbital occupancy in spinel 

metal oxides.[217, 508] Specifically, metal oxides featuring a ca. unity eg- orbital 

occupancy were observed to support electron transfer from the surface metal cations 

to the adsorbed intermediates, altering the energy of the rate determining step. For 

OER and ORR reactions, an occupancy valued slightly higher or lower than unity was 

found to be optimal, respectively.[217, 226] This attribute has been exhibited by 

Co(III), Co(II), and Ni(III) cations at the surface of nickel cobalt oxides. Octahedral 

Co(III) sites found in bulk NiCo2S4  have been reported to adopt the less favourable 

t2g
6eg

0 configuration. However, anionic vacancies found on the surfaces of spinel metal 

oxide particles can, depending on local coordination conditions, generate distortions 

into a square-pyramidal crystal field, together with the adoption of the t2g
5eg

1 

intermediate spin state[217] Similarly, Ni(III) in nickel-rich CoNi2S4  has been shown 

to adopt the favourable t2g
6eg

1 state.[217, 226] To maximize the number of favourably 

occupied eg-orbitals and enhance OER and ORR activities, targeting a high 

concentration of these cations is recommended.[242] Furthermore, electrochemical 

studies on cobalt oxides have linked high surface Co(II) density to superior ORR 

activity, in agreement with our results.[509] The similar ORR activity of NC31 and 

NC13 may be attributed to the significantly higher Ni(II) and Ni(III) content in NC31,  

linked to improved conductivity and favourable electronic structure, inducing a similar 

levels of ORR activity as the high Co(II) content in  NC13. Similarly, the superior 

ORR activity of NC11 was attributed to the high content of catalytically-active Ni(II) 

and Co(II) cations. 

In literature, the introduction of Ni(II) co-doping into Co3S4 has been shown to 

improve ORR kinetics,[416] which has been linked to the presence of the larger Ni(II) 

cation [83 vs .69 pm for  Ni(II) and Co(III), respectively]. Interactions between the 

Co(III) and Ni(II) components have been shown to stretch the  adsorbate O-O and host 

Co(III)-O bonds, facilitating intermediate formation. In spinel cobalt oxides, this has 

been observed through the reduced bond strength of Co(III)-O2-/OH. [510-512] In 

general, a weak bond between oxygen adsorbate and the surface B-site cation directly 

affects the adsorbate breakup process for the regeneration of OH- for continued ORR. 
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Similarly, Otagawa et al. observed an inverse correlation between OER activity for 

spinel transition metal oxides and cation-adsorbate bond strength at the B-site.[513]  

Furthermore, DFT studies have shown that a coordination ratio of three sulfur atoms 

per Ni(II) at the surface of spinel nickel sulfides maximizes the ORR 

performance.[235] Typically, metal centers featuring a moderate coordination number 

tend to exhibit lower ORR activation energies, since highly coordinated centres would 

exhibit steric hindrances for the metal-adsorbate proton transfer processes. In contrast, 

sparsely coordinated metal centres present more active sites that for bonding to 

adsorbates.[213] Finally, synergistic coupling between nickel and cobalt sulfides has 

been linked to high catalytic activity, as has been demonstrated through the solid-state 

mixtures of CoS2 and NiS2, which have exhibited 10 times the ORR current density of 

that of individual CoS2 or NiS2 catalysts at a potential of 0.8 V vs RHE.[514] 

5.1.3.2.3 Performance of Nickel Cobalt Sulfides as Bifunctional Air-Cathodes in 

Zn-Air Cells 

The three nickel cobalt sulfides catalysts were evaluated in secondary Zn-air batteries 

as air cathodes. Air cathodes were made in accordance with Chapter 2.4.4. Benchmark 

catalysts consisted of Pt/C, RuO2, or a 50-50 mixture of Pt/C and RuO2. Charge-

discharge profiles of  the air cathodes made from nickel cobalt sulfides and NiS2 in 

zinc-air batteries are displayed in Figure 5-7a. All samples exhibited a smaller current 

density during charge than discharge, attributed to relatively poorer OER kinetics as 

discussed in Section 1.5.1. Among our samples, NC11-based air-cathode was observed 

to exhibit superior performance by virtue of a higher discharge voltage and a  lower 

charge voltage across the majority of evaluated current densities. While at low to 

moderate current densities (< 50 mA cm-2),similiar levels of performance were 

observed between cells made from NC11 and our benchmark catalysts, NC11-based 

batteries were observed to exhibit superior performance superior one at current 

densities higher than 75 mA cm-2 (Fig 5-7b), indicating better rate performance for 

practical energy storage applications.   

The power density of zinc-air batteries featuring air-cathodes made from our 

considered samples is shown in Figure 5-7c, with NC11-based air electrodes exhibiting 

a power density of 87 mW cm-2 at a current density of 150 mA cm-2, superior to that 

of the cell featuring an air-electrode made using RuO2. This value is also higher or 

similar to that of the zinc-air batteries with air cathodes made using various 
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bifunctional catalysts, such as MnO2-LaNiO3/Carbon Nanotube (CNT).[515]  carbon 

black/MnO2,[115], and Co3O4/stainless steel,[516] Improving the power density of the 

samples may be achieved through morphology engineering or through the 

incorporation of conductive supports. An example of the former in literature is porous 

hollow NiCo2S4 microspheres, which made for air-cathodes in Zn-air batteries that 

could achieve a power density of 130 mW at 150 mA cm-2.[403] Conversely when 

mounted on N-doped CNT network support with high conductivity and a large 

electrochemically active surface area, NiCo2S4  was able to achieve a power density of 

148 mW cm-2 at 250 mA cm-2.[418] However, due to varied battery structure, catalyst 

loading, and exposed catalyst area across studies, only qualitative comparisons can be 

made. 

 

Figure 5-7. Electrochemical performance of zinc-air batteries with air-cathodes made 

from the synthesized nickel cobalt sulfides, RuO2, Pt/C, or a 50-50 mixture of the two. 

a) Galvanostatic charge-discharge curves of zinc-air batteries with air-cathodes made 

from synthesized nickel cobalt sulfides and NiS2. b) Galvanostatic charge-density 
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curves of zinc-air batteries with air-cathodes made from NC11, RuO2, Pt/C, or a 50-

50 mixture of Pt/C and RuO2 in the air-cathode. c) Power densities of the zinc-air 

batteries, calculated from the results of the galvanodynamic discharge data d) Nyquist 

plots of the zinc-air batteries, obtained through electrochemical impedance 

spectroscopy measurements of Zn-air cells featuring air cathodes made using nickel 

cobalt sulfides, Pt/C, RuO2, or a 50-50 mixture of the two. 

Figure 5-7d displays the Nyquist plots derived from electrochemical impedance 

spectroscopy results of the considered samples. NC11 exhibited higher impedance 

compared to RuO2 and Pt/C and, which may be linked to inadequate contact with the 

carbon additives. In contrast, catalysts grown directly on current collectors are known 

to exhibit lower resistance in cells.[468] Among our considered nickel cobalt sulfides,  

NC31 and NC11 exhibted smaller impedance than NC13, which was attributed to their 

higher conductivity. For a more quantitative analysis, three-component equivalent 

circuits were fitted for all three Nyqvist plots, revealing a trend in overall resistance of 

NC13 > NC11 > NC13 (Figure S5-4a, Appendix A),  in agreement with our previous 

conclusions on catalyst conductivity. Moreover, the double-layer capacitance values 

(CdI, see Figure S5-4b, Appendix A) of our samples were determined to be 6.238, 

4.491, and 8.402 mF for NC13, NC31, and NC11, respectively. In literature, materials 

of similar compositions have demonstrated linear correlations between  

electrochemically active surface area (ECSA) and observed CdI values.[517]. 

Interestingly, the increase in CdI (and by proxy, ECSA) is accompanied by an increase 

in Ni(III) concentration, an observation previously made in literature.[518] However, 

the CdI increase (and by proxy, ECSA) is not theorized to be solely responsible for the 

superior performance of our nickel cobalt sulfide materials: for example, NC13 

achieved only a ca. 6% improvement in discharge current density compared to NC31, 

despite possess a 39% higher CdI value. In contrast, NC11 achieved ca. 34% higher 

discharge current density than NC31, while exhibiting a 87% higher CdI value, 

suggesting that either a non-linear relationship between the two variables, or a tertiary 

contribution is present. 
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Figure 5-8. a) Galvanostatic pulse cycling stability tests of the zinc-air batteries 

featuring air-cathodes made with NC11, Pt/C, RuO2, or a 50-50 mixture of Pt/C and 

RuO2, measured across 1.1 to 2.4 V. The tests were conducted at a current density 4 

mA cm-2 with a charge and discharge period of 12 min each per cycle.  b)  First and 

last 300 minutes of cycling of the galvanostatic pulse cycling stability tests. 

Zinc-air cells featuring air-cathodes made with NC11, Pt/C, and RuO2 underwent 

repetitive galvanostatic pulse cycling tests at a current density 4 mA cm-2 (Figure 5-8). 

The Zn-air cell featuring an air-electrode made from NC11 exhibited stable cycling 

for over 3500 min, or approximately 125 cycles. The initial discharge and charge 

voltages were 1.15 and 2.02 V, respectively, similiar or better to cells utilizing air 

electrodes made with Pt/C (1.19  and 2.23 V),  RuO2 (1.12  and 1.98 V), or a 50-50 

mixture of Pt/C and RuO2 (1.18 and 2.10 V). The NC11-based cell exhibited near-

constant charge and discharge voltages for 100 cycles, followed by slight degradation 

to 1.13 and 2.04 V for discharge and charge by the end of 125th cycle, as evidenced by 

broadening of the voltage gap by 0.04 V  (0.87 to 0.91 V). In sharp contrast, the voltage 

broadening of the RuO2-based cell was almost triple this value (0.12 V in the range 

0.86 to 0.98 V), while the Pt/C-based cell exhibited a voltage gap value over 6 times 

in magnitude (0.26 V in the range 1.04 to 1.30 V), with the 50-50 mixture exhibiting 
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the largest amount of broadening (0.31 V in the range 1.14 to 2.37 V). The near-

constant voltages of NC11-based cell suggest high levels of energy efficiency and 

bifunctional catalytic activity, and consequently low overpotentials in the respective 

processes. Low reaction overpotentials have been linked to slower catalyst 

degradation, resulting in improved cell-life.[403] The discharge voltages for all 

batteries as ca. 1.2 V, which is fairly aacceptable. The lowest charge voltage (1.96 V) 

was exhibited by the NC11-based battery, indicating the highest energy efficiency 

amongst our samples and superiority of NC11 as a bifunctional catalyst for air-

cathodes in rechargeable zinc-air batteries. 

 

 

5.2 Nanosized Spinel Nickel Cobalt Sulfides as 

OER/ORR catalysts and Air Cathodes for Zinc-Air 

Batteries: Evaluating the Role of Transition Metal 

Doping on Oxygen Evolution and Oxygen Reduction 

Reactions. 

 

5.2.1. Introduction 

In the previous section, the effects of altering the proportions of cobalt and nickel 

cations in undoped spinel nickel cobalt sulfides on bifunctional oxygen 

electrocatalysis were evaluated.[236] From our results, it was concluded that the Ni(III) 

cations in the host spinel structure were linked with improved OER activity, while the 

Co(II) and Ni(II) were associated with improved ORR activity. By optimizing the 

cationic composition of the spinel nickel cobalt sulfide, it was possible to improve the 

performance of the electrocatalyst. Hence, the role of nickel and cobalt on the catalytic 

activity of nickel cobalt sulfides will not be detailed in this chapter; the reader is kindly 

directed to the previous section for a detailed treatment of the subject.  
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The conclusion follows from our results that the modification of cationic composition 

influences bifunctional catalytic activity. However, the doping of foreign tertiary 

elements into the cobalt nickel sulfide, along with its effects on catalytic performance, 

remain unexplored, although numerous studies on the oxygen electrocatalysis of doped 

transition metal oxide catalysts do exist.[271, 519, 520] Moreover, the capability of 

elemental doping to optimize the electronic and physical characteristics and of the 

catalyst is of particular interest. While the latter is often exhibited in changes in pore 

size distribution or electrochemical surface area, the former is often observed as 

surface-level structural changes in the catalyst inducing alterations in surrounding 

active sites, thereby altering the energetics of the oxygen absorption process observed 

during catalysis.[271, 521] Compositional changes of the host cations through partial 

replacement by dopant species have also been observed.[519] These synergies have 

been exhibited through  increased electronic conductivity, improved catalysis kinetics, 

and improved electrochemical stability compared to their  respective monometallic 

oxide counterparts.[522]  

 

Herein, the authors utilized CHFS to synthesize doped cobalt nickel sulfide spinel 

nanomaterials (NixCoyS4) and then studied their electrochemical characteristics as 

bifunctional electrocatalysts and as air-cathodes in zinc-air batteries. The effects of 

iron, chromium, vanadium, titanium, silver, and manganese doping on the catalytic 

activity of the nickel cobalt sulfide were evaluated.  The selection of dopant elements 

was based on literature reports of successfully doped transition metal catalysts in OER 

or ORR. The total metal content in the catalysts were characterized using X-Ray 

Fluorescence (XRF), whilst the surface-level Co(II):Co(III) and Ni(II):Ni(III) valence 

state ratios of were characterized through X-ray Photoelectron Spectroscopy (XPS).  

 

5.2.2. Experimental 

5.2.2.1 Synthesis of Doped Cobalt Nickel-Sulfide Nanoparticles 

Metal-doped spinel cobalt nickel sulfide nanoparticles were synthesised using a 

laboratory-scale CHFS reactor, a similar design to the pilot scale CHFS described 

previously in  Section 5.2.1,[422, 523]  with the specific setup detailed in Section 2.2.4, 

following the procedure detailed in Section 2.2.4.2. The setup differs from that of the 
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previous section by the partial addition of the dopant precursors with the cobalt and 

nickel precursors used previously at 10% concentration. 

The samples were assigned names through a combination of the NC11 prefix, 

describing the equimolar concentrations of cobalt and nickel in the precursors, with 

the elemental symbol for the corresponding dopant species. For example, the titanium-

doped nickel cobalt sulfide sample would be hence termed NC11 (Ti). 

5.2.2.2 Physical Characterization 

Characterization methods of Powder X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), Transmission Electron Microscopy (TEM), Energy Dispersive 

X-ray Spectroscopy (EDS), Raman Spectroscopy, Brunauer-Emmet-Teller (BET) 

surface area measurements, X-Ray Fluorescence (XRF), and Thermogravimetric 

analysis (TGA) were all performed using the methodologies specified in Chapter 2.   

 

5.2.2.3 Electrochemical Characterization 

 

The electrochemical performance of all the samples was characterized on an Autolab 

potentiostat featuring a three-electrode rotating-disk setup (RDE), the details of which 

are listed in Section 2.6.1. Catalyst inks for the glassy carbon electrodes of the RDE 

setup were prepared according to the procedure detailed in Section 2.4.3. RuO2 (99.9%, 

Sigma Aldrich, Dorset UK) and Pt/C (99.9%, Sigma Aldrich, Dorset UK) benchmarks 

were also prepared as electrodes following the same procedure. Similarly, the 

electrochemical performance of the samples and benchmarks were evaluated as 

bifunctional air-cathodes in zinc-air batteries, the details of which are listed in Section 

2.4.4 and 2.7.1. The parameters for potentiodynamic, galvanostatic, and 

electrochemical impedance spectroscopic characterization methods are detailed in 

Sections 2.7.2, 2.7.3, and 2.7.4, respectively. 

 

5.2.3. Results & Discussion 

5.2.3.1 Physical Characterization Results 

The powder X-ray diffraction patterns of the as-synthesized nickel-cobalt sulfide 

samples are displayed in Figure 5-9, together with a reference pattern of NiCo2S4 
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(JCPDS 073-1704), which virtually shares patterns with CoNi2S4 (JCPDS 073-1297) 

due to similar ionic radii of nickel and cobalt.[488]  

 

Figure 5-9. XRD Patterns of the as-synthesized nickel-cobalt sulfides, shown 

alongside the JCPDS Pattern 073-1704 (Space Group Fd-3m) for NiCo2S4 (black). 

Peaks associated with MnS and Ag2S impurities are marked with (*), derived from 

reference patterns JCPDS 089-4952 and 014-0072, respectively. 

The XRD patterns of the undoped and doped nickel cobalt sulfides exhibited 

characteristic peaks of NiCo2S4 at 2θ corresponding to indices (in parentheses) at 7.5 

o (111), 12.3 o (220), 14.4 o (311), 17.4 o (400), 21.3 o (422), 22.6 o (511), and 24.7 o 

(440), respectively. For the silver- (NC11 Ag) and manganese-doped (NC11 Mn) 

nickel cobalt sulfides small impurity peaks attributed to Ag2S and MnS were observed.  

The average crystallite size of the as-synthesized nickel cobalt sulfide samples was 

estimated using on the Scherrer equation to the pronounced (001) and (220) XRD 

peaks (Table S5-8, Appendix B), determined the undoped sulfide sample to exhibit an 

average crystallite size at ca. 12 nm, with the majority of doped sulfide samples 
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exhibiting sizes in the range of 7-12 nm. NC11 Mn was an exception to this trend, 

exhibiting a larger size of ca. 15 nm. [355] 

Analysis of the as-made materials via Transmission Electron Microscopy (TEM) 

revealed agglomerated nanostructures, with individual particle sizes of around 10-20 

nm (Figure 5-10).D-spacings were calculated the (440) planes of the samples, 

revealing values of  0.30, 0.32, and 0.30 nm (±0.1 nm) for the chromium- (NC11 Cr), 

manganese- (NC11 Mn), and iron-doped (NC11 Fe) samples, respectively; these are 

consistent with literature reports for NiCo2S4.[79, 80] Energy-dispersive X-ray 

spectroscopy (EDS) mapping (Figure S5-3, Appendix B) revealed evenly-distributed 

dopant cations across the near-surface of the nickel-cobalt sulfide samples. Following 

dopant introduction,  BET surface areas were observed to increase significantly in all 

the considered nickel-cobalt sulfide samples, with a minimum increase of 54% and the 

top-three samples highest surface areas observed in the titanium-doped (NC11 Ti, 20 

m2g-1), manganese- (NC11 Mn, 22m2g-1), and chromium- (NC11 Cr, 33 m2g-1) 

samples. The full BET characterization is listed in Table S5-6, Appendix B. 

 

Figure 5-10. TEM images of (top) and calculated particle spacings (bottom) of the a) 

undoped (NC11) b) chromium-doped (NC11 Cr) c) manganese-doped (NC11 Mn) d) 

iron-doped (NC11 Fe) nickel cobalt sulfide samples. 

 

The elemental composition of the nickel-cobalt sulfides was characterized through X-

ray fluorescence (XRF), with nickel, cobalt, and sulfur detected for all samples. The 
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relative proportions the cationic components are listed in Table 5-2, with Table S5-7 

(Appendix B) listing the complete characterization data. The proportion of sulfur was 

less than expected for the formulaic spinel structure, which was linked to the inherent 

reduced sensitivity of XRF to lighter elements. For the majority of our samples, the 

proportion of dopant species to the overall cationic composition was between 7-8%, 

with the vanadium-doped sample (NC11 V) exhibiting an exceptionally lower 

concentration of 2.7%.  The proportions of the cationic components were used in 

conjunction with the structural formula of NiCo2S4 derived from X-ray diffraction to 

determine the bulk composition of our samples. 

Table 5-2. Relative metallic elemental proportions in the nickel cobalt sulfide samples, 

characterized via XRF analysis. 

Sample [Ni] / % [Co]  / % [Dopant] / % Target Composition 

NC11 46.0 54.0 N/A Ni1.4Co1.6S4 

NC11 (Ti) 44.6 47.7 7.7 Ni1.35Co1.45Ti0.2S4 

NC11 (V) 44.9 52.4 2.7 Ni1.35Co1.57V0.08S4 

NC11 (Cr) 42.8 49.1 8.1 Ni1.29Co1.47Cr0.24S4 

NC11 (Mn) 43.0 49.8 7.2 Ni1.29Co1.49Mn0.22S4 

NC11 (Fe) 42.4 49.0 8.6 Ni1.27Co1.47Fe0.26 S4 

NC11 (Ag) 42.7 49.9 7.4 Ni1.28Co1.5Ag0.22S4 

 

The surface-level valence state and elemental characterization of the nickel cobalt 

sulfides were obtained through X-ray Photoemission Spectroscopy (XPS), with nickel, 

cobalt, and sulfur confirmed in all the doped nickel cobalt sulfide samples, in 

conjunction with the respective dopant species of each sample. Figure 5-11 shows the 

fitted Ni 2p, Co 2p, and S 2p XPS spectra for the iron- (NC11 Fe), manganese- (NC11 

Mn), and chromium-doped (NC11 Cr) nickel cobalt sulfides. The remaining sample 

spectra are listed in Figure S5-3, Appendix B. The deconvoluted pair of spin-orbital 

doublets were assigned to 2+ and 3+ states of both metals together with their shake-up 
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satellites. A maximum variation of 0.2 eV was observed in the peak positions of all 

considered nickel-cobalt sulfides. For the undoped nickel cobalt sulfide, the doublet 

pair for Co 2p 2p3/2 and 2p1/2 states was located at 780.6 and 778.7 eV and at 793.8 and 

796.4 eV respectively; while for Ni 2p, the 2p3/2 doublet pairing was located at 855.9 

and 853.4 eV. The 2p1/2 doublet pairing was at 873.8 eV and 870.7 eV. For sulfur, the 

single S 2p was confirmed with peaks at 161.1 and 162.9 eV for 2p3/2 and 2p1/2, 

respectively, in agreement with literature values for transition-metal sulfides.[437, 438] 

The observed XPS binding energies of the respective dopant metallic species orbitals 

in each of the doped nickel cobalt sulfides are listed Table 5-3, alongside predicted 

oxidation states of the dopant species. Analysis of these results suggested that tertiary 

metallic dopant species may exhibit a wide range of oxidation states when introduced 

into the host cobalt nickel-sulfide structure, in agreement with literature reports.[519] 

However, all dopant species exhibited weak 2p3/2 signals, while 2p1/2 signals were not 

observed for the majority of dopants, due to their low doped surface concentrations.  

Furthermore, no detectable signals were observed for the vanadium 2p orbitals, which 

was attributed to their lower doped concentrations, as evidenced by XRF. 

 

Figure 5-11. XPS spectra for chromium-(a), manganese-(b), and iron-doped (c) nickel 

cobalt sulfides (NC11 Cr, NC11 Mn, and NC11 Fe, respectively) displaying 

characteristic 2p orbitals of cobalt, nickel, sulfur, and their corresponding dopant 

species. 
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Table 5-3. Dopant metal orbital species, binding energy, and predicted oxidation state 

for doped nickel cobalt sulfide samples. Peaks for the V2p orbital were not observed 

for the vanadium-doped nickel cobalt sulfide sample (NC11 V), which was associated 

to its low dopant concentration, as characterized in XRF. 

Dopant Orbital Binding Energy / 

eV 

Oxidation State d-number 

Ti2p [3/2, 1/2] 459.0, 464.6 Ti(IV) 0 

Cr2p [3/2, 1/2] 577.5, 587.3 Cr(III) 3 

Mn2p [3/2] 637.4,641.6 Mn(II), Mn(III)  5,4 

Fe2p [3/2] 708.8,713.5 Fe(III) 5 

Ag3d [5/3, 3/2] 367.9, 373.9 Ag(I) 10 

 

A detailed characterization of the surface valence composition of our nickel cobalt 

sulfides is imperative as the oxidation states of cobalt and nickel cations have exhibited 

links to catalytic activity of the host spinel nickel cobalt catalysts by altering the 

energetics of the oxygen adsorption process.[519]. Table 5-4 lists the relative intra-

species oxidation state ratios of nickel and cobalt in our doped nickel cobalt sulfides, 

calculated using our XPS results. As concluded in the previous chapter and literature, 

nickel and cobalt were observed to exist simultaneously in both oxidation states in the 

spinel nickel cobalt sulfide samples.[414]  Among our samples, small differences (< 

10%) between intra-species oxidation state differences were observed. Overall, the 

bulk of our samples displayed a larger proportion of Co(II), with the sole exception 

being the manganese-doped sample (NC11 Mn). This is supported by literature studies 

of manganese-doped nickel cobalt oxides, with crystal field energy calculations 

indicating that Mn(II) and Mn(III) have a substitution preference for Co(II) and Ni(III), 

respectively.[519]  Similarly, a higher proportion of Ni(III) species was observed 

across the majority of our samples, with the manganese- (NC11 Mn) , chromium- 

(NC11 Cr), and vanadium-doped (NC11 V) samples exhibiting a larger proportion of 

Ni(II) instead. Our observations are supported by literature reports for nickel cobalt 
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oxides, where  tertiary doping have been linked to alterations in host framework 

cationic composition.[519] Furthermore, elemental quantification from the XPS 

results indicated that none of the examples displayed any surface-level sulfide 

deficiencies. 

 

Table 5-4. Calculated relative intra-species oxidation state ratios of nickel and cobalt 

observed in nickel cobalt sulfides. 

 

 

 

 

Ni(II)/Ni(III) / % Co(II)/Co(III) / % 

NC11 46/54 57/43 

NC11 (Ti) 48/52 51/49 

NC11 (V) 53/47 56/44 

NC11 (Cr) 55/45 57/43 

NC11 (Mn) 52/48 45/55 

NC11 (Fe) 43/57 59/41 

NC11 (Ag) 48/52 57/43 

. 

 

5.2.3.2 Electrochemical Characterization Results 

5.2.3.2.1 RDE Catalytic Activity of Nickel Cobalt Sulfides in OER 

The OER catalytic activities of the nickel cobalt sulfides were evaluated in 1 M KOH 

using a Rotating Disc Electrode (RDE)  [model GC50, MetroOhm, Switzerland] set-

up at a scan rate of 5 mV s-1. Figure 5-12a displays the OER polarization data of the 

electrodes made using the three samples. Linear Sweep Voltammetry (LSV) 

polarization curves indicated that nickel cobalt sulfides samples doped with titanium 

(NC11 Ti) iron (NC11 Fe), and manganese (NC11 Mn), exhibiting good OER activity, 

reaching a current density of 10 mA cm-2 at low overpotentials of 353, 358, and 348 

mV, respectively, where overpotential is defined as the potential value over the 

theoretical OER potential of 1.23 V (vs Standard Hydrogen Electrode). However, only 

the manganese-doped sample (NC11 Mn) exhibited a lower overpotential than that of 

its undoped counterpart NC11 (351 mV), indicating superior OER kinetics. 
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Furthermore, iron and manganese-doped cobalt nickel sulfides exhibited the highest 

maximum current density during LSV measurements, reaching 52 mA cm-2 and 49 

mA cm-2 at 1.636 V, respectively.  

 

Figure 5-12. OER Catalytic activities of the nickel cobalt sulfides, displayed against 

benchmark and control samples of RuO2. a) Linear Sweep Voltammograms (LSVs)  of 

the aforementioned samples, measured across a voltage range of 1.2 to 1.65 V (vs. 

RHE).  b) Close-up of the Fig. 5-12a., displaying the relative current densities across 

a voltage range from 1.55 to 1.65 V. (vs. RHE ). c) Calculated Tafel slopes based on 

the LSV results.  d) Chronopotentiometry results of NC11 (Fe)  , NC11 (Mn), and 

NC11 (Cr), benchmarked against the RuO2 catalyst, measured at constant current 

density of 10 mA cm-2. All of the measurements were performed at a rotating speed of 

1600 rpm in 1 M KOH electrolyte. 

 

Tafel slopes quantify the magnitude of overpotential required to increase the OER 

current density by a decade (Figure S12c, with BET surface normalized slope values 

displayed in Table S5-9, Appendix B). In contrast to the undoped NC11 sample (66 

mV) and the commercial RuO2 catalyst (57 mV, Figure S5-5b), NC11 doped with 
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titanium (NC11 Ti), iron (NC11 Fe), and manganese (NC11 Mn), exhibited slightly 

lower Tafel slope values, at 64, 57 , and 65 mV, respectively. The obtained Tafel slope 

values are lower or simililar to that of several known transition metal OER catalysts 

reported in the literature, including CuCo2O4 (65 mV dec-1),[495]Co3O4 (74 mV dec-

1),[494] graphene-supported copper-based MOFs (65 mV dec-1),[497] and nickel 

foam-supported NiSe (64 mV dec-1),[498]  graphene-supported Co3O4 (67 mV dec-

1),[496] Moreover, these slopes were superior or similiar to those of spinel cobalt 

nickel oxide featuring copper-, zinc-,manganese-, and iron-doping.[519] 

The electrochemical stability of the undoped (NC11), iron-(NC11 Fe), manganese- 

(NC11 Mn), and chromium-doped (NC11 Cr) nickel cobalt sulfides was examined 

through chronopotentiometry, which involved recording the change in electrode 

voltage as a factor of time, under a constant current density of 10 mA cm-2. Despite 

prolonged exposure to 1 M KOH electrolyte, the nickel cobalt sulfide samples all 

exhibited excellent stability during during OER, with a ca. 0.03 V change in measured 

voltage being observed after~ 40,000 (Fig. 5-13c) seconds, in contrast to a ca. 0.17 V 

change measured for the benchmark RuO2 catalyst. 

5.1.3.2.2 RDE Catalytic Activity of Nickel Cobalt Sulfides in ORR 
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Figure 5-13. ORR catalytic activities of the undoped and doped nickel cobalt samples, 

displayed against benchmark sample of Pt/C. a) LSVs of the aforementioned samples, 

measured across a potential range of 0.2 to 1.0 V (vs. RHE).  b) LSV curves of NC11 

(Mn) across incremental rotation rates.  c) Chronoamperometry results of NC11, NC11 

(Mn), NC11 (Cr), NC11 (Fe), and Pt/C, measured at a constant potential of 0.635 V 

(vs. RHE). d) Calculated electron transport number per oxygen molecule for NC11, 

NC11 (Mn), NC11 (Cr), and NC11 (Fe) samples, across three different potentials. All 

of the measurements were conducted at an RDE rotation speed of 1600 rpm in 0.1 M 

KOH electrolyte. 

The ORR catalytic activities of the nickel cobalt sulfide samples were characterized in 

0.1 M KOH (Figure 5-13). Linear sweep voltammetry polarisation curves, 

demonstrated that the iron- (NC11 Fe), chromium- (NC11 Cr), and manganese-doped 

(NC11 Mn) nickel cobalt sulfides exhibited the largest saturated currents at 0.25 V (vs. 

RHE), which may be linked partially attributed differring number of electrons 

transferred, given that the rate of mass transport is controlled by the RDE apparatus. 

[537] The half-wave and onset potentials of the nickel cobalt sulfides were measured 
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via the tangent intersection method from the LSV data (as demonstrated in Figure S5-

5a in Appendix B), and are listed below in Table 5-5.  

Table 5-5. ORR onset and half-wave potentials of the nickel cobalt sulfides 

characterized, derived via tangent intersection method of the LSV data via RDE in 0.1 

M KOH. 

Sample EOnset / V (±0.02) E 1/2 / V (±0.02) 

NC11 0.90 0.75 

NC11 (Ti) 0.88 0.73 

NC11 (V) 0.91 0.76 

NC11 (Cr) 0.89 0.75 

NC11 (Mn) 0.90 0.75 

NC11 (Fe) 0.90 0.74 

NC11 (Ag) 0.92 0.78 

Pt/C 0.99 0.88 

 

Overall, the variation in onset potential for the majority of our samples were within 

minute, and were hence not considered as significant. The majority of the nickel cobalt 

sulfide samples consistent half-wave and onset potentials, centered around 0.75 V and 

0.91 V (±0.02 V), with the titanium-doped sample being the sole exception and 

exhibiting signficantly lower values. These results are only slightly poorer to that of 

the benchmark Pt/C catalyst, at 0.99 V and 0.88 V (±0.02 V), respectively. The long-

term electrochemical stability of the iron- (NC11 Fe), manganese- (NC11 Mn), and 

chromium-doped (NC11 Cr) nickel cobalt sulfide samples together with the undoped 

NC11 sample were characterized using chronoamperometry for over 19 hours in 1 M 

KOH:  for the undoped nickel sulfide sample, a 59 % decrease in current density 

observed over 17 hours of continous operation, in contrast to a 10 % decrease for Pt/C. 

Transition metal doping was linked to improved electrochemical stability, with the 
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iron-, manganese-, and chromium-doped samples exhibited a 43 %, 54 %, and 49 %, 

decrease in current density, respectively. As the topic of interest was the effects of 

tertiary doping in nickel cobalt sulfides, the use of graphitized carbons to improve 

electrochemical stability was not explored.[267] 

 Calculations of the electron transport number of the iron- (NC11 Fe) chromium- 

(NC11 Cr), and manganese-doped (NC11 Mn), nickel cobalt sulfides demonstrated the 

ORR electron transfer pathway is altered through through the introduction of tertiary 

transition metal dopants. Although NC11 exhibited a co-occurrence of both a four- 

and two-electron transfer pathway in ORR, with an electron transport number of 

around ca. 3.7, doping NC11 caused a shift toward an electron transport number of ca. 

3. By association, this suggested a greater proportion of two-electron pathways 

occuring during ORR following dopant introduction. Four-electron electron transfer 

pathways are typically preferred over two-electron pathways in energy storage 

applications, as the latter suffer reduced energy conversion efficiency and are also 

known to produce corrosive hydroperoxide groups detrimental to stability of the air-

cathode.[499, 524] Consequently, the superior electrochemical stability of the Pt/C 

benchmark  over our  nickel sulfide samples was attributed to peroxide-based oxidative 

attacks ascribed to the increased reliance on the 2-electon transfer pathway. (Fig 5-

13c.)[525] This corrosion may also be the reason behind the appearance of the two 

separate slopes observed during the LSV measurements of NC11 Mn at 1600 and 2000 

RPM, as the sample would have been exposed to electrolyte for significant periods 

time by this point, although the nature of this side reaction could not be discerned. 

 

The enhanced catalytic activity of the transition metal- doped nickel cobalt sulfide 

catalysts can be associated with the intrinsic activity of the dopant cations, the 

increased surface area, and synergistic effects following the altered host nickel and 

cobalt cationic composition. An increased electrochemical surface area has been 

linked to an increased number of available active sites, and consequently, increased 

overall catalytic activity.[521]  However, although an increase in surface area was 

observed in our samples following transition metal doping, it was not ascribed to be 

the deciding factor with regards to overall activity. In terms of surface area, NC11 Mn, 

NC11 Fe, and NC11 Cr ranked first, second, and fourth, respectively, and also 
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exhibited the highest ORR saturated current densities. However, NC11 Ti, which 

exhibited the third highest surface area at 19.2 m2g-1, corresponding to an 84% increase 

over that of than undoped NC11, exhibited similar or slightly poorer performance to 

its undoped counterpart, indicating surface area is not the sole factor responsible for 

catalyst activity differences. 

It has been previously shown that adjustments to the inter-species and intra-species 

ratios of the  host cations in NiCo2S4 can lead to improved catalytic activity. Literature 

studies have demonstrated that the intrinsic high conductivity of NiCo2S4 can be 

combined with compositional tuning to achieve optimal OER or ORR activity.[234, 

260, 500] In the previous section, we concluded that OER activity could be improved 

through compositional tuning to increase the proportion of Ni(III), linked to the 

intrinsic high OER activity of Ni(III) and its supportive role in enhancing conductivity 

of nickel cobalt chalcogenides. In contrast, improved ORR activity was linked to high 

proportions of Co(II) and Ni(II), attributed to the intrinsic ORR activity of Co(II), and 

the Ni(II)’s role as a supporting co-dopant for neighbouring cation-adosorbate 

interactions, together with improvements in conductivity.[217, 233, 253, 267, 505, 

506, 510-513].   Similar observations were made by Lu et al. nickel  cobalt oxides by 

Lu et al., who concluded that a high Co(II)/Co(III) and a low Ni(II)/Ni (III) ratio are 

ideal for optimal bifunctional OER/ORR activity.[506, 519] Amongst our nickel 

cobalt sulfides, the undoped (NC11), iron- (NC11 Fe), and titanium-doped (NC11 Ti) 

samples possessed a low Ni(II)/Ni(III) ratio, supporting their performance during 

OER. In contrast, all of the samples herein, with the exception of the manganese- 

(NC11 Mn) and titanium-doped (NC11 Ti) sulfide samples, possessed a Co(II)/Co(III) 

ratio value greater than 1, indicative of good performance during ORR. Therefore, the 

improved performance of  iron- (NC11 Fe), manganese- (NC11 Mn), and chromium-

doped (NC11 Cr) samples may be partially related to their enhanced surface area, at 

76%,  107%, and 203% that of the undoped nickel cobalt sulfide (NC11), respectively. 

As mentioned in our previous chapter, the Co(II),  Ni(III) , and surface-level Co(III) 

cations of NiCo2S4 can exhibit unity eg orbital occupancies at their metal centres, 

conducive of improved OER and ORR performance.[217, 226] Amongst our doped 

nickel cobalt sulfides, the Mn(II) cation of the manganese-doped sulfide sample (NC11 

Mn), possesses a favourable t2g3eg1 high-spin structure, indicating its potential role as 

a active site and partially explains its high bifunctional performance. This trait was not 
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shared by the other dopant cations, and is particularly noteable as NC11 Mn uniquely 

possessed a Co(II)/Co(III) ratio of less than 1, which would indicate poorer ORR 

performance. Similarly,  unity occupancy of eg1 in manganese oxides has been linked 

to improved catalytic activity.[526]  

 The capability of transition-metal dopants to alter the catalytic activity of cobalt- and 

nickel- based catalysts through altering the energetics and kinetics of the transport 

processes has been previously reported in literature. For example, Xu et al. showed 

how the doping  ABO3-type barium cobalt oxides with iron could fine-tune the 

energetics of the OH- adsorption and O2 desorption processes, and consequently 

improve OER performance.[527] Similarly, iron-doping has been explored for thin-

film nickel oxide-based catalysts, with a minute (< 1%) Fe doping resulting in 

improved stability and ORR activity, attributed to the stabilizing interactions between 

nickel and iron centres leading to the suppression of the nickel state transition.[225, 

528]  Similarly, the doping of Ni2+ ions into alpha-MnO2 has been shown to leave to 

increased conductivity, leading to increased ORR performance despite the decreased 

volume and pore size of the catalyst.[529] Kondov et al. demonstrated Ni-based 

catalysts, simulated via  computational ab initio calculations, could exhibit long-term 

chemical resistance and enhanced ORR activity through Cr-modification and, ascribed 

to the formation of a protective co-adsorbed hydroxide layer and increased oxygen 

adsorption energies, respectively.[520] Similar observations were made by Faubert et 

al., who further showed how Cr-doping could yield a 50% increase in oxygen kinetic 

transfer coefficients of nickel catalysts, attributed to more supportive surface-level 

thermodynamic conditions.[530] 

5.2.3.2.3 Performance of  Doped Nickel Cobalt Sulfides as Bifunctional Air-

Cathodes in Zn-Air Cells 

After electrochemical characterization in the RDE setup, the three doped nickel-cobalt 

sulfides together with their undoped counterpart were evaluated as air cathodes in 

secondary Zn-air cells. Air cathodes of the samples and  benchmark catalysts of RuO2 

and Pt/C were made in accordance with Chapter 2.4.4.  Charge-discharge profiles of 

the air cathodes made using our nickel cobalt sulfide samples in zinc-air batteries are 

shown in Figure 5-14a, shown alongside benchmark catalysts. Overall, the manganese-

doped nickel cobalt sulfide (NC11 Mn) exhibited  superior performance to its other 

sulfide counterparts by virtue of a higher discharge voltage for current densities above 
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30 mA cm-2, although it was slightly outperformed by RuO2 at lower current densities. 

Furthermore, NC11 Mn further exhibited superior OER performance to both Pt/C and 

RuO2 benchmarks. (Fig 5-14b). 

 

 

Figure 5-14. Electrochemical performance of zinc-air batteries with air-cathodes 

made from the undoped and doped nickel-cobalt sulfides. a) Galvanodynamic charge-

discharge curves of zinc-air cells featuring air-cathodes made with undoped NC11, 

and NC11 doped with  (NC11 Fe), chromium (NC11 Cr), and manganese (NC11 Mn), 

respectively b) Galvanodynamic charge-discharge curves of zinc-air cells featuring 

air-cathodes made with NC11 Mn against benchmarks of RuO2, Pt/C and 50-50% 

physical mixture of RuO2 and Pt/C catalysts. c) Power densities of the zinc-air batteries, 

calculated from the results of the galvanodynamic discharge data. d) Nyquist plots 

obtained from electrochemical impedance spectroscopy results zinc-air cells featuring 

air-cathodes made with nickel cobalt sulfide samples, along with that of benchmark 

RuO2 and Pt/C. 
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Analysis of the power density results (Fig 5-14c.) revealed that zinc-air batteries 

featuring air electrodes made using undoped NC11 were able to achieve a power 

density of 66 mW cm-2 (±0.05 mW cm-2) at a current density of 140 mA cm-2, 

exceeding that of RuO2 (64 mW cm-2). Although zinc-air cells featuring air-cathodes 

made from nickel cobalt sulfide samples doped with chromium (NC11 Cr) and iron 

(NC11 Fe) exhibited power density values of similar magnitude, air-cathodes made 

with the manganese-doped counterpart (NC11 Mn) were found to exhibit a 

significantly higher power density of 75 mW cm-2 (±0.05 mW cm-2) at a current density 

of 140 mA cm-2. These values are similar or beyond those reported for zinc-air cells 

featuring air cathodes made from metal oxide-based bifunctional catalysts, including 

Co3O4/Stainless steel,[516] Carbon black/MnO2,[115] MnO2-LaNiO3/Carbon 

Nanotube (CNT).[515]  In a study on the transition metal-doping of spinel nickel 

cobalt oxides, air cathodes made using Fe0.1Ni0.9Co2O4 were demonstrated to exhibit a 

high power density of 120 mW cm-2 at  a current density of 150 mA cm-2 (albeit at a 

significantly higher material loading of 3 g cm-2), exhibiting superior performance to 

its zinc-, copper-, and manganese-doped counterparts.[519] It should be noted that due 

to the variations in catalyst loading, cell design, and exposed electrochemical surface 

area across different studies, inter-study comparisons can only be considered to be of 

qualitative significance. 

Figure 5-14d displays the the Nyquist plots of EIS measurements made of the zinc-

air cells. Overall, our results indicate that the impedance of zinc-air cells featuring air-

cathodes made with our nickel cobalt sulfide samples are consistent with those made 

with the benchmark Pt/C and RuO2 catalysts. The impedance data was fitted to 

equivalent circuits and was observed to match the circuit R1+Q2/R2+Q3/R3, where Q 

and R stand for Constant Phase Elements (CPE) and resistor, respectively. Table 5-6 

lists the overall circuit resistances, with the corresponding equivalent circuit model 

displayed in Figure S5-5d, Appendix B. 

 

Table 5-6. Component resistor resistances for the fitted equivalent circuits of the nickel 

cobalt sulfide samples. 
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 R1 / Ω  

(±0.02 Ω) 

R2 / Ω 

 (±0.02 Ω) 

R3 / Ω 

 (±0.02 Ω) 

RTotal 

(±0.04 Ω) 

Pt/C 2.60 0.62 1.97 5.19 

RuO2 2.48 0.87 2.88 6.23 

NC11 2.7 0.26 2.39 5.35 

NC11 (Cr) 2.61 1.04 2.31 5.96 

NC11 (Mn) 2.54 0.39 2.53 5.46 

NC11 (Fe) 2.52 0.54 2.71 5.77 

 

The results demonstrate that the zinc-air cells featuring air-cathodes made using 

iron- (NC11 Fe), manganese- (NC11 Mn), and chromium-doped (NC11 Cr) nickel 

cobalt sulfides exhibited lower resistance than those made with  benchmark RuO2, with 

NC11 Mn exhibiting the lowest resistance value of the doped sulfides. However, the 

undoped NC11 cobalt nickel sulfide still possessed the lowest resistance among all of 

the considered sulfide samples, indicating that dopant introduction does not improve 

conductivity, an observation previously made for nickel cobalt spinel oxide 

systems.[531] Furthermore, the double-layer capacitance (CdI, see Figure S5-4b, 

Appendix B) of our sulfide samples was determined to be 7.777 mF, 7.779 mF, 8.614 

mF, and 9.571 mF for the undoped (NC11), iron-doped (NC11 Fe), manganese-doped 

(NC11  Mn), and chromium-doped (NC11 Cr) samples, respectively. Literature studies 

have demonstrated that the CdI is linearly correlated with the Electrochemically Active 

Surface Area (ECSA) for materials with similar compositions.[517] Our results 

demonstrate that the introduction of selected transition metal dopants into nickel cobalt 

sulfides is accompanied by changes in ECSA, an observation previously made for 

transition metal oxides.[532, 533] However, improved performance of certain doped 

nickel cobalt sulfide materials cannot be solely attributed to differences to CdI (and by 

proxy, ECSA). For example, the chromium-doped (NC11 Cr) sulfide sample exhibited 

a 23% higher Cdl value than its undoped counterpart (NC11), the highest Cdl overall 

among the considered sulfides, with, but only achieved a limited 5% improvement in 
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discharge current density. In contrast, the iron-doped (NC11 Fe) and manganese-

doped (NC11 Mn) nickel cobalt sulfides possessed 0% and 10% higher Cdl values than 

their undoped counterpart (NC11), yet achieved an improved discharge current density 

of 7% and 16%, respectively. Consequently, our results suppor the view that the role 

of the dopants is beyond that of altering the electrochemical surface area or 

conductivity. They may play a role on affecting the energetics of the oxygen adsorption 

process by serving as active sites themselves or through synergistic interactions with 

the host cations, as was concluded in our previous study.[517, 532]  

 

 

Figure 5-15.a) Galvanostatic pulse cycling stability tests of the zinc-air batteries 

featuring air-cathodes made with NC11 and chromium- (NC11 Cr), manganese- 

(NC11 Mn), iron-doped (NC11 Fe) nickel cobalt sulfide samples, alongside 

benchmark Pt/C and RuO2 during the first and last 100 minutes of cycling across 1.1 

to 2.6 V. b) Full galvanostatic pulse cycling stability test results of the zinc-air cells 

featuring air-cathodes made with he considered nickel cobalt sulfide samples. Tests 

were conducted at a current density of 4 mA cm-2, with a charge and discharge period 

of 10 minutes each per cycle. 
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Figure 5-15 displays the results of the galvanostatic pulse cycling stability tests of the 

zinc-air batteries featuring air-cathodes made from the benchmark and nickel cobalt 

sulfide catalyst samples, evaluated at a current density of 4 mA cm-2 for 20 minutes 

per cycle. A longer timestep was selected to simulate the harsher real-world cycling 

conditions compared to shorter pulse cycling tests. To account for potential electrolyte 

side reactions, each zinc-air cell was allowed 5 cycles (100 minutes)  before voltage 

readings commenced. Overall, the zinc-air cells featuring air-cathodes made with 

nickel cobalt sulfide catalysts displayed good cycling stability in excess of 2000 

minutes, or ca. 100 cycles, before symptoms of cell failure were identified. Some 

fluctuations in charge potential were observed during the first 50-100 minutes of 

cycling for all four NCS samples, which could possibly be attributed to zinc 

interactions with the nickel cobalt sulfide catalysts themselves. To clarify the nature 

of these side reactions, in-situ XRDs could be attempted to observe for possible phase 

changes occuring with cycling. In contrast, the performance of the zinc-air cells 

featuring air-cathodes made with Pt/C exhibited poorer performance, with unstable 

charging voltages being observed and the beginnings of cell failure being observed at 

around 2000 minutes of cycling.  

Figure 5-15b displays the differences in voltage ranges between the samples with 

prolonged cycling; such changes are of interest as voltage ranges have a direct effect 

on energy density of a cell. Zinc-air cells featuring air-cathodes made from undoped 

NC11 catalysts exhibited an initial discharge and charge voltages of 1.12 and 2.04 V, 

respectively, achieving similar values to that of RuO2 (1.10 and 1.94 V), while Pt/C 

exhibited higher values of 1.10 and 2.61 V, respectively.  Nickel cobalt sulfide doped 

with iron (NC11 Fe, 1.12 and 2.00 V), manganese (NC11 Mn, 1.11 and 2.10 V) , 

chromium (NC11 Cr, 1.09 and 2.08 V) yielded discharge and charge voltage values 

that were highly similar to undoped NC11. All of the cells featuring air-cathodes made 

with nickel cobalt sulfide catalysts exhibited stable discharge and charge voltages for 

100 cycles. By the end of the 101st cycle, NC11 exhibited a discharge voltage of 1.16 

V and a charge voltage of 2.09 V, representing a negligible voltage gap increase of 

0.02 V . Moreover, nickel-cobalt sulfides doped with iron (NC11 Fe, 1.17 and 2.03 

V), manganese (NC11 Mn, 1.17 and 2.11 V), and chromium (NC11 Cr, 1.16 and 2.10 

V) yielded similar observations, with neglegible change in voltage gap. The 

benchmark catalysts fared significantly worse, with Pt/C exhibiting discharge and 
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charge voltage values of 1.14 and 1.97 V, while RuO2  exhibited a smaller change to 

1.13 and 1.96 V. The observed steady voltages shared by zinc-air cells featuring air-

cathodes made with our undoped and doped nickel cobalt sulfide samples indicate a 

high level of bifunctional catalytic activity and energy efficiency, suggesting that 

lower overpotentials are present  for their catalytic processes. Furthermore, literature 

has linked smaller overpotentials to a decreased catalyst degradation rate, and 

consequently improved cell-life.[403]  

5.3  Conclusions and Future Work 

Spinel nickel cobalt sulfides were produced using a CHFS synthesis process and 

evaluated as bifunctional catalysts for ORR and OER and as an air-electrode catalyst 

material in secondary zinc-air batteries. In our first study, it was observed that the zinc-

air cell with an air-cathode made using a nickel cobalt sulfide sample at an intermediate 

compsition Ni1.5Co1.5 S4,  outperformed other nickel cobalt sulfide counterparts and 

the commercial RuO2 benchmark, by achieving a power density of 87 mW cm-2 at a 

current density of 150 mA cm-2 while exhibiting good stability. From our results, it 

was concluded that a combination of a low Co(II) and high Ni(III) content was linked 

to improved OER activity, attributed to the increased OER active site density and 

enhanced conductivity through maximized n-type and reduced p-type doping.  In 

contrast, a high Co(II) and Ni(II) content waslinked to improved ORR activity. 

Furthermore, enhanced catalytic activity was linked to the optimal electronic 

configurations exhibited by  Co(II), Co(III), and Ni(III). Furthermore, zinc-air cells 

featuring air-cathodes with NC11-based catalysts exhibitedexcellent stability, with 

only a voltage change of 1 to 2 % being observed over 125 cycles. Overall, our study 

deepened our understanding on the roles of cobalt and nickel in the oxygen 

electrocatalysis process, which may be of use in the future design of optimized spinel-

type sulfide electrocatalysts for bifunctional oxygen electrocatalysis. 

In our second study, the role of tertiary transition metal doping on the bifunctional 

activity of the spinel nickel cobalt sulfides was investigated.  It was established that 

the zinc-air cell featuring an air-cathode made with nickel cobalt sulfide doped with 

7.2% manganese exhibited a power density of 75 mW cm-2 at current density of 140 

mA cm-2, representing a 12% increase over its undoped counterpart, and 

outperforming all of the other considered nickel cobalt sulfide samples along with the 
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benchmark RuO2 catalyst. Notably, zinc-air cell impedance was observed to increase 

with the introduction of dopants. The improved performance was attributed to three 

components: favourable tuning of host cobalt and nickel cation concentrations, the 

increased surface area following doping, and the optimal electronic structure of the 

dopant cations themselves. Furthermore, the air-cathodes made with the catalysts were 

observed to exhibit reasonable stability in the alkaline zinc-air cell electrolyte, with 

only 1 to 2 % deterioration in voltage range being observed after 100 cycles.  

Our studies expand upon the understanding on the roles of host and dopant cations in 

each respective catalytic process while demonstrating the synergies of transition 

metal-doping. It should be noted that the use of a platinum-based counter electrode 

during ORR is not recommended due to the possibility oxidation and the subsequent 

release of Pt nanoparticles, possibly disturbing our results, although such effects are 

slightly mitigated by the controlled experimental parameters used in this study. Future 

studies should consider the use of a glassy carbon or graphite counter-electrode 

instead.[538] 

The possibility of an industrial, scaled-up CHFS process makes it feasible for these 

studies to advance the development of optimized bifunctionally active catalysts for the 

design of superior zinc-air cell afor commercial applications. Future studies should 

focus on the effect of minute incremental doping on the electrochemical performance 

of  spinel nickel cobalt sulfides, to better quantify the role of dopant species as active 

sites, the effects on host cationic composition, and the morphological effects. In 

addition, focus should be made on evaluating the effect of carbon-based supports in 

further maximizing catalytic performance. Similarly, the effects of engineering 

exposed crystal facets on the nanoparticle surfaces to achieve improved catalytic 

performance should be explored. Furthermore, a deeper investigation on the  long-term 

stability of nickel cobalt sulfides in alkaline electrolytes should be undertaken through 

characterization studies performed on the samples post-cycling. Finally, to facilitate a 

detailed understanding of each cation’s role in the catalytic processes, experimental 

results should be contrasted to those obtained through carefully designed 

computational simulations (DFT). Should incremental trends be identified, further 

efforts should be made to investigate if data-driven, machine learning models could be 

built to help guide future optimization studies. 
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6. Conclusions, Outlook, And Future Work 

 

6.1 Summary of Conclusions 

A range of nanomaterials were synthesized via a continuous hydrothermal flow 

synthesis process (CHFS) for use as active materials in negative electrodes for Li-ion 

and Na-ion batteries, and in positive electrodes for Zn-air batteries. These materials 

displayed small particle size and a strong consistency in physical characteristics, while 

showing great potential in their respective electrochemical energy storage devices. 

Routes to highly phase-pure sodium titanate, phase-pure and mixed-phase cobalt 

nickel sulfide, carbon-coated cobalt nickel sulfide, and transition-metal doped cobalt 

nickel sulfide have been successfully demonstrated through the alternation of 

precursor components, flow-rates, and post-synthesis treatments.  

In Chapter 3, sodium titanate nanosheets with the composition of Na1.5H0.5Ti3O7 w were 

successfully synthesized and their electrochemical performance was evaluated as 

anode materials in Li-ion and Na-ion half-cells. The ordered layered structure of 

sodium titanates coupled with their high surface area as nanostructured electrodes led 

to the simultaneous existence of insertion and pseudocapacitive charge storage 

mechanisms, facilitating improved high power performance. A higher proportional 

pseudocapacitive contribution observed in Na-ion half cells when compared to their 

Li-ion counterparts, attributed to the presence of the larger Na-ion presenting a 

hindrance to insertion-based mechanisms. Similarly, the pseudocapacitive 

contribution to overall charge was also observed to increase with increasing scan-rate, 

suggesting a stronger role in high-power applications. During current rate-testing, the 

sample achieved a specific capacity of 135 and 235 mAh g-1 in Li-ion and Na-ion half-

cells, respectively, at a current density of 100 mA g-1. Extended  cycling performance 

at a current density of 1 A g-1 was relatively stable for over 400 cycles, achieving 

specific capacities of ca. 83 and 131 mAh g-1, together with a high Coulombic 

efficiency of ca. 99 %.   

In Chapter 4, nanostructured nickel cobalt sulfides of the elemental composition Ni1.35 

Co1.65S4, and their carbon-coated equivalents were successfully synthesized and their 
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performance investigated as conversion anode materials in Li-ion and Na-ion half-

cells. A key objective was to observe whether the introduction of carbon-coating or 

post-synthesis heat-treatments would lead to improved cycling stability or specific 

capacity. Overall, the baseline performance of the as-synthesized materials in Li-ion 

half-cells was significantly better than that in Na-ion half-cells, with a significantly 

higher cycling stability and higher specific capacities being observed, attributed to the 

reduced amount of volume change induced by the smaller Li-ion during cycling. 

Introducing in-situ carbon-coating was observed to improve performance in both 

systems, attributed to the improved structural stability and access to supplementary 

pseudocapacitive charge storage mechanisms. Similarly, the introduction of post-

synthesis heat-treatments on the performance of the nanostructured was shown to 

improve the performance of both the pure and carbon-coated cobalt nickel sulfide 

materials in both Li-ion and Na-ion systems at temperatures of 600 ºC and 900 ºC. 

This was attributed to the evolution of mixed phase structures featuring 

heterocouplings that led to improved electron transfer kinetics, and the evolution of 

structurally stable monometallic phases that lead to a reduced need for destructive 

activation processes necessary for the decomposition of the bimetallic phases. 

Electrochemical cycling tests at a high specific current of 700 mA g-1 reveal that the 

carbon-coated sulfide nanomaterial heat treated at 600 °C (NCS-CC-600) exhibited the 

best performance, possessing a high specific capacity of 281 mAh g-1, and good 

capacity retention over 100 cycles in Li-ion half-cells. Due to rapid capacity fade, the 

corresponding capacity in Na-ion half-cells remained at below 30 mAh g-1 for all 

current rates above 350 mA g-1 due to the structural deterioration of the electrode. 

In Chapter 5, the performance of nickel cobalt sulfides was also investigated as 

bifunctional electrocatalysts/air-cathodes in Zn-air cells. To affect the energetics of the 

OER and ORR reactions, the composition of the nickel cobalt sulfides was varied by 

altering the ratio of precursor components and by the introduction of transition metal 

dopants. The as-synthesized materials were evaluated as electrocatalysts under 

alkaline conditions for Oxygen Evolution Reactions (OER) and Oxygen Reduction 

Reactions (ORR) using Rotating Disk Electrodes (RDEs) and tested in rechargeable 

zinc-air cell. The electrochemical characterization of the nickel cobalt sulfides 

revealed that the sample with nominal composition of Ni1.5 Co1.5 S4, achieved an OER 

activity on a par with that of the benchmark RuO2, while exhibiting a decent power 
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density of 87 mW cm-2 at 150 mA cm-2  and superior cycling stability (> 125 cycles) 

in zinc-air cells. Our results suggested that a high electronic conductivity and 

electrochemical surface area responsible for high bifunctional performance. 

Furthermore, Ni(II) and Co(II) were identified as contributors to ORR activity, while 

Ni(III) was identified as a contributor to OER, attributed to their suitable electronic 

structures. Our study deepened the understanding behind highly active bifunctional 

catalysts, paving the way for the development of optimized, sustainable, and long-life 

zinc-cell cathodes. 

Subsequently, the cobalt nickel sulfide nanomaterials were modified with transition 

metals in order to investigate the effect tertiary dopants on OER and ORR performance. 

In particular, doping with iron, manganese, and chromium were observed to have 

improved performance, attributed to an altered electronic structure and enhanced 

surface area. It was found that a nanomaterial with the nominal composition 

Ni1.29Co1.49Mn0.22S4, exhibited exceptional performance as a bifunctional 

electrocatalyst, with excellent cycling stability in zinc-air cells. The superior 

performance was attributed to its high surface area, the beneficial electronic structure 

of the dopant species, and the synergistic coupling of the dopant species with active 

host cations. The manganese dopant was found to favourably alter host cation 

composition for OER and ORR, with Mn(III) cation further enhancing the 

attractiveness of active sites by its favourable electronic structure. A power density of 

75 mW cm-2 was achieved at a current density of 140 mA cm-2 for the zinc-air cell 

using the manganese-doped catalyst, representing a 12% improvement over the 

undoped cobalt nickel sulfide, and outperforming that of the benchmark RuO2 catalyst. 

  

6.2 Outlook and Future Work 

The research presented in this study provides many opportunities for future studies 

involving both experimental web-lab and computational techniques.  

The successful demonstration of carbon-coated mixed-phase nickel cobalt sulfides as 

a Li-ion and Na-ion anode material opens the way for significant future oppourtunities. 

Research should be undertaken to better understand the active components in the 

mixed-phase cobalt nickel sulfide through in-situ and ex-situ XRD studies. 
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Computational, DFT-based studies should be undertaken in order to better understand 

the electronic interactions behind successful heterocouplings, in order to find ideal 

phases for future combinations efforts should then be made to feasibility of synthesis 

of such materials via CHFS, and their performance evaluated in Li-ion and Na-ion 

cells. Similarly, efforts should be made to study these phases in isolation by 

synthesizing them via CHFS, in order to better quantify synergistic benefits of a 

mixed-phase structure. Heat-treatment approaches should also be explored for sodium 

titanate beyond 300 oC, in order to examine for benefits in performance of mixed-

phase layered structures for insertion and pseudocapacitive charge storage materials.  

Moreover, our conclusions present a way forward for the exploring of more structured 

carbon supports in our composite materials. This can be done by further attempting to 

graphitize our amorphous coatings, or through the use of graphitic carbon precursor 

materials, such as carbon nanotubes (CNTs), in order to improve the structural stability, 

conductivity, and the surface area of the resulting composites. As has been 

demonstrated in literature, this is of high importance for Na-ion half-cells, which 

typically exhibit poorer reversibility due to the increased magnitude of volume change. 

Similarly, attempts should be made to engineer improved surface area-to-volume 

ratios into the composites through methods such as inducing porosity in the carbon 

matrix, in order to further enhance the interfacial area and improve upon the volume 

change tolerance. Such applications should also be explored for sodium titanates, to 

gain possible additional benefits in conductivity and pseudocapacitive charge storage, 

or in cobalt nickel sulfides for OER and ORR catalysis. 

Similarly, the successful demonstration in the altering of precursor ratios and tertiary 

doping of cobalt nickel sulfides in order to alter their electronic structure gives rise to 

the possibility of more detailed studies involving a larger set of transition metals under 

a combinatorial study, with co-doping possibilities in order to further explore the 

feasibility of tailoring the performance of such electrocatalyst materials towards OER 

and ORR reactions. These principles can also be applied to tailored design of 

electrodes for Li-ion and Na-ion cells, where we have observed that an altered 

electronic structure and surface area can improve observed performance. 

Furthermore, while we have demonstrated the feasibility of CHFS as a synthesis 

method at the laboratory-scale, the evaluation of pilot-scale production should be 
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undertaken for industrial applications. Due to the larger dimensions of such reactors, 

differences in the mixing, turbulence,  and residence time may result in differences in 

the output product from those of laboratory-scale reactors. Research should be 

undertaken in order to examine the output materials for any differences in physical and 

electrochemical characteristics. Moreover, the effects of carbon build-up within the 

reactor under basic conditions should be evaluated, in order to ensure that the risks of 

blockage are minimized. 

Finally, the ease of combinatorial studies and the highly consistent physical 

characteristics facilitated by the use of CHFS allows for the potential creation of high-

quality materials databases for statistical and data-driven studies. While existing 

studies reliant on simulated data or published literature have shown some success in 

modelling various characteristics such as conductivity, reactivity, and unit cell 

dimensions, significant problems still exist in promoting the acceptance of such work 

by the experimental community, and the incorporation of hybrid statistical methods 

into the materials discovery pipeline. 

For simulated or computational data, their inherent limitations introduces a high degree 

of uncertainty behind conclusions, while the large amount of computational resources 

needed to setup such experiments (which can grow exponentially with more 

complicated problems), prevents their use in high-throughput applications. In contrast, 

the small-scale studies currently utilized in existing studies suffer in a lack of 

consistency in the physical characteristics of products, resulting in inconsistent or 

conflicting conclusions. For example, Xu et al. noted that that the ionic conductivity 

of NASICON and LISICON-type oxides was strongly dependent on their particle sizes, 

with examples possessing the same formulaic composition possibly exhibiting 

conductivity differences several magnitudes in value depending on size 

distribution.[534] For a data-driven study, an input dataset featuring a wide range of 

compounds sharing consistent synthesis parameters and consistent size distributions 

would lead to a model of optimal accuracy, increasing the chance of insights into the 

mechanism behind the studied phenomena, and the inference of optimal candidates for 

particular applications. While the detailed treatment of such an approach is beyond the 

scope of this thesis, Continuous Hydrothermal Flow Synthesis presents the ideal 

solution to for the construction of such datasets, providing a high degree of control 
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over the formulaic composition, size distribution, and physical characteristics, and 

repeatability, while allowing for a facile scale-up production process. 
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Appendix 

Appendix: Materials and Methods 

 

Figure S2-1. Three-electrode rotating-disk-electrode (RDE) setup used in this study, 

Components are as follows: a) Autolab potentiostat. b) Ag/AgCl counter electrode. c) 

Rotator unit with attached RDE electrode with active sample pipetted. d) Reference 

RHE electrode. e) Gas supply of O2 or N2. f) Glass beaker holding 1 M or 0.1 M KOH 

electrolyte. RDE control unit and potentiostats are not shown. 
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Appendix: High-Power Sodium Titanate as Anode Materials in Li-ion and 

Sodium-ion Batteries 

 

 

Figure S3-1. a) XRD patterns of the sodium titanate heat treated in air for 12 hours at 

800 °C (i), 450 °C (ii), 150 °C (iii), and without additional heat-treatment (iv).  Peaks 

labelled (*) correspond to characteristic peaks for Na2Ti7O15 (ICSD 76-1648). b) TGA 

(red) and DSC (blue) results of the as synthesized sodium titanate made at 4M NaOH, 

highlighting areas of 5% mass loss (I), and a 2.54% mass loss (II). 
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Figure S3-2. Particle sizes of the as-made sodium titanate, over 200 particles. 

 

Figure S3-3. TEM images of the as-synthesized sodium titanate nanopowder, 

exhibiting sheet-like morphology. 
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Figure S3-4. (Top) Rate tests for the as-prepared lithium-ion (A) and sodium-ion (B) 

Na2Ti3O7 cells, cycled at current densities of 0.05 A g-1, 0.1 A g-1, 0.2 A g-1, 0.5 A g-1, 

0.75 A g-1, 0.1 A g-1, 0.2 A g-1, and 0.05 A g-1 for 10 cycles each, in a potential range 

of 0.1 to 2.5 V (vs Li/Li+ ) and 0.1 -3 V (vs Na/Na+), respectively.(Bottom) GCPL– 

cycling tests at a current density of 500 mA g-1 for both lithium-ion (A) and sodium-

ion (B) Na1.5H0.5Ti3O7 cells. 

 

 

Equation E3-1. Trasatti’s equation of charge storage contributions 

The total volumetric charge in a system can further be broken down into contributions 

from pseudocapacitive or diffusion-limited processes: 

 

qt= qc + qd       (1) 

The proportion of pseudocapacitive contribution to the total charge of the system can  

hence be expressed as :  
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    qc/qt         (2) 

As the diffusion-limited contribution is linearly dependent to v-0.5, equation (1) can be 

written as 

qt = qc+ bv -0.5   (3) 

 

Appendix: Carbon-supported Cobalt Nickel Sulfide Spinels as Stable Anodes for 

Lithium-ion and Sodium-ion Batteries 

 

Figure S4-1. XRD pattern for the carbon-coated sample heat treated at 600 °C for 4 

hours (top) and 30 minutes (below) 
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Figure S4-2. Thermogravimetric analysis of a) NCS-RT and b) NCS-CC-RT, 

measured under an He atmosphere, from 25 to 1000 °C. 

 

Table S4-3) Average crystallite sizes of the synthesized cobalt nickel sulfide materials,  

estimated through the Scherrer equation. 

 

Sample Average Crystallite 

Size / nm 

NCS RT 12.0 

NCS 300 oC 16.0 

NCS 600 oC 22.7 

NCS 900 oC 38.0 

NCS CC RT 9.4 
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NCS CC 300 oC 8.9 

NCS CC 600 oC 13.4 

NCS CC 900 oC 29.5 

 

 

 

Figure S4-4. Raman spectra of selected carbon-coated cobalt nickel sulfide samples 

heat-treated at 600°C for 4 hours (top) and 30 minutes (bottom), respectively . 

 

Table S4-5. Carbon, Hydrogen, Nitrogen (CHN) analysis results of the carbon-coated 

cobalt nickel sulfides, shown in wt.%. Result averaged over two repeats. 
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Sample C(%) H(%) N(%) 

NCS CC RT 36.13 2.81 5.71 

NCS CC 300 oC 36.46 1.99 5.69 

NCS CC 600 oC 42.16 0.88 5.45 

NCS CC 900 oC 42.10 0.52 2.97 

NCS CC 600 oC (4 

h) 

41.71 1.22 5.67 

 

Table S4-6. BET Surface Area of the pure and carbon-supported cobalt nickel sulfide 

spinels 

Sample BET Surface Area / 

m2g-1 

NCS RT 10.69 

NCS 300 oC 9.84 

NCS 600 oC 3.71 

NCS 900 oC <1 

NCS CC RT 5.34 

NCS CC 300 oC 6.50 

NCS CC 600 oC 8.90 

NCS CC 900 oC 60.02 

NCS CC 600 oC (4 h) 3.72 
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Figure S4-7a. TEM images of (top) and particle spacings (bottom) of the uncoated 

cobalt nickel sulfide samples a) post-synthesis, b) heat-treated at 300°C, c) heat-treated 

at 600°C and d) heat-treated at 900°C. 

 

 

Figure S4-7b. TEM images of (top) and particle spacings (bottom) of the carbon-

coated cobalt nickel sulfide samples  a) post-synthesis, b) heat-treated at 300°C, c) 

heat-treated at 600°C and d) heat-treated at 900°C. 

 

 



238 
 

Table S4-8. X-ray Fluoresence (XRF) metallic elemental analysis results for the 

coblalt nickel sulfides. 

Sample [Co] / % [Ni] % 

NCS RT 54 46 

NCS 300 oC 54 46 

NCS 600 oC 54 46 

NCS 900 oC 54 46 

NCS CC RT 55 45 

NCS CC 300 oC 55 45 

NCS CC 600 oC 55 45 

NCS CC 900 oC 55 45 

 

 

 

 

 

Figure S4-9. X-ray Photoelectron Spectroscopy (XPS) Spectra for NCS-CC-RT. 
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Figure S4-10a. Cyclic voltammetry tests at a scan rate of 0.5 mV s-1 in Na-ion half 

cells incorporating anodes made from a) as-synthesized uncoated cobalt nickel sulfide, 

and samples heat-treated at b) 300 °C, c) 600 °C, and d) 900 °C. Measurements were 

made from 0.05 V to 3.00 V (vs. Na/Na+), anodic scan first. 
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Figure S4-10b. Cyclic voltammetry tests at a scan rate of 0.5 mV s-1 in Na-ion half 

cells incorporating anodes made from a) carbon-coated cobalt nickel sulfide, and 

samples heat-treated at b) 300 °C, c) 600 °C, and d) 900 °C. Measurements were made 

from 0.05 V to 3.00 V (vs. Na/Na+), anodic scan first. 
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. 

Figure S4-11. Cyclic voltammetry tests at a scan rate of 0.5 mV s-1 in Li-ion half cells 

incorporating anodes  made from NCS-CC-600-4H. Measurements were made from 

0.05 V to 3.00 V (vs. Li/Li+), anodic scan first. 
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Figure S12a. Cyclic voltammetry scan rate tests (at 0.5, 1, 2, 5,10, 20, 30, and 50  

mV s-1) in Li-ion half cells incorporating anodes made from  a) as-synthesized 

carbon-coated cobalt nickel sulfide, and samples heat-treated at b) 300 °C, c) 600 °C, 

and d) 900 °C. 
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Figure S4-12b. Cyclic voltammetry scan rate tests (at 0.5, 1, 2, 5,10, 20, 30, and 50  

mV s-1) in Li-ion half cells incorporating anodes made from  a) as-synthesized 

uncoated cobalt nickel sulfide, and samples heat-treated at b) 300 °C, c) 600 °C, and 

d) 900 °C. 
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Figure S4-12c. Cyclic voltammetry scan rate tests (at 0.5, 1, 2, 5,10, 20, 30, and 50  

mV s-1) in Na-ion half cells incorporating anodes made from  a) as-synthesized 

carbon-coated cobalt nickel sulfide, and samples heat-treated at b) 300 °C, c) 600 °C, 

and d) 900 °C. 
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Figure S4-12d. Cyclic voltammetry scan rate tests (at 0.5, 1, 2, 5,10, 20, 30, and 50  

mV s-1) in Na-ion half cells incorporating anodes made from  a) as-synthesized 

uncoated cobalt nickel sulfide, and samples heat-treated at b) 300 °C, c) 600 °C, and 

d) 900 °C. 
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Figure S4-13. Recovery cycling tests for half-cells containing electrodes made 

synthesized cobalt nickel sulfide samples following the current rate tests shown 

(Figure 7). (Top) Cycling results in Li-ion half-cells for (a) current rate test steps in 

the potential range of 0.05 to 3.00 V vs. Li/Li+, (b) recovery cycling steps in the 

potential range of 0.05 to 3.0 V vs. Li/Li+. (Bottom) Cycling results in Na-ion half 

cells for  (c) current rate test steps in the potential range of 0.1 to 3.0 V vs Na/Na+, (d) 

recovery cycling steps in the potential range of 0.1 to 3.0 V vs. Na/Na+.   

 

Table S4-14a. Average specific discharge capacities of the cobalt nickel sulfide 

materials in Li-ion half cells at specific currents, measured across 10th consecutive 

cycles . Capacities for the activation cycling step at 0.05 C are not shown. (R) = 1st 

recovery step capacity. (LT) = 2nd recovery step capacity (measured after 100 cycles) 
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C-rate (mAh 

g-1) / Sample 

0.1 0.2 0.5 0.7 1 0.1(R) 0.5(LT) 

NCS-RT 280 93 58 48 40 91 50 

NCS-300 179 103 73 62 52 85 68 

NCS-600 566 320 179 130 105 184 118 

NCS-900 490 225 122 88 71 131 76 

NCS-CC-RT 264 251 200 170 147 237 182 

NCS-CC-300 92 68 50 44 38 84 54 

NCS-CC-600  591 550 463 381 281 409 213 

NCS-CC-900 504 455 377 289 191 365 156 

NCSS-CC-

600-4H 

520 550 422 289 186 368 158 

 

Table S4-14b. Average specific discharge capacities of the cobalt nickel sulfide 

materials in Na-ion half cells at specific currents, measured across 10th consecutive 

cycles. Capacities for the activation cycling step at 0.05 C are not shown. (R) = 1st 

recovery step capacity. (LT) = 2nd recovery step capacity (measured after 100 cycles) 

C-rate (mAh 

g-1) / Sample 

0.1 0.2 0.5 0.7 1 0.1(R) 0.5(LT) 

NCS-RT 139 17.5 4.9 1.5 0.6 25.7 2.7 

NCS-300 14.7 3.2 0.6 0.3 0.2 4.7 0.3 

NCS-600 81.8 14.2 4.7 1.2 0.4 19.8 2.9 

NCS-900 145.8 16.1 1.9 0.4 0.2 22.2 0.4 
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NCS-CC-RT 251.6 145.4 21.3 1.7 0.3 84.4 0.4 

NCS-CC-300 16.1 7.0 1.6 0.5 0.3 11.3 0.9 

NCS-CC-600  240.5 124.1 4.7 0.6 0.2 36.7 0.5 

NCS-CC-900 226.5 84.0 29.4 17.0 8.5 56.2 15.3 

NCSS-CC-

600-4H 

211.5 116.4 42.8 22.8 10.6 25 9 

 

 

S4-15. Electronic Impedance Spectroscopic (EIS) measurements  

Electronic impedance spectroscopic (EIS) measurements were performed on fresh 

half-cells at open circuit voltages and the Nyqvist plots (together with fitted equivalent 

circuits) are shown in Figure S4-15, with the corresponding element-specific 

resistances tabulated in Table S15. Fresh cells were used for EIS measurements to 

minimize impedance contributions from the from the formation of the SEI layer. The 

equivalent circuit with the best fit in Li-ion half cells was identified as 

R1+Q2/(R2+W2)+Q3, with the measured resistances attributed to the Ohmic cell-

component resistance (R1) and the charge-transfer resistance (R2), with additional 

elements such as the constant phase element (CPE, Q) and Warburg impedance (W) 

used to supplement nonideal capacitor and ionic diffusion characteristics, respectively. 

In contrast, the Nyqvist curve in Na-ion half-cells was found to match the equivalent 

circuit R1+Q2/(R2+W2)+Q3/(R3+W3)+C4. While there exists little consensus on the 

overall equivalent circuits of NiCo2S4 in literature studies, the presence of multiple 

constant phase elements has been linked to space charge capacitances, while the 

Warburg impedance has been linked to anionic diffusion coefficients within the anodes 

themselves.[447, 419] While presence of capacitor components has also been reported 

for NiCo2S4, their cause remains unclear.[399] The inclusion of tertiary resistor 

element suggesting an additional source of charge-transfer resistance is present in the 

system, in addition to the existing resistance at the electrode-electrolyte interface. 

Overall, it was observed that in both Li-ion and Na-ion half-cells, the lowest total 
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resistance were observed for NCS-600 and NCS-CC-600 within the uncoated and 

carbon-coated sample categories, respectively, in agreement with our current rate tests. 

Correspondingly, NCS-300 and NCS-CC-300 exhibited the highest total resistance 

within their respective categories in Li-ion half-cells. Cell component resistance (R1) 

measured between 3-7 Ohms for all samples, indicating minimal impact on overall 

total resistance.  

 

Table S16a). Fitted Ohmic resistances of the elements in the fitted equivalent circuits 

for the cobalt nickel sulfide samples in Li-ion half-cells. 

Resistor       /                     

Sample 

R1 R2 RTotal Q2 Q3 

NCS-RT 3.6 93.4 97.0 Y0=5.18 

E-3 

N=0.91 

Y0=17.56 

E-6 

N=0.76 

NCS-300 3.8 135.7 139.5 Y0=2.83 

E-3 

N=1 

Y0=11.57 

E-6 

N =0.77 

NCS-600 4.8 123.2 128.0 Y0=1.94 

E-3 

N=1 

Y0=15.69 

E-6 

N=0.76 

NCS-900 3.7 151.4 155.1 Y0=2.06 

E-3 

N=0.97 

Y0=11.82 

E-6 

N=0.78 

NCS-CC-RT 4.0 270.3 274.3 Y0=0.70 

E-3 

Y0=6.20 

E-6 
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N=0.54 N=0.78 

NCS-CC-300 2.8 342.5 345.3 Y0=1.87 

E-3 

N=1 

Y0=4.32 

E-6 

N=0.79 

NCS-CC-600  3.5 102.4 105.9 Y0=3.39 

E-3  

N=0.82 

Y0=22.05 

E-6 

N=0.74 

NCS-CC-900 4.0 209.6 213.6 Y0=4.68 

E-3 

N=0.99 

Y0=6.51 

E-6 

N=0.81 

 

 

Table S4-16b). Fitted Ohmic resistances of the elements in the fitted equivalent circuits 

for the cobalt nickel sulfide samples in Na-ion half-cells. 

Resistor       /                     

Sample 

R1 R2 R3 RTotal Q2  Q3 

NCS-RT 4.9 193.8 310.1 508.8 Y0= 0.79 

E-3 

N=0.60 

Y0=10.7 

E-6 

N=0.86  

NCS-300 5.7 366.3 579.6 951.6 Y0=2.81 

E-3 

N=0.39 

Y0=13.93 

E-6 

N=0.76 

NCS-600 5.3 208.3 548.3 761.9 Y0=6.92 

E-3 

Y0=12.40 

E-6 
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N=0.38 N=0.80 

NCS-900 5.5 323.4 485.4 814.3 Y0=0.99 

E-3 

N=0.45 

Y0=9.93 

E-6 

N=0.84 

NCS-CC-RT 6.9 310.7 585.5 903.1 Y0=0.44 

E- 3 

N=0.58 

Y0=7.10 

E-6 

N=0.85 

NCS-CC-300 5.0 407.3 547.8 960.1 Y0=1.68 

E-3 

N=0.48 

Y0=10.04 

E-6 

N=0.82 

NCS-CC-600  4.0 214.8 509.9 728.7 Y0=2.43 

E-3 

N=0.43 

Y0=17.3 

E-6 

N=0.84 

NCS-CC-900 4.9 283.0 566.4 854.3 Y0=1.23 

E-3 

N=0.53 

Y0=9.77 

E-6 

N=0.84 
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Figure S4-17a. Potential versus specific capacity profile for the Li-ion half-cells made 

from electrodes containing uncoated cobalt nickel sulfides measured in the range of 

0.05 to 3.00 V vs Li/Li+ for a) NCS-RT, b) NCS-300, c) NCS-600, d) NCS-900. (Top) 

voltage profiles at 35 mA g-1 for cycles 1 and 2. (Bottom) voltage profiles at 70 mA g-

1 for cycles 5 and 10.  

 

 

 

Figure S4-17b. Potential versus specific capacity profile for the Li-ion half-cells made 

from electrodes containing carbon-coated cobalt nickel sulfides measured in the range 

of 0.05 to 3.00 V vs Li/Li+ for a) NCS-CC-RT, b) NCS-CC-300, c) NCS-CC-600, d) 

NCS-CC-900. (Top) voltage profiles at 35 mA g-1 for cycles 1 and 2. (Bottom) voltage 

profiles at 70 mA g-1 for cycles 5 and 10. 
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Figure S4-18a. Potential versus specific capacity profile for the Na-ion half-cells 

made from electrodes containing uncoated cobalt nickel sulfides measured in the range 

of 0.05 to 3.00 V vs Na/Na+ for a) NCS-RT, b) NCS-300, c) NCS-600, d) NCS-900. 

(Top) voltage profiles at 35 mA g-1 for cycles 1 and 2. (Bottom) voltage profiles at 70 

mA g-1 for cycles 5 and 10. 

 

 

 

 

Figure S4-18b. Potential versus specific capacity profile for the Na-ion half-cells 

made from electrodes containing carbon-coated cobalt nickel sulfides measured in the 

range of 0.05 to 3.00 V vs Na/Na+ for a) NCS-CC-RT, b) NCS-CC-300, c) NCS-CC-

600, d) NCS-CC-900. (Top) voltage profiles at 35 mA g-1 for cycles 1 and 2. (Bottom) 

voltage profiles at 70 mA g-1 for cycles 5 and 10. 
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Figure S4-19a. Coulombic efficiencies for Li-ion half-cells containing electrodes 

made from the synthesized cobalt nickel sulfide samples in the potential range of 0.05 

to 3.00 V vs. Li/Li+, across incremental C-rates. 
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Figure S4-19b. Coulombic efficiencies for Li-ion half-cells containing electrodes 

made from the synthesized carbon-coated cobalt nickel sulfide samples in the potential 

range of 0.05 to 3.00 V vs. Li/Li+, across incremental C-rates. 
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Figure S4-20a. Coulombic efficiencies for Na-ion half-cells containing electrodes 

made from the synthesized cobalt nickel sulfide samples in the potential range of 0.05 

to 3.00 V vs. Na/Na+, across incremental C-rates. 

 

 

Figure S4-20b. Coulombic efficiencies for Na-ion half-cells containing electrodes 

made from the synthesized carbon-coated cobalt nickel sulfide samples in the potential 

range of 0.05 to 3.00 V vs. Na/Na+, across incremental C-rates. 

Table S4-21. K1/K2 ratios for Li-ion and Na-ion half-cells containing electrodes made 

from the synthesized cobalt nickel sulfide samples, obtained using Conway and 

Dunn’s method of charge storage deconvolution. K1 is proportional to the 

pseudocapacitive contributions, while K2 is proportional to the diffusion-limited 

contributions. 

Sample / 

Ratio 

(System) 

NCS-RT NCS-300 NCS-600 NCS-

900 

NCS-

CC-RT 

NCS-

CC-300 

NCS-

CC-

600 

NCS-

CC-

900 

K1/K2 

(Li-ion) 

0.37 0.41 0.43 0.40 0.40 0.40 0.38 0.41 
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K1/K2 

(Na-ion) 

0.45 N/A 0.47 0.44 0.40 0.40 0.40 0.41 

 

 

 

 

Appendix A: Chapter 5.1- “Nanosized Spinel Nickel Cobalt Sulfides as 

OER/ORR catalysts and Air Cathodes for Zinc-Air Batteries: Evaluating the role 

of compositional tuning on Oxygen Reduction and Oxygen Evolution Reactions. 

“ 

 

 

 

Figure S5-1. Diagram of the (a) laboratory-scale CHFS apparatus and (b) dual CJM 

mixer setup. 
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Figure S5-2. Illustration of the Neware battery tester (Model V5, China, top) and 

home-made Zn-air cell (bottom). 

 

Figure S5-3. Illustration of the tangential method (green) of determining ORR onset 

potential for NC11 at 925 mV. 
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Figure S5-4a). (Top) Fitted equivalent circuits for a) NC11, b) NC13, and c) NC31. 

(Bottom) Fitted circuit Nyqvist plots (red) against Nyqvist plots of c) NC11, d) NC13, 

and e) NC31. 

S5-4b). Determination of Electrochemical Surface Area (ECSA) from 

Electrochemical Impedance Spectroscopy 

It has been argued in literature that the double layer capacitance of a material such as 

NiCo2S4 is linearly proportional to the ECSA.[517] Acharya et al.  have previously 

shown that ECSA can be determined from the Nyqvist plots obtained from EIS results 

by calculation of the double layer capacitance Cdl given that a parallel circuit consisting 

of a resistor and a constant phase element are present.[535, 536]This is given by the 

equation: 

𝐶𝑑𝑙 =
(𝑌0∗𝑅𝑝)

𝑅𝑝

1

𝑛
, 

Where Cdl is the capacitance of the double layer (F), Y0 is a parameter that relates to 

the magnitude of capacity (S*sα ), Rp is the polarization resistance connected in parallel 

with the constant phase element (CPE), and n is a dimensionless exponent that relates 

to inhomogeneity of the surface, used to calculate CPE.  

The calculated Cdl values for NC11, NC13, and NC31 were 8.402 mF, 6.238 mF, and 

4.491 mF, respectively, in broad agreement with literature for NiCo2S4. [517] 
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Figure S5-5. a) XRD spectrum of the as-made NiS2 sample. b) Ni 2p spectrum of the 

as-made NiS2 sample. The oxidation state ratio of Ni(II):Ni(III) was 15:85. c) S 2p 

spectrum of the as-made NiS2 sample. 

 

Table S5-6. Elemental composition of nickel cobalt sulfides based on XPS, EDS, XRF, 

and ICP analysis. 

 
Ni/Co/S 

NC13 NC11 NC31 

XPS 1.7/3.1/4 1.8/1.8/4 4/1.7/4 

EDS 1.3/3.3/4 1.8/1.8/4 4.5/1.5/4 

XRF 1/2.6/4 1.7/1.7/4 2.9/1/4 

ICP 0.8/2.2/4 1.5/1.5/4 2.4/0.8/4 

 

 

 

Table S5-7. Relative cationic pair ratios of the nickel cobalt sulfides, based on XPS 

analysis. 

 
Sample 

NC31 NC11 NC13 

Co(II):Co(III) 87% : 13% 85% : 15% 67% :  33% 

Ni(II) : Ni(III) 5% : 95 % 23% : 77% 31% : 69% 
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Table S5-8. Tafel slope for values for our considered nickel cobalt sulfides, normalized 

according to BET surface area. 

Sample [Tafel Slope]/[BET 

Surface Area] / mV 

(m2g-1)-1 

NC13 3.93 

NC11 5.58 

NC31 3.81 

 

 

 

 

Appendix B: Chapter 5.2 “Nanosized Spinel Nickel Cobalt Sulfides as OER/ORR 

catalysts and Air Cathodes for Zinc-Air Batteries: Evaluating the Role of 

Transition Metal Doping on Oxygen Evolution and Oxygen Reduction 

Reactions.” 
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Figure S5-1. Diagram of the (a) laboratory-scale CHFS apparatus and (b) dual CJM 

mixer setup. 
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Figure S5-2. Illustration of the Neware battery tester (Model V5, China, top) and the 

home-made Zinc-Air cell (bottom) 
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Figure S5-3. EDS Mapping of the a) undoped, b) chromium-doped, c) manganese-

doped, d) iron-doped nickel-cobalt sulfide samples, with nickel (blue), cobalt (green), 

sulfur (red), and their respective dopants (yellow) shown together with the reference 

STEM image. 
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Figure S5-4. XPS spectra of the undoped, titanium-, vanadium-, and silver-doped 

cobalt nickel sulfide samples belonging to the cobalt, nickel, sulfur, and their 

respective dopant species. 

 



267 
 

Figure S5-5a). Illustration of the tangential method (blue) of determining ORR onset 

and half-wave potentials for Pt/C. 

S5-5b). Determination of Electrochemical Surface Area (ECSA) from 

Electrochemical Impedance Spectroscopy 

It has been argued in literature that the double layer capacitance of a material such as 

NiCo2S4 is linearly proportional to the ECSA.[517] Acharya et al.  have previously 

shown that ECSA can be determined from the Nyqvist plots obtained from EIS results 

by calculation of the double layer capacitance Cdl given that a parallel circuit consisting 

of a resistor and a constant phase element are present.[535, 536] This is given by the 

equation: 

𝐶𝑑𝑙 =
(𝑌0∗𝑅𝑝)

𝑅𝑝

1

𝑛
, 

Where Cdl is the capacitance of the double layer (F), Y0 is a parameter that relates to 

the magnitude of capacity (S*sα ), Rp is the polarization resistance connected in parallel 

with the constant phase element (CPE), and n is a dimensionless exponent that relates 

to inhomogeneity of the surface, used to calculate CPE.  

The calculated Cdl values for  the undoped-, chromium-doped, manganese-doped, and 

iron-doped samples were 7.777 mF, 9.571 mF, 8.614 mF respectively, in broad 

agreement with literature for NiCo2S4. [517] 

 

 

 

 

Table S5-6. Bet surface areas of the as-synthesized pure and doped nickel cobalt 

sulfides. 

Sample Surface Area / m2g-1 
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NC11 10.69 

NC11 (Ti) 19.67 

NC11 (V) 16.42 

NC11 (Cr) 32.58 

NC11 ( Mn) 22.19 

NC11 ( Fe) 18.82 

NC11 (Ag) 18.76 

 

 

Table S5-7. Elemental composition results based on XRF analysis, normalized to the 

amount of sulphur in NiCo2S4. 

Dopant Species Ni Co S Dopant 

Pure 2.42 2.84 4 None 

Titanium 2.54 2.72 4 0.44 

Vanadium 2.34 2.73 4 0.14 

Chromium 2.06 2.36 4 0.39 

Manganese 2.16 2.50 4 0.36 

Iron 2.17 2.51 4 0.44 

Silver 2.14 2.50 4 0.37 

 

Table S5-8. Average crystallite size of the  as-synthesized pure and doped nickel cobalt 

sulfides, estimated via the Scherrer Equation from the (001) and (220) peaks of the 

XRD patterns. 
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Sample Average crystallite size / nm 

NC11 15.1 

NC11 (Ti) 10.3 

NC11 (V) 7.6 

NC11 (Cr) 7.4 

NC11 ( Mn) 17.0 

NC11 ( Fe) 8.9 

NC11 (Ag) 10.2 

 

Table S5-9. Tafel slope for values for our considered nickel cobalt sulfides, 

normalized according to BET surface area. 

Sample [Tafel Slope]/[BET Surface Area] / mV (m2g-1)-1 

NC11 6.30 

NC11 (Ti) 3.25 

NC11 (V) 4.51 

NC11 (Cr) 2.73 

NC11 (Mn) 2.93 

NC11 (Fe) 3.03 

NC11 (Ag) 3.52 
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