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Abstract 

 

In this work, MoO3 and Co(OH)2 were prepared via liquid phase exfoliation (LPE) and tested for 

application as supercapacitor materials and for a catalyst material for the oxygen evolution 

reaction (Co(OH)2 only). LPE was shown to be an effective synthetic route to prepare large 

quantities of high quality few layer 2-D nanosheets. When combined with liquid cascade 

centrifugation it allowed the size selection of the flakes within a narrow range. 

In chapter 4, the intercalation of lithium and potassium into MoO3 film was studied. For potassium 

intercalation, the influence of the support was the first parameter examined. Three carbon based 

support, glassy carbon, edge and basal plane pyrolytic graphite, were drop coated with the MoO3 

flake suspension and double layer capacitance values of 11 mF g-1 for glassy carbon, 20 mF g-1 

for pyrolytic graphite edge plane and 43 mF g-1 for basal plane were observed. The influence of 

the coating technique was assessed. The suspension was sprayed and phase transferred onto an 

ITO support electrodes and were found to have double layer capacitance values of 68 and 26 mF 

g-1 respectively. Lithium intercalation, for sprayed and phase transferred films displayed double 

layer values of 25 and 139 mF g-1 respectively. Impedance spectroscopy investigation on the 

pseudocapacitive behaviour in each medium lead to respective value of 20 and 840 mF g-1 for 

potassium and lithium intercalations. Sprayed molybdenum oxide films were found to be 

comparable to the state of the art Fe2O3 anode materials, with an energy storage ability of 0.57 kJ 

g-1.   

In chapter 5, cobalt hydroxide was examined for its energy storage applications and activity for 

the oxygen evolution reaction. Porous glassy carbon and nickel foam support electrodes were 

used and compared, with Co(OH)2 coated on the latter showing to be superior for both 

applications. After evaluating the influence of the Co(OH)2 flake size on the performance of the 

catalyst prepared via spray coating, a standard size (mean size 84 nm) was chosen as it offered 

the best compromise between preparation time/yield and activity. Both capacitive and catalytic 

performances were evaluated as a function of Co(OH)2 mass loading and an optimum loading of 
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1 mg cm-2 and 0.89 mg cm-2 was found for supercapacitor and OER applications respectively. 

Both coated supports compared favourably with the current state of the regarding the 

supercapacitive behaviour reaching capacitance values of 400 and 2000 F g-1, GC and Ni foams.  

For glassy carbon, the overpotential value at 10 mA cm-2 decreased from 870 mV down to 380 

mV, with a small mass loading dependency. The OER catalytic properties of Co(OH)2 flakes on 

Ni foam presented a mass loading goldilocks region, emphasising the compromise between 

amount of catalyst deposited and film conductivity/diffusion limitations. The overpotential at 10 

mA cm-2 for a bare Ni foam was comparable to a coated GC foam with a value of 400 mV. This 

value was lowered for Co(OH)2/Ni foam, reaching an optimal value of 280 mV with a mass 

loading of 0.89 mg cm-2. This system had a TOF of 2.08x10-3 s-1 and a Tafel slope value of 58 

mV dec-1.  Moreover, all Co(OH)2 coated electrodes were shown to be stable for 24-hours at 10 

mA cm-2. Electrical representation using equivalent circuits of the bare and coated foams was 

performed using electrochemical impedance spectroscopy. 

In chapter 6, the work focused on testing Co(OH)2 under conditions similar to that used in 

industrial electrolysers by operating at elevated temperatures, in more concentrated alkaline 

solution and at higher current densities. When studying the system in different alkaline solutions 

the influence of the viscosity of the electrolyte was shown to affect the performances of the 

Co(OH)2 coated nickel foams with an optimal concentration of 5 M NaOH chosen. The 

overpotential values of Co(OH)2/Ni foam at 50 °C, 10 and 100 mA cm-2, were measured to be 

162 mV and 201 mV respectively. When in a two-electrode cell configuration, where the Co(OH)2 

coated foam is both the anode and cathode in the absence of a reference electrode which 

corresponds to an industrial electrolyser configuration, a cell voltage of 2.0 V was observed at 

100 mA cm-2. In addition it was shown that Co(OH)2 was stable at current densities up to 500 mA 

cm-2 for at least 24 hours.  
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Chapter 1: 

Introduction. 
 



 

1 

 

1.1. Purpose of work/Motivation. 

The growth in energy consumption combined with global warming concerns necessitates that 

society develops alternative energy sources.1 When considering the environmental impact of an 

energy source, the production to its end products should be evaluated. International economics 

and development is driving countries to multiply their energy demand and as a result their 

emissions2. For example, oil consumption is estimated to increase from approx. 56 TWh in 2015 

to 67 TWh by 2040.  In addition to this, fossil fuels sources are expected to be depleted by 2112, 

with oil reserves being drained by 20403. Beijing is often cited as an exemple depicting fossil fuel 

energy consumption to its extreme as shown in figure 1.1. Unfortunately such trend is not limited 

to a single city or country. Optimistically, other clean energy sources are emerging at a fast rate. 

While currently widely deployed, they still remain in the minority at only 15.5 % compared to 

fossil fuels4, figure 1.2. Different challenging issues are now at stake; ready and efficient access 

to clean energy sources, such as hydrogen5, becomes urgent. Therefore, the interest in the 

scientific community in developing novel solutions to address this issue has dramatically 

increased in the last 20 years.  

 

Figure 1.1. Pollution in Beijing, London, Paris and San-Francisco.  
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Figure 1.2. Representation and repartition of Different Energy Sources. 

Due to their relatively new discovery, 2-dimensional nanomaterials6-7 have been the subject of 

intense international research to explore their different potential applications particularly in the 

field of renewable energy conversion and storage8-9.  

Various properties can be attributed to these materials (e.g. electrochromism, charge storage for 

supercapacitor applications, antibacterial activity)10-14. The ‘wonder material’ graphene, 

leading to the Nobel Prize in physics for Andre Geim and Konstantin Novoselov in 2010, 

underlines perfectly the potential of such materials15-17. This one atom thick layered 

honeycomb arrangement has already been identified as having a large capacitance for use in 

supercapacitors18 but also has potential use in batteries,19 electronics and other applications20. 

The synthetic procedures for producing 2-D nanomaterials as shown in figure 1.3., can be divided 

into two distinct categories; the top-down and bottom-up methods.21 Micro-mechanical 

exfoliation, used for graphene by Novoselov and Geim,22 and solvent exfoliation are top down 

methods used for the production of flakes. However the nanostructures produced using liquid 

exfoliation are limited in size and, to ensure the presence of single, or few, layer 2-dimensional 

nanostructures, chemical treatment may be required23.  

http://en.wikipedia.org/wiki/Andre_Geim
http://en.wikipedia.org/wiki/Konstantin_Novoselov
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Liquid phase exfoliation will be detailed in the theory and background chapter in chapter 2. 

Current research into energy storage technologies includes investigating small and light-weight 

batteries with a high capacity and thus requires the utilisation of such materials to deliver these 

features.   

 

Figure 1.3. (a) and (c) Top-down methods respectively micro-mechanical exfoliation and 

liquid phase exfoliation and (b) Bottom-up method chemical vapour deposition. 

Lithium and lithium-ion batteries are currently in use in a wide variety of applications but remains 

a challenging system and require further optimisation mainly to meet the increasing energy 

density demand from portable electronic devices and electric cars24. Due to the limited25 

availability and high reactivity of metallic lithium, the use of lithium batteries is not viable except 

in niche applications. Improving lithium-ion batteries, will necessitate the finding of new 

materials, such as high surface area 2-dimensional nanomaterials. However, to date, the large-

scale synthesis of such 2D materials has been challenging, recent research has shown promising 

results in this area employing techniques such as liquid phase exfoliation used in this work26-29. 

Fuel cells are another energy technology attracting interest due to its higher efficiency and zero 

emissions compared to traditional petrol or diesel engines.  

The principle behind a fuel cell is the combination of two gaseous fuels, hydrogen and oxygen, 

to produce electricity with the only by product being water. Another advantage of hydrogen fuel 
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is that one can use it as an energy storage vehicle when there is excess power in the grid. Currently, 

96% of molecular hydrogen is produced from the steam reformation of natural gas30, which 

inherently does not solve the challenge of eliminating fossil fuel use. Another, more 

environmentally friendly and scalable production route is via water electrolysis. When a voltage 

is applied (to an anode and cathode) through an alkaline or acidic aqueous solution, one generates 

oxygen gas at the anode and hydrogen at the cathode. Obviously, one would obtain the input 

energy from a renewable source such as wind or solar power. Indeed, hydrogen production via 

alkaline electrolysis is the focus of this work. This technique requires the use of catalysts on the 

anode and cathode current collectors to minimize the operating potentials of such electrolysis 

cells. Anode materials used for this type of energy conversion are based on Pt, RuO2 and IrO2 
31, 

which exhibit excellent electrocatalytic performance. Despite,  their scarcity drastically affects 

their cost32 and iridium is not a viable material for long term use in alkaline conditions33.  

To overcome these economical limitations other electrocatalysts must be investigated such as first 

row transition metal oxides which can offer a cost/performance compromise34-38. From current 

literature, cheap transition metal oxides (TMOs) have been reported to obtain excellent properties 

for energy storage and energy conversion applications39-43, and therefore, working with 2-D TMO 

nanomaterials will open a new route for the design of electrodes for the previously mentioned 

applications. In this thesis, 2D TMO materials will be utilised as electrode materials in lithium-

ion batteries, supercapacitor and water splitting applications.   

1.2. Applications. 

Depending on the application of interest, various 2 -D materials can be synthesised, ranging from 

graphene to metal oxides, which show different characteristic properties compared to that of the 

corresponding bulk material44-45. For example, graphene, when compared to other carbon-based 

materials, offers a large specific surface area, 2630 m2 g-1, high electrical and thermal 

conductivity, and mechanical strength46-48.  

One such 2-dimensional material is molybdenum trioxide MoO3. This material has already shown 

promise in a wide variety of areas49. MoO3 nanosheets can be synthesised using liquid exfoliation 
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enabling the formation of different flake sizes.50 The bulk or nano-sized material has applications 

in electronics especially for lithium ion batteries51-53 and for supercapacitors.54-58 Both energy 

conversion and storage applications will be explained in detail respectively in sections 1.2.1. and 

1.2.2. MoO3 has shown potential for use as both an anode and cathode in Li ion batteries,49, 51, 53 

albeit the lifetime of such a battery is limited. Different strategies have been employed to 

overcome this short lifetime issue. Because of several limitations of MoO3, structural 

modification and surface doping are techniques which are investigated to improve materials 

performances.49 The topic of energy storage in general (other than that of Li battery applications) 

is an attractive domain of exploitation for 2-dimensional materials. Indeed, due to their layered 

structure, the process of ion intercalation can readily occur in MoO3 modified films. MoO3 

nanoflakes films are mixed electronic and ionic conductors. Both ion and electron transport 

underpin the applications of these modified electrodes. Ion intercalation is the basis of redox 

switching; other phenomenon relies on a similar mechanism such as electrochromism.  

Another promising material is cobalt hydroxide, which is well established catalyst for oxygen 

evolution via water electrolysis and also exhibits excellent charge storage capability during redox 

switching59. Synthesised using liquid phase exfoliation, the 2-dimensional layout of the 

nanoflakes can provide properties changes/enhancement of the material. In a comparable manner 

to the molybdenum trioxide described in the previous paragraph, the change from bulk to sheet 

like morphology can have a significant impact on the final characteristics of the system. The redox 

behaviour and catalytic activity for the oxygen evolution reaction (OER) of exfoliated 

nanostructured Co(OH)2, will be assessed in aqueous base. A background on the OER will be 

detailed in section 1.2.3. One of the key parameters for an effective OER catalyst is the 

overpotential value recorded at 10 mA cm-2, which should be as  low as possible and should be 

less than or equal to that observed  with existing industrial anode materials such as RuO2 and 

IrO2
60.  
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1.2.1.  Lithium Battery. 

The first lithium batteries were non-rechargeable, used lithium metal. They display a large energy 

density61, reaching up to 125 Wh kg-1. However, the use of metallic lithium was disadvantageous 

due to the danger relating to its instability when in contact with moisture. Thus, as an alternative, 

lithium-ion batteries were developed. Although they display a lower energy density than Li metal 

based batteries, they are better than the previously used Ni-MH batteries. Another advantage of 

Li-ion batteries is that no charge-discharge memory effect is observed, which is commonly the 

situation seen in Ni based batteries62. Li-ion batteries operate via the intercalation of Li+ at the 

cathode with de-intercalation at the anode when immersed in a conductive electrolyte63-64, as 

shown in figure. 1.4.  

When working in battery mode, the anode is the negative electrode and the positive electrode is 

the cathode, this setup is referred to as a Galvanic cell, figure 1.4. This process is the discharge 

of the system and occurs as a spontaneous reaction, see equation (1.1). The anode is usually 

composed of a high surface area carbon based material such as graphene and lithium based metal 

oxide (MO) as the cathode (figure. 1.4.). During the charging process, the reverse of equation 

(1.1) occurs, even though the anode will always be the site of oxidation and the cathode the 

reduction, but the polarity of the electrodes will be switched.  

𝑥 𝐿𝑖𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒 + 𝐿𝑖1−𝑥𝑀𝑂2 → 𝐿𝑖𝑀𝑂2 + 𝑥𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒                        (1.1) 

However, as stated before the demand for longer battery life, particularly in mobile devices, 

research on new electrode materials that have a larger storage capacity for intercalated ions which 

undergoes a complete reversible phase change upon charge/discharge processes is currently 

ongoing. Developing new electrode materials, for use in battery systems, based on 2-dimensional 

materials is inherently challenging65-66. The behaviour of the electrodes themselves can greatly 

vary depending on the morphology, layer stacking etc. which can significantly affect the quantity 

of intercalation sites available67-69. Considering these factors, the performance of 2-D materials 

can be significantly different depending on the preparation method, but in most cases the surface 

area available is much larger in comparison to their parent bulk material24, 70-71.  This results in 
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higher charge densities51 but can also lead to new interactions happening between the electrode 

surface and the ion. Another drawback that can arise with the use of 2-D materials is the potential 

irreversibility of the system as the interaction ion-bulk is different from the ion-nanoparticle 

interaction. To summarise, 2-dimensional nanomaterials72-73 appear to be a promising route to 

enhance the lithium-ion battery for use in next-generation applications.  

 

Figure 1.4. Scheme for lithium-ion battery during the discharge process. 

1.2.2.  Water Electrolysis. 

1.2.2.1. Sustainable Access to Clean Energy: Water Splitting. 

Water electrolysis is one of the most sustainable and clean sources of hydrogen production as the  

only by product is water which makes it a fully renewable process74. Currently, hydrogen is 

produced using fossil fuels75-77 (natural gas, coal and/or petroleum) which diminishes its purpose. 

In an ideal scenario, devices will be powered in a similar manner as the diagram presented in 

figure 1.5 where a sustainable energy source (e.g. solar or wind) will provide the electrical driving 

force to the electrolysis cell where water splitting will occur. The hydrogen produced will then be 

stored and used afterwards in a fuel cell system with the only by-product being water. In an 

electrochemical cell, the input is electricity, which will then be used as a driving force to split 

water into oxygen and hydrogen gases, as outputs in equation (1.2). Water is a very stable 

molecule and therefore requires a considerable amount of energy to initiate the splitting of the 
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bonds in the molecule. When under standard conditions, the energy requirement for water splitting 

is -1.48 V, when entropy is considered (caused by the temperature increase in the cell) this value 

decreases to -1.23 V78.  

 

Figure 1.5. Ideal energy conversion, storage and usage scenario. 

Two half reactions are of interest in this process; the hydrogen evolution reaction (HER) at the 

cathode, and the oxygen evolution reaction (OER) at the anode in alkaline conditions and can be 

given by:  

2 𝐻2𝑂
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦
→        2 𝐻2(𝑔) + 𝑂2(𝑔)                                            (1.2) 

4 𝐻2𝑂 + 4 𝑒
− → 2 𝐻2 + 4 𝑂𝐻

−                                            (1.3) 

4 𝑂𝐻− → 𝑂2 + 2 𝐻2𝑂 + 4 𝑒
−                                              (1.4) 

To optimise the production of hydrogen at the cathode, which is the overall objective of this work, 

the reduction of the total overpotential is inherently required. The overpotential, as represented in 

figure 1.6, is the additional energy required, beyond the equilibrium potential (Eeq), to drive the 

reaction under study. During the water splitting process both the OER and HER are taking place 

and thus two overpotentials must be accounted for as given by equation (1.5). The total cell 

potential does not only consider the thermodynamic potential of the reaction and the electrode  
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overpotentials ( 𝜂𝑎𝑛𝑜𝑑𝑒 and 𝜂𝑐𝑎𝑡ℎ𝑜𝑑𝑒) but also the Ohmic resistance of the electrolyte (𝑖𝑅). 

                                          𝐸𝑐𝑒𝑙𝑙  = 𝐸
0 + 𝜂𝑎𝑛𝑜𝑑𝑒 + |𝜂𝑐𝑎𝑡ℎ𝑜𝑑𝑒| + 𝑖𝑅                                        (1.5) 

The use of different electrocatalyst can have a significant impact on the final value of the cell 

potential. It has been previously shown that the OER overpotential is the limiting factor, i.e. it is 

the rate determining step, and is known to be more difficult to minimize74. The anodic 

overpotential value is calculated after experimentation by the difference between the reversible 

potentional (Eeq) for the OER and the measured potential, figure 1.6. Eeq will depend on the pH 

of the electrolyte79 as seen in figure 1.7. This optimisation will have an overall impact on the 

water splitting mechanism as catalysts for the OER have also been used efficiently for the HER80-

83. 

  

Figure 1.6. Representation of overpotential in a current-potential sweep with the solid line 

representing the experiment and the dash line the thermodynamic equilibrium potential. 
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                                                   Figure 1.7. Pourbaix diagram for water. 

1.2.2.2. OER, the Catalytic Process. 

The OER, as mentioned in the previous section, is the rate determining half reaction in the overall 

water splitting process and therefore has slower kinetics than its counterpart reaction the HER78. 

The mechanistic pathway via which the OER is still widely debated43, however the most accepted 

reaction pathways involve three steps. The initiation step, equation (1.6), is the only constant in 

the complexity of the OER reaction. Where M is an adsorption site on the anode.  

𝑀 +𝑂𝐻−  →  𝑀 − 𝑂𝐻𝑎𝑑𝑠 + 𝑒
−                                                (1.6) 

The second reaction step, equation (1.7), is a proton coupled electron transfer and can be written 

as  

 𝑀 − 𝑂𝐻𝑎𝑑𝑠 + 𝑂𝐻
−  →  𝑀 − 𝑂𝑎𝑑𝑠 +  𝐻2𝑂 +   𝑒

−                            (1.7) 

This step could also well be separated in two single steps84-85 one being the proton transfer 

followed by the electron transfer, equations (1.8)-(1.9). This is the discussion and difference 

between Bockris Electrochemical Oxide84 and Krasil’shchikov’s86 pathways. 

 𝑀 − 𝑂𝐻𝑎𝑑𝑠 + 𝑂𝐻
−  → 𝑀 − 𝑂𝑎𝑑𝑠

− + 𝐻2𝑂                                 (1.8) 

𝑀 −𝑂𝑎𝑑𝑠
−  →  𝑀 − 𝑂𝑎𝑑𝑠 +  𝑒

−                                     (1.9) 
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Finally, oxygen is produced when the adsorbed oxygen atoms combine, equation (1.10). 

2 𝑀 − 𝑂𝑎𝑑𝑠  → 2 𝑀 + 𝑂2                                               (1.10) 

These proposed steps correspond to alkaline OER conditions. One could analgaously write out a 

corresponding pathway using protons instead of hydroxide ions under acidic conditions. The 

catalysts of interest, M in equations (1.6)-(1.10), are usually metal oxides. Their low cost and long 

term stability under oxygen evolution conditions makes them attractive anode materials. Stolten 

et al.87, carried out a rigorous comparison between the state of the art catalyst in acidic and alkaline 

conditions. They concluded that Ni-based catalysts in alkaline condition could potentially be more 

catalytic and cost effective than the state of the art precious metals (Ir and Pt) used in acidic water 

electrolysis. Consequently the OER, in this thesis, the OER will be studied in alkaline conditions. 

When concidering water electrolysis the energy is used to produce hydrogen. Afterwards the 

energy will be used, in a fuel cell, in order to power a device (e.g. hydrogen cars). Another way 

of storing energy is through electrochemical capacitors or supercapacitors. 

1.2.3.  Electrochemical Capacitors. 

Capacitance occurs due to the physical separation of charge, be it electrostatic or ionic. A simple 

capacitor is fabricated by placing two parallel metallic plates, separated by a medium, usually air, 

with dielectric constant, ε, and creating a charge separation via application of a voltage. The 

application of a voltage will cause a build-up of negative charge on one plate and positive on the 

other. It is also possible to construct an electrochemical capacitor by replacing the parallel metal 

plates used in traditional capacitors with two electrodes, and instead of air as our dielectric 

material, an electrolyte is used. Upon application of a voltage to a suitable electrochemical system 

a capacitance will arise and will be combination of two distinct contributions. The first 

contribution to the measured capacitance will be due to the double layer capacitance, which arises 

due to electrolyte ion accumulation at the electrode interface and is given by equation (1.11).  

𝐶 =  
𝐴 𝜀0  

∗ 𝜀𝑟   

𝑑
                                                           (1.11) 
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Where A is the surface area of the electrode in m2 g-1, Ɛ0* is the permittivity of space in F m-1, Ɛr 

is the relative dielectric constant of the electrolyte and d the thickness of the double layer in m. 

The second contribution to the measured capacitance will be due to charge build-up due to 

electrolyte-ion intercalation into the electrode material, which is commonly referred to as a 

pseudo-capacitance since it is not a ‘true’ capacitance. The capacitance of a true capacitor will be 

invariant with potential whereas the redox pseudo-capacitance of a material is almost always 

potential dependent.  

Supercapacitors are designed in an analogous way to batteries. However, the distinct difference 

between the two, which will be discussed in more detail in the next section, is that supercapacitors 

only make use of surface processes while batteries rely on bulk processes. Supercapacitors usually 

exhibit high power and long lifetime stability, but experience a low energy density63 in contrast 

to batteries which have a low power density, relatively limited lifetime but a large energy density. 

The process by which a supercapacitor operates is by double layer charge accumulation (figure 

1.8) and by fast reversible surface redox processes which give rise to a pseudo-capacitance88 as 

stated before. Because there is no bulk intercalation of ions in a supercapacitor, there is no 

expansion or contraction of the electrode material and can endure several thousand charge-

discharge cycles without degradation88.  

The surface area and the porosity of the electrode used will therefore be critical if one aims to 

maximize the amount of these surface reactions, and hence energy density, per unit area. Hence, 

the use of 2-dimensional nanomaterials, which exhibit a large surface area and high porosity, can 

be an interesting avenue by which such devices can be constructed.56 Different metal oxides have 

been investigated for supercapacitor applications; hydrous ruthenium oxide for example, has 

demonstrated high values of capacitance up to 700 F g-1,54 in aqueous medium, but remains too 

expensive for widespread commercial use. 
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Figure 1.8. Representation of the charge accumulation at supercapacitor electrodes.  

The use of MoO3 based electrodes exhibit capacity values some four times lower than hydrated 

RuO2, but their capacity can be enhanced via suitable carbon functionalisation. The synthesis of 

those carbon compounds remains expensive and time consuming, and consequently the weight 

ratio molybdenum oxide/carbon material should be considered in order to make the economics of 

industrial application viable. In addition to the previously detailed lithium ion cathode materials, 

molybdenum oxide demonstrates a second interest for supercapacitors applications. One must 

note that the anode material appears to be the limiting factor in various systems including the ones 

using ruthenium and nickel as cathode materials.  

The use of molybdenum oxides, as anode based materials, for aqueous supercapacitors, has been 

described as an important discovery55. Another cheap layered metal oxide material of interest in 

the supercapacitor area, include cobalt oxide and cobalt hydroxide. When working in alkaline 

conditions, the pseudo-capacitive behaviour of the Co(II)/Co(III) couple is competitive with other 

metal oxide/hydroxide  based systems89. For example, Moshfegh et al.90 electrodeposited cobalt 

hydroxide on copper foil and reached a value of  1125 F g-1 at 1 A g-1. When working with cobalt 

nanosheets values in the range of 2735-1471 F g-1 can be achieved91. 
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1.2.4.  Energy Production and Storage. 

As shown in the Ragone plot in figure 1.9., capacitors and batteries are two energy storage systems 

but operate via two, apparently subtle, differences.92-93 A battery operates by storing charge 

through a chemical reaction/ion intercalation which usually occurs in the bulk material, if 

applicable, which is usually accompanied by a phase change or swelling of the material. The 

process involved is an electrochemical reaction releasing charge into the system that will then be 

converted as electric work between two electrodes at different potentials.94 A supercapacitor, 

operates by storing double layer charge which naturally occurs with materials in solution, and 

hence electrochemical double layer capacitors usually have a large surface area to take full 

advantage of this effect. A supercapacitor, particularly one based on 2-D materials where the 

surface is easily accessible, also stores charge via fast reversible redox processes which cause 

little or no physical change to the active material. This is the primary reason for the long lifetime 

of these devices with theoretically unlimited cyclability95. The fast kinetics of these surface redox 

processes give rise to the high-power density associated with supercapacitors. The capacitance or 

pseudo-capacitance dominates the capacitive behaviour in most metal oxide systems96, including 

MoO3, with the pseudo-capacitance values being typically 10-100 larger than the double layer 

capacitance. In contrast, batteries usually involve sluggish intercalation processes that display 

slower kinetics thus limiting the maximum power density.  

Nevertheless, ordinary capacitors have a low energy storage density that can be enhanced by 

increasing the accessible electrode area of the capacitor, giving results up to 100 F g-1.97 

Traditionally electrochemical capacitors, or so called supercapacitor98, where never intended as 

replacement of batteries or capacitors99; It was developed to work in tangent with battery systems. 

There are two types of supercapacitors, double-layer capacitor, which mechanism is capacitor like 

and the pseudo-capacitance following a faradaic process100. The difference between batteries and 

pseudocapacitors101 is complex. They both undergo charging and discharging of redox 

reactions.102 The value obtained for the capacitance will be potential dependent and directly 

related to the surface density of charge. The charge will consist on the excess or the deficit of 
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Figure 1.9. Ragone plot. 

ions at the surface and the anions and cations of the electrolyte migrating to the surface. The value 

of a double-layer capacitance is about 10 to 20 µF cm-2 in a concentrated electrolyte for a non-

porous surface.97 The value of such the specific capacitance, C in F g-1, can be estimated using 

equation (1.11), shown in the previous section. The specific capacitance 𝐶𝑠𝑝,𝑐𝑒𝑙𝑙 can therefore be 

increased by using a porous electrode that will increase the surface area of the film, A.  

It should be noted that the value can be given for an entire capacitor, a three electrode-plate 

system, or for the single electrode103. The energy density of various  systems can be calculated104 

, when derivating the specific capacitance for a symmetrical supercapacitor, given in equations 

(1.12)-(1.13), one can arrive at equation (1.14): 

𝐶𝑠𝑝,𝑐𝑒𝑙𝑙 =
𝐶𝑐𝑒𝑙𝑙

(𝑚+ + 𝑚− )
                                        (1.12) 

1

𝐶𝑐𝑒𝑙𝑙
=

1

𝐶+ 
+ 

1

𝐶− 
= 

1

𝑚+ 𝐶𝑠𝑝,𝑚𝑎𝑡 
+ 

1

𝑚− 𝐶𝑠𝑝,𝑚𝑎𝑡 
=

2

𝑚 𝐶𝑠𝑝,𝑚𝑎𝑡 
           (1.13) 

 

𝑊𝑐𝑒𝑙𝑙 = 
𝐶𝑠𝑝,𝑐𝑒𝑙𝑙 𝑈0

2

2
= 

𝐶𝑠𝑝,𝑚𝑎𝑡 𝑈0
2

8
                                    (1.14) 
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where 𝐶𝑠𝑝,𝑐𝑒𝑙𝑙 is the specific capacitance of the cell in F g-1, 𝐶𝑐𝑒𝑙𝑙 the capacitance of the cell in F 

and 𝑚+ and 𝑚− ,  are the masses of active material at the positive and negative electrode 

respectively, in g. 𝑊𝑐𝑒𝑙𝑙 is the energy density in J g-1, 𝐶𝑠𝑝,𝑚𝑎𝑡  the specific capacitance in F g-1 and 

𝑈0 the difference in potential in V, or the potential applied against the reference electrode. 

The power density, can be obtained using equation (1.15): 

𝑃 = 
𝑈0
2

8 𝑅𝛺 𝑚
                                                       (1.15) 

Where 𝑃 is the power density in kW g-1, 𝑅𝛺 the equivalent series resistance or iR drop in Ω and 

𝑚 the total mass of material deposited on the support electrode in g. 

1.3. Material Screening. 

In this work, metal hydroxides and oxides are the subject of study. These materials are currently 

utilised in a significant amount of applications 9, 105-106, including the energy sector 17, 107-109. 

However, in a similar manner to the bulk materials,110-111 different 2D metal oxide nanosheets 

material will be more suitable and competitive for some applications then others. In this thesis, 

the exfoliated materials chosen are in correlation with the optimum bulk materials according to 

the literature for the various reactions.  

1.3.1.  Lithium ion Batteries. 

In table 1.1, a literature review between carbonaceous and metal oxide anode materials is 

presented. A direct comparison of Li-ion battery systems is rather difficult for several reasons. 

Firstly, one must consider that the cell potential for each system is different, the electrolyte 

medium used, the support and synthetic route of the electrode material. A more practical 

parameter used is the energy storage ability as shown in equation (1.16).  

𝐸𝑏𝑎𝑡𝑡 =
𝑈 𝑖 ∆𝑡

𝑚
= 𝑈 𝐶𝑏𝑎𝑡𝑡                                            (1.16) 
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where 𝐸𝑏𝑎𝑡𝑡 is the energy storage of the battery in J g-1, 𝑈 the potential window in V, 𝑖 the current 

in A, ∆𝑡 the time of use in s, 𝑚 the mass of material in g and 𝐶𝑏𝑎𝑡𝑡 the capacitance of the battery 

in A s g-1. 

Secondly, due to their poor ionic and electronic conductivity112 metal oxide based electrodes 

necessitate the use of conductive fillers (binders and/or other material doping), identified by a star 

in table 1.1. Characteristic ‘enhancers’ in this type of system are for example: Teflon113-114, Silica 

templates113, Fe2O3 or Cu2O115, organic binders112 (Kynar FlexTM 2820-00) and carbon based 

materials112, 114. Thus, the use of different binders can make direct comparison between materials 

difficult.  

The downfall of group IV material based anodes (in grey in table 1.1) is the volume increase due 

to the intercalation process during the charge cycle116-119. When working with silicon anodes, the 

volume expansion reaches up to 4 times the initial size of the deposited layer119-120. The degree of 

expansion can also depend greatly on the structure121-122. For example, layered graphite has been 

shown to expand up to a factor of three greater than carbon micro beads123-124. During the charge 

mode the intercalation of the cation will create a surface expansion whereas the discharge will 

involve ion de-intercalation with a corresponding  contraction of the electrode125. The volume of 

the system will consequently dynamically change depending on the ongoing process126. 

Additionally to the physical change, this volume increase, for carbon species especially, can 

participate to the irreversibility of the system127. For these two reasons system based on group IV 

material are limited128. However, due to their low cost and high performances, 372 mA h g-1 for 

a graphite anode, they remain widely used129. System based on metal oxides electrodes, in this 

regard, appear to be more promising130-131. As detailed by Eftekhari in his anode material 

review129, consequent work has been done on new anode materials. Various materials are 

examined, group IV modified electrodes, metals and metal oxides, in accordance with table 1.1 

presented here. Most materials rely on carbonaceous species modifications and/or use silicon as 

a binder, which present its limitation as detailed by Dash et al.128. In conclusion, most materials 

integrate the promising properties of group IV compounds into their systems instead of exploring 

other innovative areas, such as transition metals130. Lowe et al.132, Xiong et al.133, and Yin et al.134 
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demonstrated that group IV free transition metal oxides materials, respectively Mn3O4, NiO and 

MgFe2O4, are promising viable alternatives anodes in lithium-ion batteries. Their initial capacities 

are 800, 700 and 920 mA h g-1 respectively. These results are in a similar range as the ones 

obtained by Nazar112 and Maier135 when working with MoO3 as shown in table 1.1. 

One must note that the cell potential used for Maier et al.135 work was calculated from the Nernst 

equation and therefore depicts an ideal scenario. However, despite the over-estimation of the 

MoO3 cell potential, it remains a promising candidate as anode material in a Li-ion battery system. 

Molybdenum oxides are the least studied TMO for their lithium intercalation properties and 

remain to be optimised. In absence of carbonaceous and silicon binders their initial capacity was 

found to be lower136-137, ca. 220 mA h g-1, with the advantage lying in the reversibility of the 

intercalation mechanism138. For this reason, in this work molybdenum trioxide nanoflakes will be 

studied for their potential regarding lithium intercalation-deintercalation processes. In addition to 

its application as anode material in a battery system, MoO3 in LiClO4 was also investigated as a 

supercapacitor material139 reaching up to 300 F g-1, making it an attractive material. When the 

reviews of Capiglia140 and Zang119, the importance of the synthesis (deposition and support) of 

the film appears to have a significant impact on the final efficiency of the system. Accordingly, a 

large focus of this work will be on these parameters. 
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Table 1.1. Literature review of Li-ion battery anode materials. 

Anode material Support Additives Electrolyte 

Cell 

potential 

(V) 

Capacity  

(mA h g-1) 

Energy 

stored 

(kJ g-1) 

Ref 

Graphitic carbon Cu foil 
- 

Li salts in EC:DMC 2.5 160 1.44 
Raffaelle et al. 

(2009)141 

Carbon nanotubes 
Free 

Standing 

- 
1 M LiPF6 in EC:PC:DMC 0.8 520 1.50 

Raffaelle et al. 

(2009)141 

Carbon nanofibers Ni mesh 
- 1 M LiClO4 in 

EC:DEC (1:1) 
0.8 450 1.30 Endo et al (2006)142 

Graphene paper 
Free 

Standing 

- 
Li salts in EC 2.2 582 1.28 Yi et al (2011)143 

Mesoporous 

Carbon* 
Cu mesh 

Silica and  

Teflon 

1 M LiClO4 in 

EC 
2.9 1100 11.48 

Ichihara et al. 

(2003)113 

Silicon* 
Free 

Standing 

PVDF and  

Carbon binders 

Li salts in  

EC or PC 
0.9 2000 6.48 Wu et al. (2016)120 

SnO2* - 
Fe2O3 

Cu2O 

Li salts in  

EC or PC 
0.6 790 1.71 Lou et al. (2012)115 

Fe2O3* 
Free 

Standing 

Teflon and 

Carbon binders 

1 M LiClO4 in 

PC 
0.9 120 0.39 

Passerini et al. 

(2000)114 

Fe2O3* Ti foil 
PVDF and  

Carbon binders 
1 M LiPF6 in EC:DMC (1:1) 1.631 1007 5.91 Maier et al. (2004)135 

MoO3* In foil 
Organic and  

Carbon binders 
1 M LiPF6 in EC:DMC (1:2) 1.5 650 3.24 Nazar et al. (2000)112 

MoO3* Ti foil 
PVDF and  

Carbon binders 
1 M LiPF6 in EC:DMC (1:1) 1.75 1117 7.04 Maier et al. (2004)135 

MoO2* Ti foil 
PVDF and  

Carbon binders 
1 M LiPF6 in EC:DMC (1:1) 1.669 838.2 5.04 Maier et al. (2004)135 

Abbreviations: polyvinylidene fluoride (PVDF), organic binders112  for Kynar FlexTM 2820-00, ethylene carbonate (EC), propylene carbonate (PC), dimethyl 

carbonate (DMC) and diethyl carbonate(DEC)  
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1.3.2.  OER Catalysts. 

Hydrogen production, and therefore the OER, is an active area of research and a considerable 

amount of work has been carried out in the development of OER catalyst materials. Before 

discussing the experimental results reported in the literature, a good indication of superior OER 

candidates can be predicted by the thermodynamic based volcano plots. The volcano plot 

presented in figure 1.10, is an indication on what material are worth investigating first. In this 

graphic, the adsorption energy of oxygen atoms is of primary importance as it is the one of main 

processes occurring during water splitting (see section 1.2.2.3. for more details). If this value lies 

in the ‘goldilocks’ zone , the more promising the material is mechanistically. The other parameter 

is the overpotential, the closer to zero this value the less energy will have to be provided to the 

system for the reaction to occur and therefore it should be minimised. From figure 1.10, the area 

of interest will be the tip of the volcano plot. One can observe that cobalt oxide displays one of 

the highest activities along with oxides of platinum and ruthenium. One should keep in mind that 

these are only theoretical predictions and other parameters such as the pH, the preparation route, 

the support and any other experimental parameters will influence the final measured overpotential 

value.  

 

Figure 1.10. Volcano plot of different metal oxide oxygen absorption energy againts their 

theoretical overpotential at 10 mA cm-2. 



 

21 

 

Practically, the techniques used to measure the OER overpotential are linear sweep voltammetry 

(LSV) and chrono-potentiometry as detailed in chapter 2.  It should be noted that an 

electrocatalyst may have a low overpotential when freshly prepared, but can increase over time 

due to dissolution/physical spalling of the oxide or formation of higher passivating oxides. 

Chrono-potentiometric (recording the potential over time at fix current density) or chrono-

amperometric (measuring the current density over time at a fixed potential) tests are techniques 

which monitor both stability and overpotential drift over time. On the other hand, as detailed by 

Godwin et al.144, “aged” nickel oxide electrodes present oxygen production rate 10 times higher 

than the initial electrode. Therefore, it is critical to measure the overpotential using chrono-

potentiometric (or chrono-amperometric) tests to evaluate more accurately the performance of the 

catalyst over time. In our case, and in agreement with others in the literature 145-147, 

chronopotentiometry was used by applying a constant density of 10 mA cm-2. As show in figure 

1.5 previously, a current density of 10 mA cm-2 corresponds approximately to the current input 

incoming from a solar powered device operating at 10% efficiency148.  

From figure 1.10, noble metal oxides show high activity due to their ideal surface binding 

energies. Experimentally, ruthenium and iridium oxides are commonly used electrocatalyst149-150 

as they demonstrate small OER overpotentials at 10 mA cm-2 (ca. 360-430 mV)144, 151-152  and low 

Tafel slopes at room temperature in alkaline conditions(ca. 40-50 mV dec-1)60, 153. RuO2 is the 

noble metal oxide with the highest intrinsic activity154 but degrades in alkaline conditions at high 

anodic potentials150. The use of platinum group metal based catalysts  is consequently limited due 

stability concerns and their prohibitive cost. New electrocatalysts candidates therefore must be 

examined, which represented a considerable amount of work over the past decades.  

First row transition metals and metal oxides have been investigated  in this regard and different 

trends have been detailed in the literature42. Theoretically, Delahay et al.155 demonstrated that the 

metal electrocatalytic activity to be the poorest for cobalt while the highest for nickel. One must 

note that it very difficult to perform studies on a true oxide free surface on such materials.  
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This trend is slightly different when considering their oxide homologues156-157 with: 

NiO > Co3O4 >>Fe3O4 

According to Trasatti et al.156, MnO2 was the optimal first row transition metal oxide (TMO) 

compared to industrially used IrO2 and RuO2.  From the experimental literature review as 

summarised in table 1.2, various manganese oxide species have reported catalytic activity towards 

the OER151, 158-160 with overpotential values at 10 mA cm-2 between 450 and 570 mV. 

When comparing literature experimental results numerous key performance indicators (KPI) such 

as the Tafel slope and overpotential value at 10 mA cm-2, must be examined. In addition, the 

electrocatalyst preparation and the deposition on a chosen substrate will also be mentioned. It 

most likely due to the different preparation methods that several authors have shown conflicting 

results. These choices, and the testing conditions, influencing greatly the KPIs, have a significant 

impact on the system. Table 1.2, shows that numerous researchers found that ostensibly similar 

catalyst show differing performances41, 150-151, 159-160 and that theoretical predictions are not 

necessarily matching with experimental observations. 

Despite the findings by Trasatti156 in regard to manganese oxide, it is obvious that in their 

unmixed-doped nature they do not represent a suitable candidate to replace precious metals as an 

anode material for the OER. Experimentally, it has been demonstrated that cobalt and nickel based 

oxide were, in general, the best performing OER electrocatalysts in alkaline conditions37, 161-162. 

In opposition to the theoretical calculations, manganese oxides catalysts underperformed the 

predictions163. From table 1.2, low cost and earth abundant metal oxide based catalysts are 

offering great oxygen evolution properties. Both nickel and cobalt are showing promising 

behaviour164-165, their overpotential values are comparable and /or competing with the one for 

RuO2, 366 mV166.  
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Table 1.2. Literature review of metal and metal oxide OER catalyst (When the measurement temperature was not mentioned in the literature work 25 

°C was assumed). 

 

OER 

catalyst 
Support Coating technique 

Preparation 

route 
Electrolyte 

Tafel 

Slope 

(mV 

dec-1) 

η 

at 10 mA 

cm-2 

(mV)** 

Technique 

used for η 

calculation 

Ref 

Fe - - Polished 
1 M NaOH 

at 25°C 
39 360 

Linear Sweep 

Voltammetry 

(LSV) 

Lyons et 

al.35 

Ni - - Polished 
1 M NaOH 

at 25°C 
48 390 LSV 

Lyons et 

al.34 

Ni - - Metallic 
1 M KOH 

at 25°C 
- 430 LSV 

Lin et 

al.177 

Co - - Polished 
1 M NaOH 

at 25°C 
46 570 LSV 

Lyons et 

al.36 

Fe(OH)2 - - Multicycling 1 M NaOH 60 580 LSV 
Lyons et 

al.187 

FeOx Carbon Fibre Immersion 

Precursor 

bath-

hydrothermal -

desulfurization 

1 M KOH 93 414 
Chrono-

amperometry 

Chen et 

al.188 

Ni(OH)2 Glassy Carbon 
Drop casting 

(with Nafion®) and ultra-sonication 

Chemical 

reduction189 

1 M KOH 

at 25°C 
53 300 LSV 

Hu et 

al.176 

Ni(OH)2 Ni Foam Spray coating 
Liquid phase 

exfoliation 
1 M NaOH 60 297 

Chrono-

potentiometry 

Coleman 

et al.190 

Ni(OH)2 Ni Wire Electropolymerization Multi-cycling 1 M NaOH 60 290 LSV 
Godwin 

et al.144 
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OER 

catalyst 
Support Coating technique 

Preparation 

route 
Electrolyte 

Tafel 

Slope 

(mV dec-1) 

η 

at 10 mA cm-2 

(mV)** 

Technique 

used for η 

calculation 

Ref 

NiOx Au/Ti  Spin Casting 

Metal salt 

precursor 

solution and 

thermal 

treatment 

1 M KOH 45 300 LSV 
Boettcher 

et al.42 

NiOx Ni Foil - 
Polished and 

cycled 

1 M KOH at 

25°C 
53 330 LSV Hu et al.176 

MnO2 Pt 
Drop casting 

 

Metal salt 

precursor and 

thermal 

treatment 

1 M KOH 

at 30 °C 
110 550 LSV 

Tamura et 

al.158 

Mn3O4 Ti         Painting 

Metal salt 

precursor 

solution and 

thermal 

treatment 

1 M NaOH 90-110 420 LSV 
Lyons et 

al.151 

Co3O4 Ni Electrodeposition 
Thermal 

decomposition 

1 M KOH at 

25°C 
41 350 LSV 

Tao et 

al.177 

Co3O4 Stainless Steel Electrodeposition 

Metal salt 

precursor 

solution 

1 M KOH  36 350-400 
Chrono-

potentiometry 

Switzer et 

al.178 

Co(OH)2-

Co3O4 
Au Electrodeposition 

Metal salt 

precursor 

solution 

1 M NaOH 56 360 LSV 
O’Mullane 

et al.181 

Co3O4 and 

graphene 
Glassy Carbon 

Drop Casting (with 

Nafion®) 

Metal salt 

precursor 

solution and 

hydrothermal 

treatment 

1 M KOH 74 470 LSV 
Regier et 

al.191 
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OER catalyst Support Coating technique 
Preparation 

route 
Electrolyte 

Tafel 

Slope 

(mV dec-1) 

η 

at 10 mA cm-2 

(mV)** 

Technique 

used for η 

calculation 

Ref 

Co(OH)2 Glassy Carbon 
Drop casting (with 

Nafion®) 

Metal salt 

precursor 

solution and 

thermal 

treatment 

1 M KOH 53 320 LSV 
Yang et 

al.182 

Co3O4 ITO Drop Casting 

Precipitation 

(with acetylene 

black and 

PVDF) 

1 M KOH 70 409 LSV Qu et al.192 

NiFeOx Pt Drop Casting 
Chemical 

reduction 
0.1 M KOH 120-50 340-380 LSV 

Yang et 

al.173 

Ni0.9Fe0.1OOH Au 
Drop Casting 

(with TritonX-100) 

Metal salt 

precursor 

solution and 

thermal 

treatment 

1 M KOH 30 287 LSV 
Trotochaud 

et al.183 

Ni0.5Fe2.5O4 Ni 
Slurry coating 

(with TritonX-100) 
Sol-gel193 1 M KOH 100 320 LSV 

Singh et 

al.174 

CoFe2O4 Fe Slurry Coating 

Ceramic 

powder and 

thermal 

treatment 

1 M KOH 57 518 LSV 
Costa et 

al.194 

Co1-xFexOOH Au coated Ni foam Spin Casting Sol-gel 1 M KOH 60 271-287 LSV 
Sargent et 

al.184 
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OER catalyst Support Coating technique 
Preparation 

route 
Electrolyte 

Tafel 

Slope 

(mV dec-1) 

η 

at 10 mA cm-

2 

(mV)** 

Technique 

used for η 

calculation 

Ref 

NiCo2O4 Ni Electrodeposition 
Thermal 

decomposition 

1 M KOH 

at 25°C 
59 325-330 LSV 

Tao177 and 

Dick et 

al.185 

NiCo2O4 Ni Drop Casting 

Precipitation 

and thermal 

treatment 

1 M KOH 

at 25°C 
77 310 LSV 

Chen et 

al.186 

Ni1.5Co1.5O4 Ni foam Immersion 

Metal salt 

precursor 

solution and 

calcination 

1 M NaOH 

at 25°C 
66 345 LSV 

Gao et 

al.195 

 

** Variations exists regarding the reference electrodes used.
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Nickel oxide/hydroxide has been shown enhanced catalytic behaviour for the oxygen evolution 

with industrially competitive overpotential values (approx. 290-330 mV) as given in table 1.2.  

One of the hydroxide species key characteristic is the improvement of the system when 

undergoing through alkaline electrochemical ageing144. During such processes, the α- phase of 

the nickel hydroxide will be dehydrated to the β-phase, the latter being more crystalline and 

electrochemically active144, 167-168. β-Ni(OH)2 is the desired precursor for an optimal formation of 

β-NiOOH oxygen catalyst5. Four different phases (α-Ni(OH)2/γ-NiOOH and β-Ni(OH)2/β-

NiOOH) are generally mentioned in the literature144. Yet, Mellsop et al.169 detailed that the 

established Bode scheme of squares for nickel hydroxide/oxy-hydroxide additional phases could 

be obtained170-171. This suggests that the phase transitions are not direct and consequently, cannot 

be assigned to one phase exactly at a given time, and one should use in-situ characterisation to 

determine the phase at a given point in time or potential 172.  

Trotochaud et al.167 suggested that this was the outcome of iron surface enrichment present in the 

electrolyte as an impurity. Yang173 and Singh174 demonstrated similar overpotential values when 

directly studying a nickel iron oxide catalyst. Browne and coworkers.175 evaluated the OER 

activity of a nickel hydroxide electrode in an electrolyte with different levels of Fe impurities.  

They found that iron surface enrichment, to a certain extent, was improving the performances of 

the nickel based catalyst. Needless to say, the origins of the OER activity and the exact 

crystallographic structure and composition of Ni(OH)2 are still widely discussed.   

The complexity of these systems is visible when working with what ostensibly appear to be the 

same catalyst. For example, NiOx studied by Hu176 and Boettcher42 have different behaviour in 

the oxygen evolution region. The former has an overpotential of 330 mV and a Tafel slope of 53 

mV dec-1 whereas the latter shows an overpotential of 300 mV and a Tafel slope of 45 mV dec-1. 

Hu and co-workers attributed their catalyst behaviour to the nanoparticulate nature of their 

material, with the fine morphology increasing the amount of edge and planar sites and hence the 

active surface area. Conversely, Boettcher attributed the performances of the anode to the 

impurities present in the electrolyte.  
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A difference in the catalytic behaviour can also be observed for Ni(OH)2, Godwin144 and  Hu176 

material have a different of 10 mV for the overpotential at 10 mA.cm-2. In addition, supports, 

preparation routes and deposition vary which will have an impact on the end results.  

Nickel oxide/hydroxide, while performing better when assessing the material based on its 

overpotential value at 10 mA.cm-2, has higher Tafel slopes values than some of the cobalt 

oxide/hydroxide based electrodes, the best performing being in bold in table 1.2. When comparing 

two metal oxide deposited following a similar route, Godwin144 for nickel and, Tao177 and 

Switzer178 for cobalt, the difference in Tafel slope is 20 mV dec-1 with the cobalt based catalyst 

being better. This result suggests that the mechanism via which the OER operates is different and 

that the production of oxygen is energetically less demanding for cobalt oxide/hydroxide. Typical 

values for industrial precious metal catalysts60 are around 40 mV dec-1, which can be obtained or 

improved on by Co3O4 catalyst 177, table 1.2. Moreover, Rossmeisl et al.162 calculated the 

theoretical overpotential (ηth) for metal oxide species, figure 1.10, and predicted that cobalt 

hydroxide would be one of the best performing electrocatalysts. Accordingly, there has been a 

significant amount of interest in the spinel type cobalt oxides147, 177-180, Co3O4. Substantial work 

has been done on cobalt hydroxide which shows a similar activity to other cobalt oxides. 

O’Mullane et al.181 deposited Co3O4 on a gold support which exhibited an overpotential of 360 

mV with a Tafel slope of 56 mV dec-1. Yang et al.182 with  Co(OH)2 on glassy carbon, reached 

and overpotential value at 10 mA cm-2 of 320 mV. This superior performance demonstrating, 

once again, that the electrode system (from support and catalyst synthesis to deposition) must be 

considered for accurate comparison. 

Another parameter of considerable influence on the outcome properties of the cobalt material, is 

the morphology of the deposited film. Cobalt oxides have been studied, by Zhang and 

coworkers179, where they only varied the film morphology. Two different morphologies were 

hydrothermally synthesised, rod-like and flake-sheet like. The conclusion of this study was the 

outperformance of the flake morphology compared the rods. It is suggested that the increased 

surface area offered by the flakes increased the stability and available sites during OER possibly 

due to easier diffusion of the electrolyte and resulting gas bubbles. 
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Mixed cobalt or nickel oxide/hydroxide often show increase activity when compared to the pure 

metal oxides174, 183-186, orange lines in table 1.2. When comparing the mixtures overpotential 

values, Chen186 and Sargent184 results, cobalt oxides perform among the best material, with 

respectively 310 and 270 mV. In regards of the Tafel slope, the results of Trotochaud183 with drop 

casted nickel iron oxy-hydroxide on gold support are undoubtedly the best performing system, 

with an overpotential value at 10 mA cm-2 of 287 mV and a Tafel slope of 30 mV dec-1. Although, 

according to the Tafel slope value spread for each mixture (Ni-Fe, Co-Fe and Co-Ni) presented 

herein the following activity can be pointed out: 

Co-Fe > Co-Ni >Ni-Fe 

Based on this literature review, table 1.2, variation on the preparation method can cause the same 

metal oxide to have different KPIs. In addition, the influence of the support should be considered 

when evaluating the performance of the catalyst and thus the system support-catalyst should be 

quoted and not only the active material.  To summarise, in chapter 5, the focus will be on 

exfoliated cobalt hydroxide species using liquid phase exfoliation (LPE), see chapter 3, as OER 

catalysts. Cobalt, in addition of being well performing when compared to noble metal, offers 

significant improvements when mixed with another transitional metal such as iron This 

synergistic effect will be discussed briefly towards the end of this work.  The OER performance 

of different systems will be assessed by measuring the influence of each step in the sample 

preparation, from support to mass loading.  

The reference electrodes potentials, table 1.3, and equations (1.17)-(1.18) were used to calculate 

the overpotential. Where 𝐸𝑅𝐻𝐸  is the potential for the reversible hydrogen electrode and can be 

calculated by considering  𝐸𝑟𝑒𝑓, the potential read against the experimental reference electrode, 

𝐸0𝑟𝑒𝑓, the equilibrium potential of the reference electrode versus RHE and balancing the equation 

depending on the 𝑝𝐻 of the solution. The equilibrium potential of one reference potential can 

depend on the 𝑝𝐻 of the solution. Accordingly, the conversion to the overpotential for the oxygen 

evolution reaction, 𝜂, can be calculated by subtraction (1.17) to the thermodynamic equilibrium 

potential of the OER, as seen in equation (1.18). 
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Table 1.3. Reference Electrode Potentials at 25 °C used to calculate the Overpotential.  

Reference Electrode 
𝐸0𝑟𝑒𝑓  

mV 
Reference 

NHE 0 - 

SCE 241.5 Vielstich et al.196 

Ag/AgCl (saturated KCl) 197.6 Vielstich et al.196 

Hg/HgO (1 M NaOH) 107.7 Tatarchuk et al.197 

Hg/HgO (1 M KOH) 107.7 Tatarchuk et al.197 

 

𝐸𝑅𝐻𝐸  =  𝐸𝑟𝑒𝑓 + 𝐸
0
𝑟𝑒𝑓 + 0.059 𝑝𝐻                                   (1.17) 

 𝜂 = 𝐸𝑅𝐻𝐸 − 𝐸
0
𝐻2𝑂 / 𝑂2                                                 (1.18) 

It was assumed that for the mercuric/mercuric oxide reference electrodes the potential remained 

the same in KOH and NaOH as it relies on the concentration of hydroxide ions rather than the 

nature of the cation.  

1.3.3.  Supercapacitors. 

In addition to their energy conversion applications, for OER or lithium anode material in our 

study, charge storage ability of the metal oxides will be investigated. Molybdenum oxides, as 

presented in section 1.3.1.1 is a suitable candidate for lithium intercalation53, 198. Molybdenum 

oxide with its crystallographic structure, see chapter 3 section 2.1.1 for details, appears to be a 

suitable host for small ions (H+ and Li+) insertion199. As detailed in table 1.4, when in aqueous 

and non lithiated media, molybdenum oxide based electrodes are suitable candidates for capacitor 

materials. More recently, Chen and coworkers54, demonstrated promising supercapacitor 

behaviour of a MoO3 nanoparticles/carbon matrix system in 3 M KCl. The same electrode in 

H2SO4, reaches a capacitance value of 179 F g-1 after a 1000 cycles. This work illustrates the 

enhancement of the material property when its preparation is, to a certain extent, optimise. 
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Thankfully, this could enable efficient potassium intercalation, offering competitive properties as 

pseudocapacitor. 

 In regards to potassium intercalation MoO3 has enhanced conductivity200 which can have a 

significant impact on its performance as a supercapacitor material. The main issue when 

electrochemically inserting ions into a structure is the volume expansion which can potentially 

compromise/destroy its structure201.  Due to the larger size of the potassium ion, 152 pm compared 

to 90 pm for Li+, its intercalation remains a challenge and is not widely investigated.  

Table 1.4. Summary of Supercapacitor data of Molybdenum Oxides. 

Metal 

oxide 
Support Preparation Electrolyte 

Capacitance 

(F g-1) 
Ref 

MoO2 
Glassy 

Carbon 

Thermal 

decomposition 

(with Nafion®) 

1 M H2SO4 140 
Varadarajan et 

al.202 

MoOx 
Stainless 

Steel 

Metal salt 

precursor for 

electrodeposition 

0.005 M H2SO4 347 
Moghiminiaet 

al.199 

MoOx 
Stainless 

Steel 

Metal salt 

precursor for 

electrodeposition 

0.005 M H2SO4 

+ 0.01 M Na2SO4 
477 

Moghiminiaet 

al. 203 

MoOx 
Glassy 

Carbon 

Metal salt 

precursor for 

electrodeposition 

0.5 M K2SO4 160 
Kępas-Suwara 

et al.204  

The insertion mechanism remains the same, see equation (1.19), independently of the cation (Li+ 

or K+). 

                             𝑀𝑜𝑂3 + 𝑥𝐴
+ + 𝑥𝑒−  →  𝐴𝑥𝑀𝑜𝑂3     (0 < 𝑥 ≤ 2)                        (1.19) 

The literature for this type of application is not up to date, regarding the deposition and metal 

oxide synthesis. Assessing the behaviour of MoO3 for potassium ion intercalation necessitates the 

optimisation of the preparation process. To address the issue, a suitable preparation route should 

be considered, from the synthesis to the deposition (coating technique and support).Another 

attractive material for supercapacitor application is the oxides and hydroxides of cobalt. For 

example, Lou and co-workers reported that cobalt hydroxide their capacitive behaviour is 

promising, reaching a theoretical capacitance value91 of 3560 F g-1. When studied for their 

application as electrochemical capacitor the electrolyte used is, often, more concentrated. An 



 

32 

 

increased concentration will offer the advantage of having a high ionic conductivity. 

Nevertheless, other physical parameters should be considered when increasing the concentration 

such as the viscosity of the electrolyte. If the latter is to important the access to active sites within 

the electrode could be limited. Secondly, two main techniques are used in this case, charge-

discharge curves and charge integration using cyclic voltammetry. The capacitance can be 

calculated via:   

𝐶 =  
𝐼 ∗ ∆𝑡

∆𝑈 ∗ 𝑚
= 

𝐼

𝑚 
∗ ∆𝑡

∆𝑈
 = 

𝐼  
∆𝑈

∆𝑡
 ∗ 𝑚

                               (1.20) 

where 𝐶 is the capacitance in F g-1, 𝐼 is the current in A, ∆𝑡 is the time in s, ∆𝑈 the potential 

window in V and 𝑚 the mass of active material in g. On one hand, the charge/discharge 

measurement will rely on galvanostatic charging. A fixed current density (in red in equation 

(1.20)), in A g-1, is applied until a defined ‘charging’ potential is reached. The output curve will 

represent the potential against the charge/discharge time. When this technique is used at different 

current densities results have been averaged, unless otherwise stated, and marked with a star on 

the third last column of table 1.5. On the other hand, when using a cyclic voltammogram, the 

capacitance is calculated after charge integration of the potential window of interest. This value 

will depend on the applied scan rate (in blue in equation (1.20)).One of the risks of calculating 

capacitance values using a cyclic voltammogram will be an inappropriate choice of scan rate. 

When recording a cyclic voltammogram reaction and diffusion kinetics will take place. To reach 

equilibrium, the system will need time and therefore a slow scan rate. A goldilocks value should 

be found for proper estimation of the capacitance value, while also optimising the experiment 

time. This value will inherently depend on the system itself and factors such as porosity and 

electrolyte nature (etc.) will affect this value. It has not been established which technique is the 

most appropriate for the evaluation of supercapacitor behaviour. Besides, while working with the 

same technique there is no convention regarding what value the charging/discharging current 

density or scan rate one should use. Consequently, direct supercapacitor comparison, can be 

difficult due to no standardized method of testing. 
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Table 1.5. Metal-Oxides Supercapacitors in Alkaline Conditions. 

Metal oxide Support Preparation Electrolyte 
Capacitance 

(F g-1) 

Technique used for 

capacitance 

calculation 

Ref 

NiO 
Carbon 

Nanotube Array 

Benzene nickelocene 

solution 
6 M KOH 1088.44 

CV 

(5 mV s-1) 
Yang et al.205 

α- Ni(OH)2 Ni Foam 

Liquid-phase growth under 

microwave irradiation (with 

acetylene black and PTFE) 

6 M KOH 3105 * 
Charge-Discharge 

(2, 4, 8, 16 A g-1) 
Li et al.206 

α- Ni(OH)2 Ni Foam Electrodeposition  ≈ 0.55 M KOH 1570 * 
Charge-Discharge 

(4, 8, 12, 16 A g-1) 
Li et al.207 

Ni(OH)2 3D- Ni hollow 
Metal salt precursor for 

electrodeposition 
1 M KOH 3637 

Charge-Discharge 

(1 A g-1) 
Jang et al.138 

Ni(OH)2 Ni Foam 
Liquid phase exfoliation 

and spray coating 
1 M NaOH 600 

CV 

(20 mV s-1) 
Coleman et 

al.190 

Co(OH)2 Yttrium Zeolite 

Co-precipitation (with 

acetylene black and 

graphite) 

2 M KOH 1492 
Charge-Discharge 

(≈ 1 A g-1) 
Li et al.208 

Co(OH)2 Ni Foam 
Metal salt precursor for 

ammonia gas diffusion 
2 M KOH 1225* 

Charge-Discharge 

(2, 10, 50 

 A g-1) 

Jung et al.209 

Co3O4 Ni Foam 

Metal salt precursor for 

electrodeposition and 

thermal treatment 

2 M KOH 2027* 

Charge-Discharge 

(2, 3, 4, 5, 6, 8, 10 

 A g-1) 

Lou et al.91 

Co3O4 Ni Foam 

Co-precipitation (with 

acetylene black and 

PVDF) 

2 M KOH 751* 

Charge-Discharge 

(1, 2, 4, 6, 8, 10, 20, 

40 A g-1) 

Qu et al.192 

NiCo2O4 Ni Foam 
Metal salt precursor for 

electrodeposition 
3 M KOH 1722 * 

Charge-Discharge 

(2, 4, 8, 12, 20 A g-1) 
Lou et al.210 

NiCo2O4 
TiN nanotube 

array 

Metal salt precursor for 

electrodeposition 

0.1 M KOH + 1.9 

M KCl 
2543 

CV 

(5 mV s-1) 
Cui et al.211 
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In alkaline conditions, both nickel and cobalt oxides are suitable candidates for supercapacitor 

applications. When considering such use, the support electrode commonly utilised will offer a 

high surface exposure of the material to the solution with nickel foam being the most frequent 

choice. Consequently, the charge intercalation will be greater and will be directly related to the 

final capacitance value of the system. Another advantage of porous foam supports is the 

minimization of the diffusional resistance of the electrolyte. Large capacitance values can be 

obtained for these low-cost materials with a value of approx. 4000 F g-1 and 2000 F g-1 for nickel138 

and cobalt91 based capacitors respectively. 

Nickel hydroxide is a well-established battery material, and more recently has shown promise for 

supercapacitor applications212. It is an attractive material as it is earth abundant and offers both 

high energy and power densities213. However, the difference in preparation methods can give 

widely varying capacitance values. When comparing the results of Li207 and Jang138 for 

electrodeposited Ni(OH)2, in different electrolyte concentrations, the difference in performance 

is apparent, 1570 F g-1 for the former and 3637 F g-1 for the latter. One should note that the charge 

contribution from the support is not taken into account in the work of Jang and co-workers. 

Similar results were seen by Yang205 and Li206 works are an example (see first two lines of table 

1.5) where one material had twice the capacitance of the other where the only difference was the 

preparation method. The performance of nickel oxides and hydroxides make nickel based 

capacitor an area of intense research and optimisation.  

Cobalt based supercapacitors on the other hand, have lower capacitances values reaching up to 

2000 F g-1, according to Lou91 findings for Co3O4. When compared to a similarly prepared 

Co(OH)2 by  Jung et al.209 the importance of the crystallographic nature of the film deposited is 

significant. The value is nearly doubled when working with cobalt oxide prepared from a 

precursor salt instead of a hydroxide coating. When the film is deposited through co-precipitation, 

Qu192 and Li208 have shown that CoO3 films display a capacitance value of 948.9 F g-1 whereas 

Co(OH)2 was shown to have a capacitance value of 1492 F g-1 at 1 A g-1.  

Other transition mixed-metal oxides such as NiCo2O4, have been investigated due to their 

theoretical higher electrical conductivity214-216 (approx. 10-1-10 S cm-1) compare to single nickel 
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or cobalt oxide system (approx. 10-3-10-2 S cm-1) and superior capacitive behaviour216,  

theoretically reaching 3000 F g-1. However, due to the synthetically challenging nature of this 

material and its instability during practical testing217-219, as observed by Lou210 and Cui211, lower 

values are reached. An optimisation of single metal oxide can consequently offer more viable 

perspectives. 

Due to the already considerable amount of research carried out on nickel based capacitor and 

when considering this literature review with table 1.2., cobalt based capacitors were chosen as 

candidates for energy storage applications with the aim of optimising and improving the 

capacitance value compared to the current literature. Co(OH)2 also has the advantage over 

Ni(OH)2 of having a wider potential window over where redox transitions occur. For Ni(OH)2 all 

the redox activity occurs over a relatively narrow potential window which is not advantageous 

for super capacitor applications.  

Because of this literature review, two materials have been chosen for further investigation, MoO3 

and Co(OH)2. Both materials, and independently of the applications, will be optimised in their 

preparation and deposition technique. In this study, the single TMO systems optimisation is the 

core study of investigation in this thesis. Morphological and spectroscopic characterisation are 

valuable tools complementary to electrochemical testing which will also be conducted. The phase, 

the oxidation state and overall composition are critical parameters for energy related applications 

which will be elucidated from the spectroscopic investigations and related back to the 

electrochemical performances of the Mo and Co materials. Firstly, MoO3 systems will be 

investigated for their ionic intercalation properties for potential application in lithium-ion 

batteries and potassium capacitors. Subsequently, Co(OH)2 electrodes will be assessed for their 

behaviour in alkaline media as an OER catalyst and supercapacitor material. 
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2.1. From Bulk to 2-dimensional Morphology: Liquid Phase Exfoliation and Cascade 

Centrifugation. 

 

LPE is a suitable synthesis technique for the selected layered metal oxides/ hydroxides, due to 

their weak Van der Walls interlayer interaction as shown in figure 2.1. For LPE to be successful 

the Van der Walls forces that maintains the cohesion of the material must be overcome by 

providing the system with energy through sonication1. When the energy provided to the system 

is sufficient, the separation of the individual layers of the material will occur. From this point, a 

successful LPE outcome is based on the solubility parameters of the layered materials in the liquid 

matrix. To ensure the stability of the dispersion the flakes are immersed in a tailored solvent 

solution2-3. This is one of the critical parameters as reaggregation of the flakes must be avoided. 

The Gibbs principle is the foundation of interaction between the solubility/stability parameters 

and can be defined as 

                                               ∆�̅�  =  ∆�̅� − 𝑇𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 ∆𝑆̅                                                    (2.1) 

where ∆�̅�, ∆�̅�, ∆𝑆̅ are the Gibbs free energy, the enthalpy and the entropy of the dispersion 

respectively and 𝑇𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 is the temperature of the dispersion. To optimise the stability of system 

solvent/flakes the contribution of each thermodynamic parameter should be examined. In order 

to have spontaneous flake separation, ∆�̅�, as to be negative. The reaction entropy will represent 

a minor contribution to the system and therefore the parameter of focus will be the enthalpy of 

reaction4. 

 

Figure 2.1.  Schematic representation of liquid phase exfoliation. 
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The value of the enthalpy is in direct relation to the interaction of the flakes with each other. These 

interactions within the material can lead to aggregation or network formation, this can be avoided 

by using another chemical, a solvent. Hence correct solvent section can take considerable time 

and work and is out of the scope of this work.   

As mentioned previously, a nanomaterial in solution will involve a small change in entropy5. The 

stability of the dispersion relies directly on the solubility parameters of the solvent and the 

nanoflakes6 as given by: 

                                    
∆�̅�

𝑉𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 
 ≈  𝛷 (1 −  𝛷)(𝛿𝑠𝑜𝑙𝑣𝑒𝑛𝑡 − 𝛿𝑛𝑎𝑛𝑜𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙)

2                     (2.2) 

 where Vsolution is the dispersion volume, Φ is the solvent volume fraction and δ the Hildebrand 

solubility parameter as defined by: 

                                          𝛿 =  √
𝐸

𝑉𝑀
                                                             (2.3) 

where E is the surface energy of the molecule considered and VM the molar volume of the solvent. 

From equation (2.2), it can be seen by matching the solubility values, δ, of the solvent and the 

nanomaterial the lowest value of enthalpy and therefore free energy can be reached. Matching the 

interlayer energy (solubility) of the material to the solvent can often be complicated and often 

involves dangereous/polluting chemicals7. 

The last step of this LPE  is the flake size selection. This is carried out using liquid cascade 

cascade centrifugation (LCC) shown in figure 2.2. The exfoliated solution will be a mixture of 

different flake sizes and unexfoliated material in suspension in the solvent matrix. The 

unexfoliated material will be the first one dicarded, and is not represented in figure 2.2. This 

flakes suspension will be sonicated in a first test tube with the end result being the presence of the 

extra large (XL) flakes in the sediment and other smaller size in the supernatant. 
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Figure 2.2. Liquid cascade centrifugation process for flake size selection. 

This process is repeated with the supernatant of test tube 1 but at higher centifugation speed. The 

outcome being similar to the first one but, this time, with smaller flakes present in the sediment 

and even smaller in the supernatant. This process was repeated until correct size separation was 

achieved. Each sediment is then redispersed in the solvent matrix. This methodology is efficient 

for flake size separation, although as represented in figure 2.2, the smaller the size the longer the 

process will take. One of the advantage of producing and isolating extra small (XS) sized flake is 

the presence of more edge sites, which are generally considered to be more active for the OER8-

9. These two steps, constitute the basis of liquid phase exfoliation. Further optimisation of the 

suspension stability can be performed by using a particular class of molecule, surfactants. Indeed, 

in order to enhance the suspension stability, layer-layer repulsion ensured and or increased, which 

is possible by surfactants addition to the solvent solution10-12. Surfactants are amphiphilic 

molecules with a characteristic polar head group and a non-polar tail13 as shown in figure 2.3.(a). 

When in contact with the 2D nanosheets, they will interact and create a “coating” layer on top at 

the surface of the material12, 14 as depicted in figures 2.3.(b) and (c). The nanoflakes being non-
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polar will create a favorable interaction with the tail group of the surfactant. This coated system 

will thus be protected from reaggregation due to a repulsion  between the tails and heads of the 

surfactant molecules. In addition, when using a ionic surfactant (cationic or anionic), figure 

2.3.(c), electrostatic repulsion will keep the exfoliated flakes apart. The addition of surfactant15 

thus ensures the presence of quasi-single layer 2-dimensional flakes.   

 

Figure 2.3.  Schematic representation of (a) a surfactant molecule, (b) non ionic and (c) 

anionic surfactant coated nanoflakes. 

Another characteristic property of surfactant lies in the value of its concentration in solution. 

When reaching a certain value, defined as the critical micelle concentration (cmc), spheres of 

surfactant will be formed and encapsulate the flake. For a concentration equal or higher to the 

cmc optimal repulsion and stability are reached for the suspension. This observation is of main 

importance as stability improvements can be made for all flake sizes.  

However, despite this observation, the production of XS flakes usually gives low yields and is 

time consuming, Another size sample, called standard (Std), will contain a small amount of large 

flakes with a majority of XS flakes. This sample size is significantly used in this study, in Chapters 

5 and 6. It is a blend of the different flake sizes in order to have a low average flake size while 

preserving a good production yield. LPE relies on the layered nature of the material considered. 

Therefore it seemed of prior importance to give a quick introduction of the characteristic atomic 

structural features of the two materials used in this work. 
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2.1.1.  Molybdenum Trioxide. 

Molybdenum trioxide is a layered crystal, and electrochemical and electrochromic material and 

thus is a viable candidate for LPE. Due to its layered crystal structure, it is widely used in 

applications whose mechanism requires atom insertion/deinsertion16-17, as seen in section 1.2.1. 

in Chapter 1. The sites available are highly dependent on the fabrication route of the oxide18. 

Enhancement of the properties can be achieved using different techniques and different structures, 

two dimensional for example.19 As shown in figure 2.4., molybdenum trioxide exists in two 

crystallographic phases20, commonly referred to as the alpha and beta phases. The α-phase has an 

orthorhombic structure and is the thermodynamically most stable phase whereas the β-phase 

exists in the monoclinic metastable phase.  

 

Figure 2.4. (a) alpha and (b) beta crystallographic phases of  MoO3. 

The molecular organisation21 within the octahedral single crystal is detailed in figure 2.5. 

Molybdenum oxides are interesting due to their multiple valence states and, for the alpha phase, 

its ability to change oxidation state22. Moreover, being a layered material or enhanced properties 

could be reached when in its 2-dimensional form. 

 

Figure 2.5. Molecular coordination of octahedral MoO3. 
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2.1.2.  Cobalt Hydroxide. 

The starting powder studied and exfoliated is cobalt hydroxide. Exfoliation can be carried out as 

cobalt hydroxide is a layered material. Actually, two different phases are available, the kinetically 

most accessible α–Co(OH)2
23 and the thermodynamically most stable β–Co(OH)2 phase, figure 

2.6. While studying, the cobalt hydroxide films the access to each one or some of these phases 

can change the final properties of the system. The two phases of cobalt hydroxides α- and β-, our 

starting material, can highly influence the electrochemical response when immerse in alkaline 

media.  

 

Figure 2.6. (a) α- and (b) β- crystallographic phases of Co(OH)2. 

When cycled in 1 M NaOH, β–CoOOH24 is formed in a reversible manner corresponding to a 

Co(II)/Co(III) transition as shown in figure 2.7.(a) . However, when undergoing through further 

charging, the ɣ-phase can be obtained which corresponds to an oxidation state of Co(III/IV). ɣ -

HxNayCoO2.z(H2O)24 has a high interlayer spacing and will contain multiple intercalated counter-

ions as depicted in figure 2.7.(b). 
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 Figure 2.7. (a) The beta and (b) gamma crystallographic phases of CoOOH. 

The phase and oxidation states of Co(OH)2 can be summarised in a Bode scheme of squares, as 

described in figure 2.8. In a similar manner to α–Ni(OH)2, the α–Co(OH)2 phase in base will 

spontaneously dehydrate and recrystallize25 as β–Co(OH)2. It is important to note that the Bode 

scheme of squares diagram is a simplification of the electrochemistry of the Co(II)/Co(III) 

systems as other oxides, some intermediates, can be formed (e.g. Co3O4) and that the synthesis, 

the deposition and the electrochemical condition will impact its behaviour.  Please see Chapter 5 

for in depth electrochemical characterisation.   

 

Figure 2.8. Bode scheme of squares for cobalt hydroxides and oxy-hydroxides species. 
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2.2. Diffraction and Spectroscopic Techniques. 

During the course of this work, different techniques were utilised to investigate the nature and 

oxidation state of the TMO films. It was of primary importance for the understanding of the 

different phenomenon taking place in solution. The effect of the exfoliation synthesis on the final 

structure was also considered. Various techniques were used including X-ray powder diffraction 

(XRD), Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). Their fundamental 

operating principles and use during this thesis will be developed in the following sections. 

2.2.1.  X-ray Powder Diffraction (XRD). 

XRD is the first technique used to identify the atomic structure of the bulk metal oxide powder 

received. This technique is founded on Bragg’s law, equation (2.4), where an X-ray incident beam 

will be reflected by the electron cloud surrounding an atom in the structure as shown in figure 

2.9. Bragg’s law can be given by:  

2 𝑑ℎ𝑘𝑙  sin 𝜃ℎ𝑘𝑙 = 𝑛 𝜆                                                 (2.4) 

where 𝑑ℎ𝑘𝑙 is the interplanar spacing, 𝜃ℎ𝑘𝑙 is the angle between the X-ray beam and the atomic 

planes, 𝑛 the reflection number and 𝜆 the X-ray wavelength. Diffraction will occur only when 

Bragg’s law is satisfied. This requires constructive interference meaning that the waves must be 

in phase26.  Thus, analysis will focus on the unit cell of the crystal which is the repeated unit that 

constitutes the entire structure. Different atomic planes will be present in this unit cell; each one 

will be identified using the Miller indices (hkl). The hkl values will correspond to the number of 

times the a, b and c edges of the unit cells are struck by the plane of atoms as shown in figure 

2.10.(a). Each plane has its own interplanar spacing, 𝑑ℎ𝑘𝑙, will necessitate a different X-ray 

incident angle, 𝜃ℎ𝑘𝑙, to satisfy Bragg’s law, see equation (2.4). 
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Figure 2.9. Diffraction phenomena showing constructive interference. 

This will generate a characteristic reflection pattern to the studied structure shown in figure 

2.10.(b). With this spectrum, the calculation of the different d spacing values is possible and the 

exact structure attributed by using previously established standard patterns given in red in figure 

2.10.(b).  

 

Figure 2.10. Representation of (a) Miller indices and (b) resulting XRD patterns. 

2.2.2.  Raman Spectroscopy. 

Raman spectroscopy was the first technique used to characterise the film deposited on a support 

electrode post-exfoliation. This technique relies on the different molecular vibrations of one 

sample, for both local and collective bonds. In an equivalent manner to XRD, Raman 
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spectroscopy can be used to identify a sample, as some vibrations modes are characteristic of a 

material. It involves the use of a monochromatic light, of wavelength (λ), to generate scattering 

events caused by the interaction of the light with the sample of study. The photons constituting 

the light source, will be absorbed by the material then scattered (re-emitted)27. Two different type 

of scattering events can occur, elastic or inelastic, figure 2.11. An elastic scattering, known as 

Rayleigh scattering, will correspond to a scattered photon of the same wavelength than the one 

from the incident beam, shown in figure 2.11.  

Wavelength and energy of the photon are proportional to each other and can be calculated using: 

                                           𝐸 =  
ℎ 𝑐 

𝜆
                                                          (2.5) 

where 𝐸 is the photon energy, ℎ is Planck constant, 𝑐 the speed of light in vacuum and 𝜆 is the 

wavelength. During the photon absorption process the incident photon will excite an electron into 

a higher energy level, also called virtual state. 

 

Figure 2.11. Representation of elastic and inelastic light scattering phenomenon. 
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The electron will then decay to a lower energy level and emit a scattered photon. If the decay the 

excited electron goes back to its starting vibrational level, we have Rayleigh (elastic) scattering, 

which is the scenario for a vast majority of the emitted photons28. Raman spectroscopy is the study 

of inelastic interactions, minor events , causing the excited electron to decay to a vibrational level 

of different energy. This change in energy level will alter the charge distribution in the molecule, 

inducing local modification of the dipole moment. These inelastic events can be classified in two 

categories; Stokes and anti-Stokes. Both will be caused by an incident photon of same energy, 

however Stokes scattering will correspond to an electron de-excitation energy of lower value than 

the excitation, whereas anti-Stokes scattering is the opposite phenomenon. Most commonly, 

Raman spectra present the wavenumber (�̅�) or frequency (𝜈) shift against the intensity of each 

scattering event. The wavenumbers are directly proportional to the different in energy and written 

as:  

 �̅�  =  
1

𝜆
 =  

𝐸

ℎ 𝑐
                                         (2.6) 

Frequencies, on the other hand, relate to the vibrational mode induced in the molecule. A relation- 

ship between wavenumbers, wavelength and frequency can be drawn, and can be given by: 

𝜈 =  
𝑐

𝜆
= 𝑐 �̅�                                                   (2.7) 

The intensity therefore is directly proportional to the number of molecules affected by each 

scattering events either elastic or inelastic. Rayleigh and Stokes scattering both affect electrons in 

their ground vibrational state. At room temperature this is the vibrational level of the majority of 

the molecules, in accordance with Boltzmann’s distribution27. Therefore, anti-Stokes phenomena 

will have the weakest intensity are the electron is initially in a vibrational excited state, last 

diagram in figure 2.11. One must bear in mind that the majority of the events will conserve the 

photon energy, implying that elastic scattering is more likely to occur in comparison to the Raman 

effect. To summarise, electrons will preferentially undergo Rayleigh scattering then Stokes and 

finally anti-Stokes, as represented in figure 2.12.  
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Regarding the peak positions, the anti-Stokes events will have the largest wavenumbers 

(frequencies) as the energy of the scattered photon is greater than the incident one. Following a 

similar logic, the Stokes frequencies will be the smallest. Finally, Rayleigh wavenumbers will be 

the values obtain for wavelength of the monochromatic beam, as seen in figure 2.12. 

 

Figure 2.12. Example of intensity and peak distribution in a Raman spectrum. 

2.2.3.  X-ray Photoelectron Spectroscopy (XPS). 

XPS is the representation of atomic core level shifts. This technique uses X-rays emission to 

irradiate the sample such as an electron from the core level of the atom will be released, as shown 

in figure 2.13. When the photon from the X-ray incident beam is in contact with the material 

surface it will be absorbed. The incident photon energy (ℎ 𝜈) must be large enough for the electron 

in its core level to have enough energy to be released at the surface. This emitted electron is called 

photoelectron and will have a distinctive kinetic energy (𝐸𝑘). This can be described by 

                                                                     ℎ 𝜈 = 𝐸𝑘 + 𝐸𝑏 +  𝛷                                                 (2.8) 



59 

 

where 𝐸𝐵 is the core electron binding energy and Φ is the work function. Another X-ray source 

is utilised to reach such values (ℎ 𝜈). The source will be quasi- monochromatic, in an equivalent 

manner to Raman spectroscopy but will necessitate the use of a metallic anode. A cathode will be 

used to generate electrons that will strike the surface of the anode. At the energy level, a similar 

representation to the one presented in figure 2.13.(b). will be reached.  

 

Figure 2.13. Representation of X-ray interactions  with (a) electronic structure  and (b) 

energetic description using the example of an O1s electron. 

Yet, the interest will not be focused on the photoelectron emitted but on the vacancy left after its 

ejection shown in figure 2.14. This vacancy will be filled with electrons of lower binding energy, 

this transition being the origin of the X-ray emissions, symbolised by a blue arrow on figure 2.14. 

In order to ensure the monochromatic nature of the source, only one type of emission line, a quartz 

crystal is used before exposing the sample to these X-rays. Two typical metallic anodes are used 

as Kα sources; Al and Mg, with respective energy of 1486.6 and 1253.6 eV.  

The difficulty of XPS data treatment, lies within the nature of the events occurring. In addition to 

the process detailed in figure 2.13, additional type of electron emission should be considered. An 

Auger electron will be ejected when another electron in a same shell level (KLM etc..) fills the 

core level vacancy occurring in a two-step process.  
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Figure 2.14. Representation of Kα  X-ray emissions. 

Two types of output data can be recorded, survey and core level scans as shown in figure 2.15. 

While both presenting the same sample, the initial survey will give insight on the specific binding 

energy of the different element present in the sample, and will consequently, be monitored in a 

wider binding energy window. When recording the core level scans, the spectrum profile directly 

relates with the chemical environment (atoms, electronegativity, oxidation state) of one atom 

given in figure 2.15.(b). The structure of the molecule can be fitted against the literature standards 

and the nature of the “impurities” determined. 

 

Figure 2.15. Example of XPS (a) survey and (b) core level spetrums. 
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2.3.  Morphological Characterisation. 

The surface morphology of the electrode surface is of main importance for catalysts. In addition 

to the sample composition its layout can have significant impact on its final properties. In this 

work, these techniques were used prior and post electrochemical testing to observe the surface 

changes and/or degradation and, for transmission electron microscopy (TEM) measure the sample 

flake sizes. These techniques allow the researcher to reach resolutions down to the micro to 

nanometre scales, using an electron source instead of light.  

2.3.1.  Scanning Electron Microscopy (SEM). 

Scanning electron microscopy (SEM) has the advantage of displaying pictures of 3D materials 

that are directly interpretable with little analysis. Nevertheless, the microscope itself involves 

various complexes processes and therefore the background of this will be given to have a complete 

understanding. As shown in figure 2.16., before striking the sample the electron beam passes 

through different sections of the microscope. Firstly, electrons are emitted by the electron gun 

which comprises of a sharp tip which is subjected to a high potential resulting in the release free 

electrons. They are accelerated towards the anode with energies typically between 2 to 40 keV. 

This electron beam is then focused by using  magnetic lenses (three in the representation in figure 

2.16.). The sample will be bombarded by a sharp and focused electron beam in a small spatial 

window and will result in an automatic image using the appropriate software. To reach optimal 

resolution, the acceleration voltage, lens alignment and the final aperture must be  adjusted. This 

image will be the result of detection of different phenomena. As shown in figure 2.16., three 

detectors are present within the microscope to detect the three different processes. The incident 

electron beam will create scattering and emission events depending on the nature of the sample. 

When scattering events are considered, two distinct types of interactions will occur; elastic and 

inelastic which are backscattered and secondary electrons (SE) respectively (purple and blue 

arrows in figure 2.16.). 
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Figure 2.16. Scheme of a scanning electron microscope. 

Backscattered electrons (BSE) are the product of the interaction of the incident electron with the 

electric field of the nucleus of one of the atoms of the sample, figure 2.17.(a). This results in a 

detected electron without meaningful change of energy compared to the incident probe. 

Conversely, inelastic SE involves an energy transfer from the incident electron to an electron of 

the specimen, figure 2.17.(b). The incident electron will be scattered inelastically and the sample 

electron scattered as a SE, leaving an electron vacancy in the structure. If this vacancy is filled, 

this will result in the emission of X-rays as shown in figure 2.17.(c). To observe X-ray emission, 

an acceleration voltage will be necessary has deeper penetration within the sample is required 

which is the basis of EDX spectroscopy discussed previously.  
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Figure 2.17. Schematic representation of (a) Backscattered electrons (b) Secondary 

electron emission (c) X-rays. 

2.3.2.  Transmission Electron Microscopy (TEM). 

In a comparable way to scanning electron microscopy, transmission electron microscopy (TEM) 

can be used to image the sample but at higher resolution. The difference of this technique to SEM 

predominantly lies in the sample/electron probe interaction. The electron beam, which arises from 

thermionic or field emission sources, will pass through the sample rather than being reflected. 

Thus, the sample must be sufficiently thin which can involve tedious sample preparation. In this 

work, TEM was used primarily to monitor, and give metrics to, the various synthesized flake 

sizes. Parallel mode imaging was utilised during this project, which gives a sample resolution, 

typically around the nm scale. The process involved in this case is similar to an optical microscope 

with the illuminating source being an electron beam instead of a light source. The incident 

electron beam passing through the sample which gives information on the inner sample properties 

such as crystallographic structure, orientation and morphology. Another TEM mode can also be 

used; scanning transmission electron microscopy which this time used a convergent electron beam 

on the sample, in a similar fashion to SEM.  

2.4. Electrochemical Techniques. 

During this project, electrochemical applications towards energy storage and conversion of 

selected materials have been examined. To investigate the system under working conditions, an 

electrical potential or current was applied to the cell and the resulting response measured. The 

resulting responses were recorded using a Gamry potentiostat/galvanostat. This section will 
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explain in detail useful concepts from the cell preparation to the information(s) collected with 

each electrochemical test.     

2.4.1.  Cell and Electrodes. 

In this work, the bulk of the electrochemical tests were carried out in a standard three electrode 

cell. This set-up, shown pictorially in figure 2.18, consisted of a working electrode (WE), 

reference electrode (RE) and counter electrode (CE). This arrangement allows one to adjust the 

potential of the WE, which is the electrode of interest, by applying a potential difference between 

the WE and the RE. Depending on the application, the nature of the electrolyte will vary and a 

suitable reference electrode will be used under these conditions. A RE is defined as the electrode 

providing a fixed potential value during the course of the experiment29. For example in alkaline 

media, we use equilibrium potential of the reaction : 

                                         𝐻𝑔𝑂(𝑠) + 𝐻2𝑂(𝑙) + 2𝑒− ↔ 𝐻𝑔(𝑙) + 2𝑂𝐻−                                (2.9) 

A liquid junction between the reference electrode solution and the electrolyte will be present and 

thus it is pertinent to use a reference electrode filling solution which closely matches the chosen 

cell electrolyte to minimise its resistance. The CE role is to complete the circuit and other half 

reaction of the cell i.e. acts to balance the reaction charge. While the RE fixes the potential at the 

WE, one should note that the CE-WE junction is the one supplying current. Consequently, the CE 

must have a larger surface area than the WE so as not to be limited by the reaction at the CE. The 

CE must also be made from an electrochemically inert material (in the potential window of study) 

to avoid any oxidation or reduction of itself adding to the measured current. One usually uses Pt 

or carbon as a CE when studying the OER or carbon for the HER. The WE and more particularly 

its design, are various and influence greatly the outcome properties of one system. Usually this 

electrode will be constituted in two parts; a conductive support which acts as the current collector 

and the deposited active catalyst film. This offers a wide range of possible modifications from the 

choice of support to the deposition of the film. This electrolyte will contain ionic species closing 

the electrochemical circuit. The solid/ liquid interface between the WE and the electrolyte is the 
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area of interest independently of the application considered. When a redox active specie is present 

in solution, it is in contact with the WE for electrochemical surface reaction to occur and will 

depend on the mass transport properties of the system. When these are in contact there is 

formation of an interface, electrons from the circuit can be transferred to and from the electrode 

to the reactive entity (oxidation/reduction), this is electron transfer. This is a simplification and 

other processes also must also be considered as electron transfer can involve the absorption of 

one or multiple molecules at the surface, phase formation and the WE itself could be subject to 

electrochemical reaction30. The complexity of such systems therefore requires a good 

understanding of the basic principles involved during surface redox reactions.  

 

Figure 2.18. Example of a three electrode cell. 

2.4.2.  Electron Transfer and Mass Transport. 

When the electrochemical cell is connected to the potentiostat but no potential applied to the 

system it is define as the equilibrium or open circuit potential and can be described by:  

                                                   𝐸 =  𝐸0 + 
0.059

𝑛 
log (

[𝑂𝑥]

[𝑅𝑒𝑑]
)                                                   (2.10) 

where 𝐸 is the cell potential, 𝐸0 the redox couple standard potential, 𝑛 the number of electrons 

exchanged during the surface redox process, and [𝑂𝑥]/[𝑅𝑒𝑑] the oxidant and reductant 

concentration at the electrode surface. This is better known as the Nernst equation.  Applying a 
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potential between the WE and the RE will shift the equilibrium in favour of one compound rather 

than its reduced or oxidised form (depending on the potential value). 𝐸𝑎𝑝𝑝𝑙 is the applied potential, 

electrons will be exchanged between the electrolyte and the electrode surface, until the solution 

potential 𝐸 is equal to 𝐸𝑎𝑝𝑝𝑙. This implies that, if 𝐸𝑎𝑝𝑝𝑙 > 𝐸, oxidation will occur and if 𝐸𝑎𝑝𝑝𝑙 <

𝐸, reduction will take place, represented by the diagram as shown previously in in figure 2.19. In 

addition to electrochemical surface reaction, this electron exchange induces a change in current 

in the cell. Current was defined by the amount of electricity, charge (𝑄), flowing over a define 

amount of time (𝑡) as written in equation (2.11).  

                                                       𝑖 =  
𝑑𝑄

𝑑𝑡
                                                           (2.11)  

The charge of the system is directly proportional to the amount of material, more specifically 

number of moles (N), involved during the redox reaction and can be written as: 

                                                            𝑁 =  
𝑄

𝑛𝐹
                                                              (2.12)  

By combining equations (2.11) and (2.12) a relationship between current density (j) and the 

reactant quantity undergoing redox reaction can be given by: 

𝑑𝑁

𝐴 𝑑𝑡
= 

𝑗

𝑛𝐹
                                                          (2.13) 

 

Figure 2.19. Representation of oxidation and reduction in regards of Fermi levels. 
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where A is the WE geometric area. During redox processes, ions will be subjected to mass 

transport. Three different principles can impact the cell are represented in figure 2.20. The first 

one is diffusion, which arises from a gradient in concentration of a species.  

 

Figure 2.20. Mass transport through (a) diffusion, (b) migration and (c) convection.  

This is significant in the interfacial region, as shown in figure 2.21. where, Ox, Red, ads, surf and 

el refer to oxidant, reductant, adsorbed, surface and electrolyte respectively. When oxidation is 

occurring 𝐸𝑎𝑝𝑝𝑙 > 𝐸, the reductant concentration at the surface of the WE will decrease whereas 

the concentration of the oxidant will increase.  

 

Figure 2.21. Representation of the possible different electrochemical steps. 
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Secondly, mass transport via migration is due to 𝐸𝑎𝑝𝑝𝑙to the system depicted in figure 2.20.(b 

and lastly, convection arises from the mechanical forces displacing the species in solution. When 

adding the surface redox reaction to the mass transport processes the amount of mole present at 

the surface of the electrode will vary as shown in figure 2.21. The current output will therefore  

increase when surface reaction occurs, the speed of which will be limited by the amount of moles 

available at the electrode surface for reaction (mass current, and the one induced by reduction, 

cathodic current can be written as transport). The total current will be the summation of the current 

induced by anodic and cathodic processes and can be written as  

                                          𝑖 =  𝑖𝑡𝑜𝑡𝑎𝑙 = 𝑖𝑎𝑛𝑜𝑑𝑖𝑐 + 𝑖𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐                              (2.14) 

In order to evaluate the number of moles present at the surface of the electrode a first step will 

consist in representing their spacial distribution. In a simplified scenario only one specie will be 

present in solution following Fick’s first law of distribution:  

𝑑𝑁𝑅𝑒𝑑

𝐴 𝑑𝑡
= 𝐷𝑟𝑒𝑑  

𝑑[𝑅𝑒𝑑]𝑠𝑢𝑟𝑓

𝑑𝑥
                                             (2.15) 

Where 𝐷𝑟𝑒𝑑  is the diffusion coefficient or the reductant at the interface, 𝑁𝑅𝑒𝑑and [𝑅𝑒𝑑]𝑠𝑢𝑟𝑓 

respectively the quantity of mole and concentration of reductant at the surface. 

The concentration gradient at the surface of the electrode (interface) is such as the spacial 

concentration derivation can be estimated as followed, see figure 2.21: 

𝑑[𝑅𝑒𝑑]𝑠𝑢𝑟𝑓

𝑑𝑥
= 

([𝑅𝑒𝑑]𝑒𝑙− [𝑅𝑒𝑑]0)

𝛿
                           (2.16) 

where [𝑅𝑒𝑑]𝑒𝑙, is the reductant bulk concentration in the electrolyte and  [𝑅𝑒𝑑]0, the reductant 

concentration in contact with the electrode and 𝛿 is the thickness of the diffusion layer. 

By combining equations (2.15) and (2.16) one arrives at: 

𝑑𝑁𝑅𝑒𝑑

𝐴 𝑑𝑡
= 𝐷𝑟𝑒𝑑  

([𝑅𝑒𝑑]𝑒𝑙− [𝑅𝑒𝑑]0)

𝛿
                          (2.17) 
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Equations (2.13) and (2.17) combined is the relashionship of the current density with the 

concentration changes in solution: 

𝑖𝑎𝑛𝑜𝑑𝑖𝑐 =  𝑛 𝐹𝐴 𝐷𝑟𝑒𝑑  
([𝑅𝑒𝑑]𝑒𝑙− [𝑅𝑒𝑑]0)

𝛿
                          (2.18) 

When koxidation is defined as the oxidation reaction rate, according to equation (2.19), a simplified 

presentation of the current variaton depending on the concentration at the electrode can be written, 

equation 2.20. Where the concentration in the electrolyte can be considered as constant and 

therefore define a current limit, 𝑖𝑙𝑖𝑚,𝑎𝑛𝑜𝑑𝑖𝑐 . 

𝑘𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 =
𝑛 𝐹 𝐴 𝐷𝑟𝑒𝑑

𝛿
                                               (2.19) 

𝑖𝑎𝑛𝑜𝑑𝑖𝑐 = 𝑖𝑙𝑖𝑚,𝑎𝑛𝑜𝑑𝑖𝑐 − 𝑘𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 [𝑅𝑒𝑑]0                      (2.20) 

A similar logic can be applied to the reduction process. This simplified scenario, mathematically 

described with equation (2.20), shows that the current will vary with the concentration and rate 

constant. However, in reality the system processes are more complex. The surface reaction rate 

depends on the potential of study definying the current densities as followed30: 

𝑗𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐 = − 𝑛 𝐹 �⃗� 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [𝑂𝑥]0                                      (2.21) 

𝑗𝑎𝑛𝑜𝑑𝑖𝑐 =   𝑛 𝐹 �⃖⃗�𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 [𝑅𝑒𝑑]0                                        (2.22) 

Where �⃗� 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 and  �⃖⃗�𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 are functions of 𝐸𝑎𝑝𝑝𝑙and are defined such as: 

 �⃗� 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =  𝑘0
⃗⃗ ⃗⃗  ⃗ exp (

−𝛼𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑛 𝐹 

𝑅𝑇
 𝐸𝑎𝑝𝑝𝑙)                        (2.23) 

�⃗� 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 =  𝑘0
⃖⃗ ⃗⃗⃗⃗ exp (

𝛼𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛𝑛 𝐹 

𝑅𝑇
 𝐸𝑎𝑝𝑝𝑙)                          (2.24) 

1 =  𝛼𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝛼𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛                                   (2.25) 

where  𝑘0
⃗⃗⃗⃗  and 𝑘0

⃖⃗ ⃗⃗⃗ are constants, 𝛼𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 and 𝛼𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 are the transfer constant or symmetry 

factors and describe the activation energy towards reduction or oxidation. These are the 

mathematical expressions of the phenomena occuring at the surface of the film. Different 
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techniques will be applied where either the current or the applied potential is varying, with the 

other being measured.  

2.4.3.  Cyclic and Linear Sweep Voltammetry. 

Cyclic voltammetry is a potentiodynamic technique where the potential is swept back and forth 

over a potential window at a defined scan rate (ν), represented by figure 2.22. The potential 

window was chosen so that the electrochemical redox reactions of the material were observed. 

When studying redox processes in aqueous solution (or indeed any solution) one is generally 

limited to solvent window of the system. For aqueous alkaline electrolytes used in this work, this 

was typically between -1 and 0.6 V vs Hg/HgO. Any redox processes occurring outside the 

solvent window will be masked by decomposition of the solvent; in our case the HER and OER. 

In figure 2.22.(a), the blue and orange first sweep segment will respectively represent a cathodic 

and anodic sweep. The analytical scan rate is given by the slope. Finally, t1 is the time needed to 

record the first complete cyclic voltammogram. This technique will give qualitative information 

segment labelled 1 in figure 2.22. These curves will give access to the reaction overpotential. One 

should remember that on the surface electrochemistry of the WE studied shown in figure 2.22.(b). 

Information relating to the nature of the redox reactions occurring can be extracted. Integration 

of the area under the redox peak corresponds to the charge which is often used as a metric to 

quantify the number of active sites31. From this, and given previously in equations (2.11)-(2.13), 

one can calculate the capacitance of the film.  

 

Figure 2.22. Representation of the cyclic voltammogram (a) sweep parameters and (b) 

electrochemical processes. 
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One should note that the charge varies depending on the scan rate32. Indeed, slower scan rates 

improve the electrolyte diffusion within the surface (pores, cracks, grain boundaries) of the 

material. At the upper limit of the cyclic voltammogram a qualitative estimation of the surface 

activity towards OER can be isolated, its approximate onset potential for example.  

Further characterisation can be carried out using linear sweep voltammetry (LSV) at a slow scan 

rate which assumes steady state, this also called Tafel analysis. Indeed, one should choose a scan 

rate slow enough to allow the system to reach a stable current at each potential. As shown in 

figure 2.23, the 1 mV s-1 scan rate used in this work was sufficiently slow that one can assume 

steady state. During this test, the potential will be slowly swept between two potentials in the 

OER region, equation 2.26. Experimentally, as detailed in Chapter 1, the potential measured 

(𝐸𝑎𝑝𝑝𝑙) has two contributions and is written as:  

𝐸𝑎𝑝𝑝𝑙 =  𝜂 + 𝐸𝑒𝑞                                                  (2.26) 

Recalling that the total cell current is the sum of the anodic and cathodic current and putting 

equation (2.26) into equations (2.21) and (2.22) we can write the Butler-Volmer equation: 

𝑗 =  𝑗0 [exp (
𝛼𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛𝑛 𝐹 

𝑅𝑇
 𝜂𝑎) − exp (

−𝛼𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑛 𝐹 

𝑅𝑇
 𝜂𝑐)]             (2.27) 

where 𝑗0 is defined as the exchange current density, which is  current is flowing through the cell 

at zero overpotential. When studying the OER, one is operating under highly anodic conditions. 

For this reason, equation (2.27) can be simplified to the oxidation process as the reduction process 

is negligible to the overall measured current. This will give access to the Tafel equation and can 

be written as:  

𝑙𝑜𝑔(𝑗) =  𝑙𝑜𝑔(𝑗0) + 
𝛼𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛𝑛 𝐹 

2.3 𝑅𝑇
 𝜂𝑎                      (2.28) 

A critical kinetic parameter can be extracted from this plot when fitted with the following equation 

which is the Tafel slope. The Tafel slope is defined as the derivation of overpotential in function 

of the logarithm of the current density, as demonstrated by figure 2.23. This value can give insight 

on the rate determining step during the OER, table 2.1, see (1.5) and (1.7) - (1.9) from Chapter 1, 
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and acts as a sensitivity parameter for the OER i.e. if the Tafel slope is 40 mV dec-1 one must 

increase the potential by 40 mV to get a factor of 10 increase in current. To summarise, linear 

sweep voltammetry gives information on the electrochemical reactions, kinetic properties and 

charge transfer processes. 

 

Figure 2.23. Sweep rate dependency during linear sweep experiments on (a) bare and (b) 

coated supports. 

Table 2.1. Kinetic information relating to the Tafel slope value. 

Tafel slope value (mV dec-1) Rate Determining Step 

120 1st electron transfer (1.5) 

60 Proton transfer (1.7) 

40 2nd electron transfer (1.8) 

30 Oxygen emission (1.9) 

 

2.4.4.  Galvanostatic/Chrono-potentiometric Measurements. 

In addition to using steady state potentiostatic measurements, galvanostatic tests were also used. 

This measurement instead of applying a ramp in a potential and measuring the current applies a 

current and measures the potential as a function of time. When the current density is the fixed 

parameter this technique is often referred to as a galvanostatic polarisation curve or 

chronopotentiometric measurement. This technique is of double interest has this can be carried 

out over an extended time length, offering evaluation on the system stability under industrial 
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working conditions as industrially one would want to fix the current (product output) per unit 

time.  

During this project galvanostatic testing (GSTAT) was carried normally carried out at 10 mA cm-

2, for reasons explained previously in section 1.3.1.2 in Chapter 1. An overpotential value at this 

current density was obtained and will be the direct reflection of the catalytic behaviour of the 

system  Such value could also be calculated using LSV, and in theory should give the same value 

if no other processes are occurring (such as oxidation of the material). Therefore, this can be used 

as a check to ensure correct experimental procedure is being followed.  

2.4.5.  iR Compensation. 

In an electrochemical cell, there will always be an associated resistance from the electrolyte which 

acts as an Ohmic resistor which one must account and correct for to accurately evaluate the 

catalytic properties of a material. Any resistance from the cell cables will automatically be 

compensated for by the potentiostat but manual compensation will be necessary for the electrolyte 

solution. This resistance is referred to as the iR drop or Rs. Such terminology is used as the 

potential applied by the potentiostat to the system, between the WE and RE, will slightly drop as 

detailed in figure 2.24.  

 

Figure 2.24. Representation of the solution resistance. 
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This phenomenon will impact the (current/potential) “couple” hypothetically under-evaluating 

the system performances if uncorrected, see equation (2.29).  

                                                       𝐸𝑎𝑝𝑝𝑙 = 𝐸𝑝 + 𝑗𝑅𝑠                                                         (2.29) 

where 𝐸𝑎𝑝𝑝𝑙 and 𝐸𝑝 are respectively the potentiostat input and electrodes polarization potential. 

Commonly, potentiostats have inbuilt sequences allowing to access the calculation or the solution 

resistance. These sequences rely on two different methods. The first one is potential step testing 

in an electrochemically inactive potential window, double layer region. The current will be 

induced by charge accumulation33, the current will be time dependant and follow equation (2.30). 

Where 𝐶𝐷𝐿 is the double layer capacitance in ∆𝐸, electrochemically inactive window. The origin 

intercept will allow 𝑅𝑠 calculation when the double layer region is optimally assigned. 

𝑙𝑛(𝑗) =  −
1

𝑅𝑠 𝐶𝐷𝐿
 𝑡 + 𝑙𝑛 (

∆𝐸

𝑅𝑠
)                                 (2.30) 

Another technique to calculate this resistance is electrochemical impedance spectroscopy. This  

technique will be explained in more detail in the following section.  Briefly the potentiostat will 

use a high frequency AC signal to calculate 𝑅𝑠. The frequency choice during this measurement 

is critical as using too high of a frequency, the measured impedance will include contributions 

from the connections and reference electrode and not high enough will include charge transfer 

resistances from the electrode(see next section). In brief both techniques allow accurate iR 

compensation calculation and more than one technique should be used to get an average value.  

2.4.6.  Impedance Spectroscopy. 

Electrochemical impedance spectroscopy (EIS) is a powerful tool that can be used to probe 

various processes occurring in an electrochemical system. EIS has found to be extremely useful 

in a variety of fields such as corrosion, electrodeposition, batteries, fuel cells and more34-35. The 

detailed underlying mathematics governing EIS and how it is utilised, is out of the scope of this 

work but numerous reviews explaining the underlying theory can be found throughout the 
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literature36-37. Thus, only a brief explanation, which is enough to sufficiently allow the reader to 

understand its usage in this work is given. The fundamental idea behind EIS is in the application 

(input) of a small sinusoidal current (galvanostatic) or potential (potentiostatic) and measurement 

of the resulting sinusoidal output. We use potentiostatic EIS here. The resulting output will be 

affected in both phase and amplitude, and thus, this perturbation can be measured. Applying a 

small electrical perturbation, where the input and output will be linear in the analytical window, 

will give access to the transfer function, impedance of the cell38 as outlined in equations (2.31) 

and (2.32) below. 

𝑍(𝑗𝜔) =  𝑍𝑟 + 𝑗𝑍𝑗 = |𝑍| 𝑒𝑗ɸ =
𝑉(𝑗𝜔)

𝐼(𝑗𝜔)⁄                                   (2.31) 

  |𝑍| =  √𝑍𝑟
2 + 𝑍𝑗

2    and    ɸ = tan−1 𝑍𝑟

𝑍𝑗
                                           (2.32) 

Where Z represent the impedance, Zr the real part of the impedance and Zj the imaginary part 

(both of those numbers are real and are frequency dependent), |Z| represents the magnitude of the 

impedance vector and ɸ represents the phase angle, finally and V(jω) and I(jω) are the sinusoidal 

potential and current. As stated before, when applying a sinusoidal potential signal46 as defined 

in equation (2.31) there will be a resulting shift (figure. 2.25) resulting in a phase angle difference. 

Impedance can be presented in two separate ways, the Nyquist plot which plots – Zj against Zr 

and the Bode plot representing the logarithm of the modulus Z and the phase against the logarithm 

of frequency. 

 

Figure 2.25. Impedance shift between the input (potential) and the output (current) signal. 
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A typical resistor will have a reponse similar to the one presented in figure 2.26, where the 

imaginary part will remain at zero. Indeed the impedance of a resistor does not contain an 

imaginary part and is not function of the frequency. 

 

Figure 2.26. (a) Nyquist and (b) Bode diagramm (phase in blue and modulus in orange) of 

a pure resistor. 

The impedance response for a capacitor will be different as in AC circuit it’s impedance follows 

equation (2.33). Another element will also be used, the constant phase element (CPE), which will 

replace the capacitance to improve the fit for a circuit model and providing a better explanation 

of the distribution and mechanisms occurring at the electrode39-40. The impedance of these two 

electrical components are similar (see  equation (2.33))38. 

𝑍𝐶 = 
1

𝑗𝐶𝜔
   and  𝑍𝐶𝑃𝐸 = 

1

𝑄𝐶𝑃𝐸(𝑗𝜔)𝛼 
                                    (2.33) 

where 𝐶 is the capacitance  and 𝑄𝐶𝑃𝐸 represent the capacitance of the CPE and is the capacitance 

of the system when 𝛼 is equal to 1. When alone in an electrical circuit their Bode and Nyquist 

EIS representation will have similar features to the one presented in figure 2.27. When conducting 

EIS experiments, one will observe different phenomena depending on the magnitude. At high 

frequencies, ca. >0.1 MHz, one will typically observe the solution resistance (Rs), and thus EIS 

is commonly used to measure the latter quantity. In contrast, at lower frequencies, one expects to 

see processes relating to the electrochemical system being studied. Diffusional processes, ion 

intercalation is commonly observed as relaxation phenomena at such frequencies.  
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Figure 2.27. (a) Nyquist and (b) Bode diagram (phase in blue and modulus in orange) of a 

capacitor (solid line) and a CPE (dashed line). 

The Randles circuit, as shown in figure 2.28, is the simpliest one in use to represent aqueous, 

ionic and conductive electrolytes.41 In figure 2.28.(a). it can be seen that the circuit consists of a 

solution resistance Rs, a double layer capacitor CDL (or CPE) in parallel with a charge transfer or 

polarisation resistance RCT, this is the circuit for reactive surfaces by choice. 

 

 

Figure 2.28. Representation of (a) Randles-Sevcik equivalent circuit its (b)Nyquist (c) 

Bode (phase in blue and modulus in orange). 
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Practically, the fitting was supported by non-linear least squares regression (NLLS). Such 

theoretical equivalent circuits are created by modelling the physically meaningful chemical 

processes using mathematical reaction/diffusion equations. These equations represented by the 

EIS representation are directly related to an electrical equivalent circuit model which consists as 

a series of resistors, capacitors, constant phase elements and other.  

This allows one to more easily compare different systems by modelling them using fixed notation. 

For this reason, it is important to bear in mind the typical features of the most common electrical 

elements and circuits shown in figures 2.26 – 2.28. Before interpretation, a preliminary step is 

necessary to verify the integrity of the scans and all fittings were checked using the Kramers-

Kronig transforms built in to the Gamry software. The Kramers-Kronig38, 42 equations are 

integrals that limit the imaginary and real parts of a complex entity that satisfies linearity in the 

window of study.  

The fitting software will allow to directly obtain the values of each of the equivalent electric 

entities, however as the specimen can be complex43 the fitting will be done by steps and by firstly 

inputting predetermined parameters such as the solution resistance which is present only at high 

frequencies. Interpretation of the data collected during impedance spectroscopy when complexes 

system, in regards to their layout (planar, foam) and/or electrochemistry, are studied the 

equivalent cicruit resolution can be difficult. When working with porous and/or coated systems 

two main representation can be used. The electrode can be considered as a whole system and 

corrseponds to a distributed equivalent circuit44 or each pores has its own contribution represented 

by a transmission line circuit45 as shown in figure 2.29.  

The advantage of using a distributed representation is the ease of interpretation of the kinetic 

processes. For the two extrimites, Rs will contain the electrolyte resistance and Cfilm and Rfilm the 

compact film which is inaccessible by the electrolyte. The interfacial film will be composed by 

Rp and RΦ the charge transfer resistances46, CDL the double layer capacitance and CΦ will 

represent, with RΦ, the intermediates formation at the surface. Any capacitor use in these circuit 

diagram will more commonly be represented by a CPE. The latter offering a better representation 
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of the frequency dispertion during experimentation, representing the non-ideal capacitive nature 

of the material. A transmission line, figure 2.29.(b), representes the mass transport outside of the 

electrode pore (Rs in this example) and the electrochemical reaction at the pore surface (Z1 in the 

example). This assumes that only a section of the pore will participate to the double layer charging 

process, C. This circuit, even though considered as accurate, represent a challenge in the fitting 

as the pore size and shape will influence the reponse47. In conclusion EIS is a powerful tool which 

can give insight on the different electrode parameters and behaviour during electrochemical 

testing. The choice of equivalent circuit must be carefully considered in order to accurately 

represent the electrode and associated chemical processes to electrical elements. 

 

Figure 2.29. Example of complex electrochemical systems impedance representations 

(a)distributed circuit and (b)transmission line. 
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3.1. Materials and Chemicals. 

The chemicals used during the material preparation processes were MoO3 (Technical grade, 

99.98%, Sigma-Aldrich), Co(OH)2 (Technical grade, 95%, Sigma-Aldrich), sodium cholate (PN: 

C1254, Sigma Aldrich), isopropyl alcohol (Technical grade, Sigma Aldrich), acetone (Technical 

grade, Sigma Aldrich) and de-ionised water prepared in the lab.  

The electrolytes were prepared using KCl (max 0.0001 % Al, Riedel de Haën), LiClO4 (99%, 

ampouled under argon, Alfa Aesar), NaOH (≥98% reagent-grade pellets, VWR) dissolved in 

either de-ionised water or propylene carbonate (99%, Alfa Aesar). Si wafer (dopant P/boron, Si 

oxide layer 300 nm, SiMat), holey carbon grids (S147, Agar-Scientific), edge and basal plane 

pyrolytic graphite (supplied by ALS respective PN: 002253 and 002252), glassy carbon (supplied 

by BAS inc. PN: 002012), indium tin oxide plates (ITO) (7 ohm/sq coated glass, Xin Yan 

Technology Ltd.), polyethyleneimine (70 %w/v aq. Solution, Alfa Aesar), glassy carbon (GC) 

foam (PN: C-GLS-01-FM.60PPI, American Elements),  graphite rod (PN: C-GR-03-R, Amercian 

Elements), conductive carbon glue (PN: 16050, Pelco), nickel (Ni) foam (PN: NI-M-01-

FM.2MMT, American Elements), nickel wire (Aldrich, purity 99.98% diameter 0.25mm), 

Araldite® (PN: ADH1000, Sparks Lab Supplies), platinum mesh (PN: PT008720, GoodFellow), 

platinum wire (PN: PT005146, GoodFellow), saturated calomel electrode (SCE) (PN: 150, CH 

instruments) and mercury/mercuric oxide (Hg/HgO) reference electrode (PN: 152, CH 

instruments). Where the abbreviation of PN stands for product number.   

3.2. Exfoliation Parameters. 

3.2.1.  Preparation of MoO3. 

The as-purchased molybdenum trioxide powder was dispersed in IPA reaching an initial solution 

concentration of 50 g L-1. The ultrasonic probe (Sonics VX-750)  was immersed in this solution 

sonicated  for 5 h with a pulse cycle of 9 s on followed by a 2 s rest. Any temperature increase 

was prevented using an ice bath. The resulting suspension was then centrifuged for a given time 

and rotation speed, see table 3.1 for each flake size centrifugation parameters, using a Hettich 

http://www.sigmaaldrich.com/catalog/product/aldrich/342440


84 

 

Mikro 220R centrifuge. As explained in figure 2.3 previously, the sediment was then redispersed 

in IPA, which was the solvent used during exfoliation. This process was carried out by Dr. Damien 

Hanlon.  

Table 3.1. Centrifugation parameters for MoO3 flake size selection. 

 

Flake size Rotation speed (krpm) Time (min) 

Large (L) 1 30 

Small (s) 1.5 110 

Very-small (vs) 5 120 

 

3.2.2.  Preparation of Co(OH)2. 

Firstly, the as purchased cobalt hydroxide powder was pre-treated by sonicating it in solution with 

de-ionised water for 2 h, in an ultrasonic tank (PN: 855-5911, Radionics Limited). This solution 

was then centrifuged (Hettich Mikro 220R) at 4.5 krpm for 1h, the sediment was collected and 

dried at 60 °C. This pre-treated Co(OH)2 powder was the starting material used for the exfoliation. 

In contrary to MoO3, the as purchased powder will not be the one used for flake size selection 

during liquid phase exfoliation.  

Secondly, the solvent solution used during this process was a solution of 9 g L-1 of sodium cholate 

in IPA and the final Co(OH)2concentration was 20 g L-1. The solution, contained in a metallic 

beaker, was sonicated using the ultrasonic probe (Sonics VX-750) for 4 h with a pulse cycle of 6 

s on and 2 s off. The cascade centrifugation, figure 2.3, and the different isolated flake sizes are 

detailed in table 3.2. Another sample was prepared and labelled as the Standard (Std) sample, 

which was a mixture of the three smaller flakes obtained after centrifugation offering a 

compromise between yield, centrifugation time and flake size. After this process, the sediment 

was extracted and re-dispersed in the sodium cholate/isopropyl alcohol solution, as it contained 

the desired size cobalt nanoflakes. This process was carried out by Mr. Andrew Harvey.  
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Table 3.2. Centrifugation parameters for Co(OH)2 flake size selection. 

 

Flake size Rotation speed (krpm) Time (min) 

Extra-Large (XL) 1 60 

Large (L) 1.5 60 

Medium (M) 2 60 

Small (S) 2.5 60 

Extra-Small (XS) 3 60 

 

3.3. Film Deposition. 

To ensure homogeneity and adequate dispersion, it was necessary to sonicate [ultrasonic tank 

(PN: 855-5911, Radionics Limited)] the MoO3 and Co(OH)2 suspensions for 15 minutes and 30 

minutes respectively prior to deposition. These times were optimised for each suspensions as each 

were dispersed in a different solvent mixture. The coating technique is an important parameter 

when assessing the properties of one system. Any mass and thickness measurements necessary 

for the film evaluation respectively were carried out using a Precisa XR 125SM-FR balance and 

a Dektak 6M profilometer from Veeco Instruments. 

3.3.1.  Drop Coating. 

For the molybdenum trioxide study, pyrolytic graphite, both edge and basal plane, and glassy 

carbon PEEK encapsulated disks were drop coated with the suspension and any excess solvent 

was evaporated by leaving it in air to dry for 30mins as depicted in figure 3.1. This technique has 

the immediate advantage of being extremely cost effective and requires little preparation time. 

However, this deposition method gave little control over the homogeneity and thickness of the 

film. The films were therefore compared according to their mass loading. This technique was used 

to compare the different support and evaluate the properties of the molybdenum trioxide. 
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Figure 3.1.  Carbon based electrode and drop coating process. 

3.3.2.  Phase Transfer. 

This technique involved the material transfer1 onto an ITO substrate followed by the dissolution 

of the membrane using acetone as illustrated in figure 3.2. The phase transfer process requires 

several steps, involving the collection of the MoO3 film on a membrane and the phase transfer 

step itself. The process was carried out (by firstly preparing the filtration set up, a vacuum pump 

(PN: WP6122050, Merck Millipore), with a nitrocellulose membrane (0.025 μm pore size VSWP, 

Alfa Aesar). The membrane was then wetted with 10 mL of water to ensure adhesion of the 

membrane to the filer, and 10mL of the MoO3 suspension was added. After complete drying, the 

resulting MoO3 film was handled carefully to avoid damage. Next, the film was cut with a razor 

blade following a precise pattern to the desired geometric area. The MoO3 film was then attached 

to the ITO substrate by wetting the film with isopropanol and manually applying a slight pressure 

to ensure the contact between the surface and the film. Prior to drying, the electrode was placed 

for five seconds under acetone vapour, using a hot plate (PN: 768-9672, Radionics-Limited) and 

an erlenmeyer flask, to dissolve the nitrocellulose membrane. This step was then followed by five 

acetone baths, each lasting 10 minutes, with the electrodes being allowed to dry in air for several 

minutes between each bath.  

The phase transfer step is the core of this technique, ensuring a good contact between the film and 

the support is required. Any error in this process results in the film not being fully adherent to the 

surface and/or the dissolution of part of the film in acetone. One of the main advantages of this 

technique is that the thickness of the film deposited onto the electrode can be well controlled. 
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Figure 3.2.  Representation of the phase transfer process. 

3.3.3.  Spray Coating. 

Another deposition technique was used to coat the ITO support electrodes involved during 

evaluation of MoO3. Spray coating was carried out using a PRISM Ultra-Coat 300 machine 

supplied by Ultrasonic systems Inc, figure 3.3. The USI PRISM Ultra-Coat 300 tool is monitored 

via a desktop computer and different parameters can be fixed, such as, for example, the number 

of spraying runs and the temperature of the platform to evaporate off the solvent. Frequent issues 

when using this technique is the film adhesion onto the support. To address this problem, some 

ITO electrodes were pre-sprayed with a polymer, polyethyleneimine, which is used as a bonding 

agent between the film and the support. The MoO3 was loaded into a syringe connected to a 

pumped system that was used to control the flow, 1 mL min-1, and bring the solution to the tip of 

the device. The supports, either bare or polymer coated ITO electrodes, were then sprayed with 

the suspensions. 

 

Figure 3.3. Software monitored spray coating. 
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This process was carried under the supervision of Dr. Joao Coelho. The parameters of this device 

were as follows; the temperature of the platform was set at 96 °C (with an offset of 10 °C) with 

10 runs being carried out. An automated gantry in the x and y directions maintained the tip at a 

height of 35 mm and a spraying speed of 100 mm s-1. The temperature was appropriate to the 

solvent used; in this case IPA (ebullition temperature 95 °C). This was the same procedure that 

was used to spray the polymer solution (0.1 wt % in water) onto the ITO electrodes, however only 

one run was used. This technique had the advantage of being highly reproducible for the same 

suspension, with the program sequence being specially built to ensure the production of a uniform 

film.  

In chapter 5 and 6, glassy carbon (GC) and nickel (Ni) foams were used as the underlying 

electrodes substrates for the working electrode/anode. The glassy carbon working electrodes were 

fabricated by contacting a 1 cm2 piece of GC foam to a graphite rod with conducting carbon glue. 

The nickel foam working electrodes were made by contacting a 1 cm2 piece of Ni foam with a 

nickel wire which was then sealed with Araldite. Spray coating is the technique of choice when 

studying the Co(OH)2/foam support system. Due to the geometry of the foam supports used here, 

it was not possible to use the automated spray machine mentioned previously. Instead a manual 

hand-held spray gun (PN: 126265, Evolution AL-plus 2 in 1), figure 3.4, was used to deposit the 

active material. The set up was mounted with a fine line nozzle of 0.4 mm under nitrogen flow 

and run at room temperature. Before the film deposition, the supports were washed in a 3 M 

sulphuric acid solution sonicated at room temperature for 5 minutes to clean residual bulk oxides 

from the support. Finally, the foam was twice sonication in de-ionised water for 5 minutes, before 

drying under a nitrogen flow.  

The mass loading of the deposited material was calculated by measuring the mass difference 

between the bare electrode before and after deposition using a weighing balance. The electrode 

was coated by spraying the foam for 2 s, with subsequent drying, and the resulting mass being 

measured. his step was carried out multiple times until the desired material mass loading was 

reached. After use, the spray gun was washed in acetone and water, wiped, and then sonicated for 

10 minutes in water. 
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Figure 3.4. Foam spray coating equipment. 

3.4. Structural and Morphological Characterisations. 

3.4.1.  Powder X-ray Diffraction (XRD). 

XRD characterisation was carried out using a Bruker D2 Phaser XRD utilising a Cu Kα source 

from a 2Theta value of 15° to 70°. Match!3 software for powder X-ray powder diffraction 

measurements. This process was carried with the help of Dr. Michelle Browne.  

3.4.2.  Raman Spectroscopy. 

All Raman spectrums for MoO3 studies were recorded using a Witec alpha 300R confocal Raman 

microscope using a 600-line mm-1 grating and a diode laser with an exact wavelength of 532 nm. 

For measuring the Co(OH)2 Raman spectrum, a Ntegra Spectra II was used with a 1200-line mm-

1 grating and a diode laser with a wavelength of 532 nm. All samples were deposited on titanium 

coated silicon wafers to avoid any contribution to the signal from the support. The incident power 

of the laser and its exposure time on the sample was adjusted to preserve the integrity of the 

sample while reaching optimal resolution. The power reaching the sample was kept below 10 

mW. All spectrums presented herein correspond to the average of 6 spectrums obtained for 

different film positions. The Raman spectra for MoO3 were obtained with the help of Dr. Hugo 

Nolan. 

3.4.3.  X-ray Photoelectron Spectroscopy (XPS). 

The sample spot size, using the VG Scientific ESCALab MKII instrument, Al Kα X-rays source 

(1486.7 eV), was approximately 2 mm. The survey spectrum, between 0 and 1200 eV of binding 
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energy, was recorded using a pass energy of 200 eV and the core levels were recorded using a 

pass energy of 20 eV, in the corresponding binding energy window, 230-240 eV for Mo3d and 

776-792 eV for Co2p3/2. This was carried out under the guidance of Dr. Michelle Browne.  

3.4.4.  Transmission Electron Microscopy (TEM). 

TEM imaging was carried out by Mr. Andrew Harvey and Dr. Damien Hanlon, on freshly 

exfoliated metal oxides dropped on holey carbon/copper grids. The transmission electron 

microscopy (TEM) images were recorded with a FEI Titan transmission electron microscope 

operating at 300kV.  The flake size counts were done using ImageJ software  

3.4.5.  Scanning Electron Microscopy (SEM) and Element Mapping (EDX). 

The surface morphologies of the prepared electrodes were monitored using scanning electron 

microscopy (SEM) using a Carl Zeiss Ultra microscope at an acceleration voltage of 5.00 kV and 

an InLens detector. The sample was mounted on a stage using conductive carbon tape and 

additional grounding was ensured using copper tape, binding the top of the sample to the bottom 

of the stage. Good grounding conditions are mandatory to obtain optimal resolution as it will 

prevent charge build up at the surface of the electrode. In Chapter 4, elemental analysis was 

carried out by an EDX detector (Oxford Instruments). This technique requires a higher working 

distance of approximately 8 mm and an acceleration voltage of 15 kV. These conditions are 

necessary to guarantee beam penetration within the sample and X-ray emission. 

3.5. Electrochemical Characterisation. 

All techniques carried out during electrochemical testing were applied to a conventional three 

electrode cell using a high-performance digital potentiostat, a Gamry model 3000. The working 

electrodes were prepared using the techniques mentioned in section 3.2. A platinum electrode was 

used as a counter electrode; a wire for MoO3 studies and a higher surface area Pt mesh for the 

Co(OH)2 systems on porous foams.  

Due to the different nature of the electrolytes, applications involved, different reference electrodes 

were employed. A saturated calomel electrode (SCE) for the ions intercalations in chapter 4 and 
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a mercury/mercuric oxide electrode (Hg/HgO) in alkaline media, in chapter 5 and 6, were the 

reference electrodes. Measurements were carried out at room temperature unless otherwise stated. 

All solutions were degassed for 15 minutes with nitrogen prior investigation and a steady flow 

was kept at the electrolyte surface. 

3.5.1.  Cyclic Voltammetry (CV). 

In chapter 4, the potential window of study was between -1.0 V and 1.2 V vs. SCE in KCl whereas 

the window in LiClO4 was from -1 V to 0.8 V vs SCE at a scan rate of 40 mV s-1. In chapter 5 

and 6, the CV potential window, in NaOH, when working with GC bare foam support was 

between -0.3 V and 1 V vs Hg/HgO. All other WEs were studied between, bare Ni foam support 

and coated GC and Ni foams, -0.3 V and 0.8 V vs Hg/HgO. A scan rate of 40 mV s-1 was unless 

stated otherwise. Interpretation of the results was carried out after iR correction of the curves, 

obtained using the built in iR compensation measurement technique in the Gamry software. This 

method measures the high frequency impedance in a region where no Faradaic processes are 

present i.e. where only the resistance of the solution will be observed. From these curves the 

voltammetric charges, double layer and redox, can be integrated.  This value will allow direct 

capacitances calculation, as detailed in chapters 1 and 2. In addition, multiple voltammograms 

were recorded to evaluate the reversibility and reproducibility of the reaction(s) taking place. 

3.5.2.  Linear Sweep Voltammetry (LSV). 

Linear sweep voltammograms (LSV) were recorded at a scan rate of 1 mV s-1 in an anodic 

direction. This scan rate was chosen as it is generally considered to be slow enough in order to 

observe the steady state current at each potential2-4. As this technique is used to examine the 

oxygen evolution reaction, the potential window used will be adapted to the specific material and 

will be estimated from the preliminary results observed while recording the cyclic voltammogram 

i.e. the onset potential of oxygen evolution. This potential window was typically in the range of 

0.45 V to 1 V vs Hg/HgO.  
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3.5.3.  Galvanostatic Testing. 

Stability test for oxygen evolution, were carried out by applying a constant current density of 10 

mA cm-2, unless otherwise stated, for several hours ranging from 3 to 24 hours with the resulting 

potential being recorded. Galvanostatic operation is preferable here over potentiostatic mode as 

industrially one would want to fix the output of gas (i.e. current) per unit time.  

3.5.4.  Two-electrode Cell. 

To more accurately simulate real alkaline electrolyser conditions a two-electrode cell was 

constructed to test the OER performance of the catalyst material. This cell is essentially the same 

as the previously mentioned three-electrode cell except the reference electrode is omitted. The 

measured overpotential therefore consists of both the overpotential from the anode and cathode 

which is often called the cell voltage. When using a reference electrode, the overpotential of only 

the working electrode (either anode or cathode) is measured. The two-cell setup therefore more 

accurately represents real world industrial electrolysis. Porous nickel foam (1 cm2) was used as 

the anode catalyst support whereas a larger (2 cm2) piece of nickel foam was used as the cathode. 

The distance between the anode and cathode was kept constant to ensure reproducibility. 

3.5.5.  Electrochemical Impedance Spectroscopy (EIS). 

Impedance spectroscopy was recorded at various fixed DC potentials to observe the system in 

different oxidation states. An AC potential amplitude of 10 mV around this DC value was applied. 

This transient technique was scanned from high frequency, typically 1 MHz, down to10 mHz. 

Preconditioning was carried out prior recording. Indeed, potentiostatic test was performed prior 

EIS at the DC potential chosen to record the impedance and this for 2 minutes. Both Bode and 

Nyquist plots will be generated, with 10 data points per decade of frequency, during the 

experiment. To confirm the validity of the recorded data and to avoid any experimental artefacts, 

Kramers-Kronig transformations rules, prediction of the imaginary part from the real part and 

vice versa, were used. This was carried out using the built-in software in the Gamry EIS software.  
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4.1. Introduction. 

MoO3, bulk or 2D, has found use in electronics towards battery1-3 and supercapacitor4-8 

applications. MoO3 has been shown potential for use as both an anode and cathode in Li ion 

batteries,1, 3, 9 albeit the lifetime of these batteries have been shown to be limited. Different 

strategies have been employed to overcome this short lifetime issue. Due to several limitations 

associated with the MoO3 material, structural modification and surface doping techniques are 

currently being explored to improve the performances9. Consequently, studies on 2-dimensional 

MoO3 flakes are an area of major scientific research10. The topic of energy storage in general 

(other than that of Li battery applications) is an attractive domain of exploitation for 2-

dimensional materials. Other cation intercalations are challenging in a comparable way, involving 

volume expansion during the process, see figure 4.1. The size of the ion intercalated may create 

irreversible volume dynamic within the material depending on its size, see figure 4.1.(c). Due to 

their layered structure, the process of ion intercalation can readily occur in MoO3 modified films. 

MoO3 nanoflakes films are mixed electronic and ionic conductors. Both ion and electron transport 

underpin the applications of these modified electrodes. Ions are the entity at the origin of redox 

switching and the charge accumulation at the electrode interface. 

 

Figure 4.1. Representation of layered (a) MoO3 and intercalated MoO3 with (b) small (c) 

big cations. 
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In this chapter, the electrochemical properties of 2D MoO3 will be investigated in relation to the 

intercalation of different ions i.e. Li+ and K+ into the MoO3 structure for energy storage 

applications. The structure of the exfoliated 2D MoO3 will be determined by XRD, SEM-EDX 

Raman spectroscopy and XPS. The electrochemical characterisation will be primarily be carried 

out using cyclic voltammetry (CV). The capacitance and redox properties of the different flake 

sizes of MoO3 on the various substrates e.g. glassy carbon, ITO, basal and edge plane pyrolytic 

carbon will be determined from the CV curves.  The effect of the MoO3 flakes energy storage 

properties will also be investigated in relation to the utilisation of a polymer in the film and finally 

electrochemical impedance studies on various MoO3 films will be undertaken.  

4.2. Results and Discussion. 

4.2.1.  Structural Characterisation. 

Before exfoliation of the bulk MoO3 powder, PXRD was carried out in order to determine the 

phase and oxidation state of the molybdenum powder received as shown in figure 4.2. 

 

Figure 4.2. XRD spectrum for MoO3 powder with MoO2 and β- and α-MoO3 reference 

patterns (respectively JCPDS no: 86-0135, 47-1081 and 05-0508). 
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Two XRD standard samples, α-MoO3 (JCPDS no: 05-0508), β-MoO3 (JCPDS no: 47-1081) and 

MoO2 (JCPDS no: 86-0135), were used as reference patterns to confirm the purity and crystal 

structure of the commercial powder. As reported by Sun11 and Kim10, prior to exfoliation the 

powder received has the characteristic peaks of molybdenum trioxide. The diffraction peaks at 

12.5°, 23°, 25.5°, and 28° correspond MoO3 planes10, 12 [(020); (110); (040) and (021)]. However, 

MoO2 does display an important diffraction peak at 26°, corresponding to the (110) and (011) 

planes. Despite this observation, the presence of three peaks between 2 theta of 20-30° suggests 

the powder to primarily consist of a mixture of the α and the β phase of MoO3. Further 

characterisation will be carried out, post exfoliation, in order to fully elucidate the structure of the 

film undergoing electrochemical testing. 

Raman spectroscopy is a bulk spectroscopic technique which provides insight not only into the 

phase of the crystal structure but also the composition of the material. In the case of MoO3, the β 

phase has enhanced electronic conductivity13 it is therefore important to specify the exact 

composition of the films prepared before any electrochemical interpretation. Moreover the 

concentrations of oxygen vacancies and other defects can affect the stochiometry of the oxide, a 

peak ratio in the region of 285 cm-1  and 295 cm-1 will elucidate the true stochiometry14 of the 

latter. As shown in figures 4.3, both the small and large flakes have strong peaks at 160 cm-1, 830 

cm-1 and 100 cm-1 which is characteristic of α–MoO3 while the peak present at 290 cm-1 can either 

be allocated to α or β–MoO3.  

 

Figure 4.3. (a) and (b) TEM pictures of small and large MoO3 flakes and (c)Raman spectra 

for MoO3 flakes. 
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From the Raman spectra the first conclusion is that the flake size will have no influence on the 

nature of the oxide deposited. Different literature results were used for the interpretation of these 

results. Indeed, Raman spectra obtained by McEvoy and Stevenson13, 15-16 as well as Atuchin and 

coworkers17, for the two MoO3 phases, were summarised in the first two columns of table 4.1.  

The results obtained in this work, in the last two columns of table 4.1, were compared and matched 

to the literature works previously cited.  

Table 4.1. Raman peak allocation where vw, w, m, s, and vs respectively refers to very 

weak, weak, medium, strong and, very strong. 

α-MoO3 β-

MoO3 

Small flakes Large 

flakes 

127 w  124 w 123 m 

156 m  165 s 162 s 

 176w   

196 w 194 w 205 w 205 w 

215 w    

   227 w 

 237 w 240 w  

  256 w 254 w 

282 m 283 w 294 s 291 s 

 310 w   

335 m    

 349 m 347 m 346 m 

 391 vw 375 w 374 m 

 414 w   

468 w  466 w 466 w 

664 w  678 w 671 m 

 776 s   

817 vs  829 vs 828 vs 

993 s  1004 m 1003 m 
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X-ray Photoelectron spectroscopy (XPS) gives insight on the surface composition of the film and 

will enable the characterisation of the molybdenum oxide present in the sample. It should be noted 

that the fitting was carried out by minimising the residual between the fitted spectrum and the 

recorded one. As seen in figure 4.4., the recorded spectra for large and small flakes, after fitting, 

correspond to molybdenum trioxide. The major fitted peak (in red in the spectrum) at an energy 

of 233 eV corresponds to the higher oxidation state, MoO3, whereas the blue peak at 236.5 eV 

will correspond to MoO2, this observation support the observation made with the XRD pattern 

observed for the starting powder material. It must be noted that one of the peaks (in pink in figure 

4.4) located at 231.8 eV could be attributed to the solvent traces coming from the exfoliation 

processes and therefore not observed during PXRD. Once again as similar conclusions are drawn 

for the different flake size, one can conclude that the bulk and the surface of the films will be of 

same composition. 

 

Figure 4.4. XPS spectra of molybdenum oxides (a) small and (b) large flakes. 
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4.2.2.  Surface Characterisation, SEM. 

High resolution scanning electron microscopy (SEM) was used to image all films prepared. It has 

been shown, and indeed one would expect, that the quality and morphology of the electrode is 

highly important and can determine the resulting electrochemical response for the same 

material18. The electrochemical response of the electrodes synthesised is dependent on the method 

of deposition. All electrodes imaged were on ITO. However, one has to bear in mind that due to 

the amount of suspension synthesised each deposition technique will use different volume. For 

this reason, the films thicknesses will vary depending on the deposition technique of interest. 

More details will be given in the following sections.  

4.2.2.1. Morphology Dependence on the Coating Technique. 

The effect of the coating technique on the surface morphology will now be examined. As shown 

in figure 4.5, there is a marked dependence on the surface coverage with choice of deposition 

technique. For MoO3 flakes deposited by drop coating (DC), figure 4.5.(a), the resulting film 

consists of irregular shaped flakes of various sub-micron sizes. The poor and inhomogeneous 

surface coverage obtained from drop coating, indicates that drop coating, although regularly used 

in electrochemistry to generate modified electrode surfaces, is a poor choice of deposition 

technique. Spray coating (SC), figure 4.5.(b), as detailed in the previous section, offers enhanced 

surface coverage when compared to drop coating. Typical film thicknesses values are typically 

1.7 +/- 0.1 μm. Phase transferring (PT), as shown in figure 4.5.(c), is a compromise between these 

two techniques in regards of the singularity of the flakes and the coverage of the support. The 

thicknesses of such films are significantly higher (approx. 3-3.4 +/- 0.1 μm) as more material is 

used during the film filtration on the membrane. One can assume that the increase in the surface 

coverage, when changing the deposition technique, is induced by the amount of material 

deposited.  However, thicker films, when using the spray coating technique, couldn’t be produce 

due to the limited amount of the starting suspension. In another hand thinner films couldn’t be 

phase transferred as the films weren’t homogenous on the cellulose membrane and film adhesion 

on ITO couldn’t be reached.  
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Figure 4.5. SEM pictures of Large MoO3 (a) drop coated, (b) sprayed and (c) phase 

transferred on bare ITO support. 

Although, the phase transferred (PT) MoO3 film is not composed of one regular flake shape, 

as seen in more detail in figure 4.6., when directly coated on ITO it appears after imaging to 

be a promising deposition technique. The main disadvantage of this technique is the difficulty 

of the film deposition as multiple steps are necessary. In addition, any surface inhomogeneity 

on the support or membrane will lead to poor film adhesion and will compromise the integrity 

of the film. As the electrodes are used for electrochemical testing, the influence of the coating 

agent on the electrochemical properties will also be measured shown later in section 4.2.2.2.   

 

Figure 4.6. SEM pictures of shape definition of Large PT MoO3 on bare ITO support. 
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4.2.2.2. Addition of Binding Agent During Spray Deposition. 

In the previous section, it has been demonstrated that a homogenous surface coverage was reached 

when working with automated spray coating. As previously noted in Chapter 3, 

polyethyleneimine was used as a coating agent to ensure the contact between the ITO and the 

suspension19-20 but can influence the orientation and organisation of the molybdenum flakes. A 

pattern can be unintentionally printed, respecting the spraying procedure, creating reliefs on the 

support. Firstly, the bare ITO coated glass was characterised, figure 4.7, before evaluating the 

potential impact of the polymer coating. The architecture of the surface is regular and defect free. 

 

Figure 4.7. SEM picture of bare ITO film on glass. 

As shown in figure 4.7., the organisation of the film is in blocks and is orientated non-uniformly. 

The thickness of the ITO film deposited onto glass is homogeneous and uniform. As mentioned 

previously to improve MoO3 film adhesion, some electrodes were sprayed with a polymer 

solution21-23. Although homogeneous to the eye the electrodes can be seen to be highly 

heterogeneous in term of thickness after being sprayed. When looking at figure 4.8., droplet 

features of varied sizes can be observed. As a result, the ITO electrode will not have a complete 

surface coverage of polymer and the resulting film will be non-uniform. 

 

Figure 4.8. SEM picture of polymer coated ITO electrode. 
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After studying the support ITO electrodes, it was significant to observe the film morphology after 

MoO3 film deposition. The flake size of the suspension was important when considering the 

deposition technique on this type of support electrode. The very small MoO3 flakes (lateral size 

61 nm on average)24, deposited via spray coating, showed the use of the coating agent does not 

affect the morphology and the homogeneity of the film, figure 4.9.  

 

Figure 4.9. SEM of very small MoO3 sprayed on ITO (a) without and (b) with the use of 

polymer. 

The resulting film consists of an aggregate, rather than having a distribution of discrete flakes. In 

contrast, as noted figure 4.10., the larger MoO3 flakes,  (the average flake size in suspension was 

typically 400-378 nm)24 the effect of polymer on the morphology cannot be neglected. The larger 

flake shapes are more discrete and defined in comparison to the smaller ones.  However, one 

should note that a variation in sizes and shapes is observed for the larger MoO3 flake films, which 

most likely arises from degradation processes which occur while spraying the suspension. 

 

Figure 4.10. SEM pictures of large MoO3 sprayed on ITO (a) without and (b) with the use 

of polymer. 
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The larger flake shapes are more discrete and defined in comparison to the smaller ones.  

However, one should note that a variation in sizes and shapes is observed for the larger MoO3 

flake films, which most likely arises from degradation processes which occur while spraying the 

suspension.  

Moreover, on the ITO substrate regions where the large molybdenum flakes appear to be absent, 

it has been observed the presence of small particles whose composition and origin are unknown. 

It has been suggested that these features could comprise of small to very small MoO3 flakes 

coming either from the synthesis or from the degradation of larger flakes, or indeed could be 

ascribed as a small polymer cavity. In order to validate or reject the latter hypothesis an element 

mapping analysis was performed in this local region. Energy dispersive X-ray analysis was 

carried out in the regions presented in figure 4.11. Examining the sprayed film of the large flakes 

as shown in figure 4.11, EDX spectra were obtained in two discrete zones of the films (I and II).  

 

Figure 4.11. SEM of the two regions of interest for EDX mapping of large flakes sprayed 

on bare ITO. 

The first one noticeably coated with the large molybdenum flakes and the other presenting 

characteristic features of bare ITO electrode, therefore, apparently uncoated. The importance of 

elemental mapping in the case of the large MoO3 flakes deposition is to validate the use of the 

polymer as a binding agent. The relative mappings for these areas are shown in figure 4.12. The 

presence of MoO3 is confirmed, as expected in the spectrum for region I.  In contrast, the EDX 

spectrum recorded for region II clearly suggests that only the ITO substrate is detected.  In 

conclusion, regarding the surface morphology, the presence of the inner polymer layer when 

working with small flakes is not of significant importance as no discernible difference can be 
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observed. This can be due to sufficient interactions between the surface of the support and the 

flakes. A different conclusion can be drawn when examining the large flakes as differences in the 

flake coverage are observed when working with and without an inner polymer layer. The 

polyethyleneimine coated ITO support offers a homogenous coverage whereas bare ITO support 

disparity in adhesion phenomenon will occur. According to Grant et al.19, spray coating, with a 

polymer inner layer, is the technique of choice when stability and adhesion are difficult to reach. 

In the case of ITO and MoO3 suspension this statement seems to be verified. The main downfall 

of this technique is the degradation of the flakes while undergoing spraying, noticeable for large 

flakes.  

 

Figure 4.12. EDX mapping of large flakes (a) region I and (b) region II. 

Various deposition techniques and supports were used in order to fully evaluate the performances 

of the system, section 4.2.2.1, coverage and electrochemical properties. Thus, the physical 

characterisation on ITO has shown that oxide morphology is dependent on choice of deposition 

technique and flake size. In the following sections a thorough study of the performances impact 

and differences depending on the electrode preparation route are electrochemically investigated.  
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4.2.3.  Electrochemical Characterisation : Cyclic Voltammetry. 

The potential limits were chosen in agreement with the system behaviour in one medium. All 

intercalations and de-intercalation steps should be observed in the potential window of study.  

MoO3 displays distinctive redox properties and the equation for the main intercalation processes 

can be given by, using in this case K+ and Li+, the following equation: 

𝑀𝑜𝑂3 + 𝑥𝐴+ + 𝑥𝑒− →  𝐴𝑥𝑀𝑜𝑂3   (0 < 𝑥 ≤ 2)                                 (4.1) 

Depending on the applied potential, the stoichiometry of the intercalation can vary; for lithium 

ions it can go up to 1.5 Li atoms25-26, and for potassium it can go up to 0.25 K atoms27, for one 

atom of Mo. For potentials lower than -840 mV vs. SCE (or 2.4 V vs. Li/Li+ which is a common 

reference electrode used in this field) the Li insertion is notably lower28. Results presented herein 

are the consequence of this preliminary step to optimise the intercalation process. All CVs were 

recorded at 40 mV s-1 as it offers a balance between low noise and observation of the relevant 

intercalation process.  This section will focus on the choice of appropriate support as well as the 

deposition technique which is of significant importance during electrochemical testing29-30. 

4.2.3.1. In Aqueous Media: KCl. 

The intercalation of potassium is studied due to its abundance, notably compared to lithium, its 

price being 30 times lower than Li+ commonly used in battery system (Sigma-Aldrich price list). 

Hence K+ intercalation is studied herein through aqueous intercalation from 1 M KCl electrolyte.  

Firstly, the molybdenum trioxide flakes behaviour was studied for drop coated suspension on 

carbon based supports, basal and edge planes pyrolytic graphite (PG) and glassy carbon (GC). 

Background investigation was performed, as observed in figure 4.13, for the uncoated supports. 

No redox activity is observed in the potential window of interest discarding any contribution of 

the support for potassium intercalation mechanism. 
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Figure 4.13. Cyclic voltammetric response of the bare carbon based support in 1 M KCl. 

After drop coating large MoO3 flakes onto the carbonaceous supports it is clear from figure 4.14 

that redox transitions are noticeable corresponding to the reactivity described in equation (4.1).  

The edge plane PG support gave the sharpest peak definition of the three supports with the 

primary reduction peak (intercalation) occurring at -520 mV vs. SCE and the primary oxidation 

or de-intercalation occurring at -200 mV vs. SCE. The large redox peak separation (ΔEp) is 

indicative of the large electrochemical irreversibility of the system which indicates sluggish 

kinetics for the inter/de-intercalation processes. Both pyrolytic graphite coated supports appear to 

present different redox activity for identical working conditions. 

 

Figure 4.14. Cyclic voltammograms of the drop coated L MoO3 flakes on carbon based 

support in 1 M KCl. 
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Figure 4.15, represent the different redox transition of the MoO3 film drop coated on the pyrolytic 

graphite supports. Three distinct inter/deintercalation levels can be observed on the basal plane 

support, shown in figure 4.15.(a), and are denoted by a1/c1; a2/c2 and a3/c3. Films deposited on the 

edge plane PG display a two redox couples during potassium intercalation, marked as a1/c1 and 

a2/c2 in figure 4.15.(b). Despite complex and different insertion mechanisms for potassium 

intercalation within MoO3 flakes, the influence of the support on the required energy to drive this 

process is significant. In addition, the different potential barriers for the redox processes offer the 

possibility of tuning the number of cations intercalated on the electrode.  

 

Figure 4.15. Representation of the redox activity region of drop coated L MoO3 flakes on 

(a) basal and (b) edge plane pyrolitic graphite in 1 M KCl. 

An interesting comparison to make is that between the MoO3/basal plane PG or MoO3/edge plane 

PG systems and the MoO3/GC system as different behaviours are observed. The films deposited 

on pyrolytic graphite offer sharper redox activity than the one observed for glassy carbon, both in 
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regards of the oxidation and reduction. This is the consequence of intercalation processes 

occurring over a narrower potential window. This suggests that the intercalation sites on the 

MoO3/PG systems are energetically more homogenous i.e. one site is not more favourable than 

another. The cause of such behaviour can arise from film porosity and/or increase site availability 

for K+ inter/de-intercalation on MoO3/PG than the MoO3/GC system. 

Subsequently, the intercalation process for MoO3 on GC is notably hindered due to the more 

negative potential (ca. 160 mV more) required for K+ insertion compared to that PG basal plane.  

This again could be due to poor accessibility of the K+ ions to the oxide film or however, could 

be down to poor contact of the MoO3 to the GC support which would decrease the conductivity 

and hence increase the required potential for intercalation. In addition to the observations made 

previously the current density window of the MoO3/GC system is smaller for a similar mass 

loading than the one for the pyrolytic graphite supports. The current density is in direct relation 

with the amount of cation intercalation occurring within the film, when observing the system in 

the redox reactive window. When studying the system at high and low potential, a higher current 

density reflects the charge accumulation at the interface of the film. Therefore, an inferior 

capacitive behaviour will be noted when the flakes are deposited on glassy carbon, due to the 

film/support resistance. The respective double layer capacitance values depending on the MoO3 

mass loading for basal and edge plane PG, and GC are 43.2 mF g-1, 20.36 mF g-1 and 11.07 mF 

g-1. In respect to the area of the support electrode the double layer capacitance values for the 

coated basal PG was 192 μF cm-2, 79 μF cm-2 for the coated edge PG and 43 μF cm-2 for the coated 

GC.  In regard to the support for K+ intercalation, the drop coated MoO3/ basal plane PG system 

offers the most promising result. 

Secondly, the effect on the voltammetric response of the deposition technique was studied. Due 

to the carbonaceous size constraints, this was carried out on another planar support, ITO. Besides 

being practical to handle for the various deposition techniques tested herein, ITO supports allow 

a direct observation of the film and its variation during deposition and electrochemical testing, 

see figure 4.16.  
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Figure 4.16. Pictures of PT MoO3 films on ITO (a) before and (b) after electrochemical 

testing. 

The drop coated films on ITO, in contrast to the carbon-based supports, were presenting poor to 

absence of surface adhesion. For this reason, drop coated films on ITO are excluded in this study. 

In addition to the deposition technique, another parameter will be of interest when working with 

ITO. Indeed, modification of the support electrode by depositing an inner polymer layer, between 

the ITO surface and the metal oxide film, could lead to morphological and electrochemical 

changes. Its effect on the electrochemical response and thus intercalation kinetics, after physical 

characterisation conclusions (previous section), should be evaluated. Additional resistance could 

be involved with the presence of the polymer decreasing the overall electrode conductivity. For 

more details and results regarding this parameter please refer to section 4.2.3.3. As shown in 

figure 4.17, there is a stark difference in the voltammetric response of bare ITO and theMoO3 

films coated (SC and PT) on ITO in KCl. The PT film shows little or no redox behaviour while 

the SC MoO3 film shows a relatively sharp oxidation peak at -200 mV vs. SCE and a reduction 

peak at -470 mV vs. SCE.  

When comparing the number of redox processes undergoing at the different MoO3/support 

surfaces the SC film on ITO and DC on GC both only present one inter/de-intercalation region.  

Nevertheless, the reversibility of the system is greater for the film sprayed on ITO as the peak 

separation, ΔEp, is 270 mV compared to the 440 mV for the DC on GC. This demonstrates that 

the electrode fabrication is influencing the behaviour of the material, MoO3. 



110 

 

 

Figure 4.17. Cyclic voltammograms of (a) bare and (b) L MoO3 flakes coated on ITO in    

1 M KCl with (solid) phase transferred and (dash) sprayed. 

The PT film can be seen to be featureless which again could indicate poor adhesion to the ITO 

and hence poor conductivity. One should note that there is a lower surface coverage observed for 

the SC compared to the PT oxide films. Despite difference in the films thicknesses, therefore 

quantity of material deposited, presence of MoO3 was confirmed for both techniques. It will more 

than likely lead to the assumption of a diminished redox response but unlikely to cause the 

complete absence of redox peaks. This could be related to the poor film adhesion when the PT 

electrode is placed in 1 M KCl. The double layer capacitance relative to thee phase transferred 

electrode is 25.7 mF g-1. The irreversibility of the SC MoO3 on ITO, ΔEp, is markedly reduced 

for the sprayed film in KCl is 280 mV when compared to the one observed for DC MoO3 on 
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carbonaceous supports. The double layer capacitance of the system is the highest when using the 

spray coating technique as the capacitance value reaches 67.8 mF g-1 for SC MoO3/ITO systems. 

This conclusion has to be fully weighted with the fact that while having the same geometric area 

the mass deposited when using the spray machine was lesser than the phase transfer film. While 

intercalations processes are occurring when the suspension is spray coated (characteristic redox 

transitions), no electrochemical activity was observed for the phase transferred films. This 

observation brings the hypothesis that the MoO3 flakes film is more available for interfacial ion 

build-up when sprayed onto the support. Additionally, the mechanical integrity of the phase 

transferred film could compromise adequate performances as supercapacitor and ion 

accumulation. 

Evidently, the choice of scan rate is important when observing insertion/withdrawal processes 

since the scan rate dictates the time scale of the experiment and the intercalation processes are 

inherently time dependent. If one chooses a lower scan rate to observe any potential insertion 

processes that the systems will be more sensitive to eventual perturbation. To eliminate any time 

related dependency on the phase transfer films, the possible intercalations were investigated for 

longer time scales (slower scan rates) as seen in figure 4.18. No intercalation processes are 

observed until a long timescale is chosen, 5 mV s-1, indicating that in this case the intercalation is 

relatively slow. Potassium intercalation is observed for the electrodes indepently of deposition 

technique and the support used. However, the properties observed during this study suggest that 

other application and/or optimisation should be pursued in order to be competitive with the state 

of the art. 
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 Figure 4.18. Cyclic voltammograms at 40 mV s-1 (solid black line), 10 mV s-1 (solid blue 

line) and 5 mV s-1 (solid red line) for PT L MoO3 on ITO in 1 M KCl. 

4.2.3.2. In Organic Media : LiClO4/PC. 

The insertion of lithium via a LiClO4 solution in propylene carbonate will help to characterise the 

surface as it is a standard test to evaluate the potential of the electrode, especially for Li-ion battery 

applications. Drop coated films on all supports (basal and edge plane PG, GC and ITO) were 

found to be unstable in non-aqueous media and no investigations was therefore possible. PT and 

SC were the two techniques used for characterisation of the systems and their behaviour for 

lithium intercalation.  

From figure 4.19, similar redox activity to the one observed during potassium intercalation is 

visible. However, when studying the PT MoO3/ITO system in LiClO4/propylene carbonate (PC), 

redox activity at -660 mV vs. SCE for the reduction peak and -430 mV vs SCE for the oxidation 

peak is occurring at 40 mV s-1. Various reduction peaks are visible as the potential is decreased, 

this is directly related to the active sites were the intercalation is happening26. The redox activity 

of the material can be observed in detail at this scan rate as shown in figure 4.19.(b). The oxidation 

and reductions processes involved during lithium intercalation in the sprayed MoO3 film is 

energetically more complex than when studying potassium intercalation. One broad oxidation 

peak, marked by a black star in figure 4.19.(b), is observed whereas three discrete reductions 

(intercalation) potentials are present, marked by red stars in figure 4.19.(b). 
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Figure 4.19. Cyclic voltammograms of (a) bare and (b) L MoO3 flakes coated on ITO in 1 

M LiClO4/PC with (solid) phase transferred and (dash) sprayed . 

The deintercalation of lithium ions within the MoO3 film occurs over a broad potential region 

centred around -200 mV vs. SCE. This implies that the deintercalation sites are energetically 

spread and not equivalent within the film. On the other hand, reduction occurs at -440; -600 and 

-860 mV vs. SCE which is evidence that three different energy level are present upon lithium 

intercalation. The double layer capacitance of the sprayed electrode in contact with LiClO4/PC 

solution is higher (ca. 139 mF g-1) than that for the phase transferred film (ca. 24.6 mF g-1). The 

double-layer capacitance for  MoO3 nanocomposite in 1 M LiClO4, as described by Murugan et 

al.31, showed a value of approximatively 4 mF g-1 , the film prepared here is promising in relation 

to this type of capacitance. 
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In regards to the charge involved during redox activity, also called pseudo-capacitance, the film 

studied herein also needs to be compared to the litterature for its potential use as electrode in Li-

ion batteries. Previous work by Dunn et al.32 studied mesoporous α-MoO3 films for their lithium 

intercalation properties.The global capacitance reached for this material was 100 F g-1 compared 

to a value of 1.79 F g-1 for the large sprayed flakes on ITO studied herein. Another value was 

calculated to evaluate the system as charge values are often used for capacitor applications. For 

usage as lithium ion anode the energy stored is a useful value to evaluate, it also takes into account 

the potential window of work. The energy stored by SC MoO3/ITO system through lithium 

intercalation,  in LiClO4/PC  in this study, is approximatively of 0.57 kJ g-1 and performs better 

than Fe2O3 anodes (0.39 kJ g-1) described by Passerini et al.33 in the same medium. However 

Maeir et al.34, in 1 M LiPF6 in (1:1) ethylene carbonate/ dimethyl carbonate, had an energy storage 

value of 7.04 kJ g-1 for MoO3 films competing directly with silicon based anode materials (approx. 

6.48 kJ g-1 as presented by Wu et al.35). This literature result demonstrates the potential of MoO3 

as anode material in Li-ion battery devices. In regards to the results reached in this work, highly 

dependent on the preparation route, presence of intercalation and deintercalation sites can be 

observed. Despite competing with another metal oxide based anode, Fe2O3 described in 

Passerini33 work, further optimisation is required for reversibility and comparison to the state of 

the art result for MoO3.  In order to optimise the system presented in the section, and preserving 

the absence of additives within the film, the use of a polymer as inner coating layer, was studied. 

Good Ohmic contact and increased adhesion were the two main parameters of focus when looking 

to optimise the deposition technique. 

4.2.3.3. Effect of Polyethyleimine Binding Agent. 

As observed in section 4.2.2.2, the deposition of an inner polyethyleneimine coating on the ITO 

electrode can result in the formation of a more compact continuous molybdenum oxide film (see 

figure 4.10). When using the polymer, the morphological effect is not significant, nonetheless, 

during electrochemical testing and more specifically, in term of voltammetric behaviour, the use 

of polymer must be evaluated with care. This is the difference between the concept of adhesion 
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of the film onto the electrode (morphology) and the electrical connectivity (electrochemical 

characterisation) between the flakes and the substrate.  

Firstly, the observation of sprayed ITO and ITO/polymer supports with the very-small MoO3 

flakes is investigated. After morphological characterisation, this flake size presented no 

significant surface coverage enhancement after deposition of the polymer inner layer, seen in 

figure. 4.9. In figure. 4.20.(a)., it is clear that the use of a polymer inner layer coating affects the 

redox activity in KCl of the molybdenum trioxides film. The electrode presents poor peak 

definition and a decreased current density when in presence of the polymer interlayer. This can 

be caused by inhibition of the potassium intercalation mechanism due to poor conductivity. In 

LiClO4, figure 4.20.(b), the voltammetric responses in presence and absence of polymer are of 

similar amplitude. However, when using the polymer the peak potentials are shifted to slightly 

more negative potentials. For the polymer/ITO system two oxidation peaks; red (a*
1) and (a1) in 

figure 4.20.(b); located at -530 mV and -380 mV respectively, shows the lithium de-intercalation 

form the MoO3 flake film. Without the polymer, three different energetic sites are present during 

oxidation; black (a1), (a2) and (a3) in figure 4.20.(b); at the respective potentials of -360 mV, -130 

mV and 0 V. In regards of the reduction processes, in both cases, with and without the polymer 

inner layer, three different intercalation sites can be isolated.  

Similarly, to the oxidation, a shift in the potential value for the intercalation can be observed. The 

first reduction peak; (c1) in figure 4.20.(b);  is located at -310 mV vs SCE, the second reduction 

;(c2) in figure 4.20.(b);  at -530 mV vs. SCE and finally the last reduction peak; (c3) in figure 

4.20.(b); at -780 mV vs. SCE for system coated on bare ITO. The use of polymer caused the peaks 

to shift, to -360 mV vs. SCE, -550 mV vs. SCE and -800 mV vs. SCE respectively. Despite these 

potential shifts the use of polyethylenimine inner layer will improve the reversibility of the system 

as ΔEp is reduced. 

Secondly, an electrochemical comparison of the large SC MoO3 films on ITO and ITO/polymer 

is carried out. The electrodes with the polymer inner layer display surface coverage enhancement, 

given in figure 4.10. The polymer will improve the mechanical integrity of the large MoO3 film. 

In figures 4.21-22, the potassium and lithium intercalation/deintercalation are investigated. 
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Figure 4.20. Cyclic voltammograms representing the effect of the polymer for sprayed vs 

MoO3 flakes on ITO (solid black) and ITO/polymer (solid red) supports in (a) 1 M KCl 

and (b) 1 M LiClO4/PC. 

The addition of the polymer layer to the electrode appears to provide electrochemical 

enhancement to the large MoO3 flakes system in both media. In aqueous media, figure 4.21.(a),  

the redox transition mechanism shows two well-defined inter/deintercalation processes for the L-

MoO3/polymer/ITO system, (a1/c1) and (a2/c2) in figure 4.21.(a), whereas one reduction is 

observed on ITO. 
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Figure 4.21. Cyclic voltammograms showing the effect of the polymer for sprayed L MoO3 

flakes on ITO (solid black) and ITO/polymer (solid red) in (a) 1 M KCl and the cyclability 

(b) without and (c) with polymer. 

This energetic change in the intercalation site could influence the reversivility of the mechanism 

and its charging/discharging process. After intercalation, the film prepared on the polymer coated 

ITO and retains its intercalation properties whereas material losses were observed for the MoO3 

film coated on bare ITO see figure 4.21.(b-c). 

During lithium intercalation, figure 4.22, redox processes are similar despite potential shifts. For 

the vs flakes, shown in figure 4.20.(b), one broad oxidation (a1) and three discrete reduction peaks 

( c1; c2 and c3) are observed. A slight improvement in organic media is the increase current density 

reached by the large flake system. The system is able to store a similar amount of energy reaching 

a value of 0.582 kJ g-1 compared to 0.57 kJ g-1 for polymer free electrodes. The stability of the 

system, through improved adhesion, is ensured. Despite this significant system enhancement, in 

aqueous media the polymer can cause conductivity deficiency, notably when working with small 

flake sizes as shown previously in figure 4.20.(a). To conclude, the deposition technique, the 

support and the flake size will influence the inter/deintercalation processes.  
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Electrochemical impedance spectroscopy will now be used to evaluate the charge storage 

properties of the system in the potential window of study and is developed in the following 

section. 

 

Figure 4.22. Cyclic voltammograms representing the effect of the polymer for sprayed 

L MoO3 flakes on ITO (solid black) and ITO/polymer (solid red) in 1 M LiClO4. 

4.2.4.  Electrical Characterisation: Electrochemical Impedance Spectroscopy (EIS). 

Examination of the EIS response over a wide frequency range at different fixed DC potentials can 

probe in real time the electronic and ionic transport processes which underpin the redox switching 

and intercalation kinetics36. The system studied for electrical characterisation will be MoO3 flakes 

sprayed on bare ITO supports in both media. Studying the equivalent circuits of an electrode at 

different potentials can determine the different values of resistances and capacitances (and other 

electrical elements) which define the electrode behaviour in solution. As seen in figure 4.23., 

different areas of the cyclic voltammogram are segmented to represent the different behaviour of 

the film. Three different regions will be probed using EIS to determine the resistance and 

capacitance properties which are 1. the redox potential window of reaction, 2. the double layer 

region capacitive region and 3. the film in presence of cations (lower potential region). For each 

of the different potential windows, an equivalent circuit can be determined and the related 

electrochemical processes can be physically represented by such circuits.  
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Figure 4.23. Different regions studied during impedance spectroscopy in (a) KCl and (b) 

LiClO4/PC. 

Typical Nyquist impedance representations for a very small flake suspension of MoO3 sprayed 

on ITO in KCl and LiClO4 studied at fully de-intercalated (high potential window) and 

intercalated (low potential window) systems are shown. However, the ideal theoretical models37-

38 cannot be directly applied for our system due to the complex chemistry involved39-40. For each 

electrode, and for each potential window of study, it will be necessary to employ elements such 

as the phase constant element, which better define real world behaviour (see Chapter 2). 

These circuits consist of different electric arrangements that correspond to the three different 

physical regions of the system, from the support to the electrolyte as shown in figure 4.24. Each 

segment of the equivalent circuit is related to a phenomenon occurring at the modified 

electrode/solution interface. In figure 4.24, the feature labelled I represents the inner part of the 

electrode i.e. the interface between the support and the film as well as the inaccessible layers for 

intercalation. Region III represents the resistance of the electrolyte. Both region I and region III 

do not depend on electrode potential. In contrast, region II corresponds to the potential window 

where the redox activity is occurring. As such this feature will exhibit a strong potential 

dependence and corresponds to the main intercalation /redox switching reaction at the flake 

modified electrode. In feature II the redox pseudo-capacitance can be obtained via curve fitting. 
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Figure 4.24. Electrode representation necessary for equivalent circuit understanding. 

Following the electrode representation established and represented in figure 4.24., the equivalent 

circuits for fully intercalated (K+) and de-intercalated MoO3 film (see figure 4.25) will be 

represented by a similar electrical circuit. Figure 4.26 represents both region A and C of the cyclic 

voltammogram in KCl, the electrodes can be represented by the solution resistance and the 

inactive layer of molybdenum oxides. 

 

Figure 4.25. Nyquist plot of (a) zone A and (b) zone C of vs MoO3 sprayed on ITO in 1 M 

KCl. 

The charge transfer resistance, R1, for the intercalated electrode is lower by a factor of 20 when 

compared to the fully de-intercalated film. This is characteristic of the intersect with the x-axis 

corresponding to the total value of the solution and charge transfer resistance. Additionally, the 

semi-circular nature for the intercalated film, at -800 mV here, figure 4.25.(a), is closer to a circle 

than the fully oxidized film, with α values of respectively 0.9 and 0.7. 
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Figure 4.26. Equivalent circuit in 1 M KCl in zone A and C. 

On the other hand, when studying the electrode in the organic media, 1 M LiClO4/PC, the system 

will have different electrical behaviour when fully intercalated of deintercalated shown in figure 

4.27.  

 

Figure 4.27. Nyquist plot of (a) zone A, (b) zoomed-in window of zone A and (c) zone C of 

vs MoO3 sprayed on ITO in 1 M LiClO4/PC. 

When lithium is intercalated in the film, figures 4.27.(a-b), two semi circles are characteristic of 

the system. Each semi-circle will correspond to a resistor and a capacitor (or constant phase 

element) in parallel. When lithium is present in the film the electrode can be represented by the 

equivalent circuit described in figure 4.28. The first semi-circle will be characteristic of the 



122 

 

intercalated film, zone II from figures 4.24 and 4.28, whereas the second one will correspond to 

the inner film not accessible by the cation. This phenomenon can be observed as the ion 

intercalation already happened and no other sites are available. 

 

Figure 4.28. Equivalent circuit in 1 M LiClO4/PC in zone A. 

For the fully de-intercalated film, high potential window (zone C), a typical capacitive behaviour 

can be observed, in figure 4.27.(c). The physical representation of the oxidised film will 

correspond to a constant phase element. This constant phase element can be identified as the 

double layer capacitance of the system, as described by region C of the cyclic voltammogram (see 

figure 4.23.(b)). Once again, in the organic media the inner film (zone III in figures 4.24 and 4.29) 

is not accessible and will, hence, be represented by the same electrical circuit. When studying the 

redox region, intercalation sites are present and the electrodes can be represented by the same 

equivalent circuit in aqueous and non-aqueous media. The same features can be observed in the 

Nyquist plots for potentials in the respective redox region, figure 4.30. 

 

Figure 4.29. Equivalent circuit in 1 M LiClO4/PC in zone C. 

The equivalent circuit used to understand the electrochemical behaviour in this region is based on 

the equivalent circuit previously discussed, representing a fully intercalated film (figure 4.28), but 
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in addition, contains a constant phase element CPE2 which relates directly to the physical process 

of ion intercalation through accessible regions of the surface layer.  

 

 

Figure 4.30. Equivalent circuit in (a) 1 M KCl and (b) 1 M LiClO4/PC in zone B. 

This modified circuit is presented in figure 4.31. The results from the NLLS fitting of the data are 

presented in tables 4.2 and 4.3. From those tables the capacitance values, in aqueous media were 

13.43 mF g-1 compared to 393 mF g-1 in LiClO4/PC. Moreover, for lithium intercalation α2 is 

greater than for potassium intercalation, which means that the behaviour of the electrode is getting 

closer to a pure capacitor than a constant phase element.  

 

 

Figure 4.31. Equivalent circuit for the inter/deintercalation zone B. 
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Table 4.2. Results for impedance fittings in 1 M KCl in the redox region for vs MoO3 

flakes sprayed on ITO without polymer. 

 
Rs 

(Ω) 

CPE1 

(mF g-1) 
α1 

R1 

(kΩ) 

CPE2 

(mF g-1) 
α2 

R3 

(kΩ) 

CPE3 

(mF g-1) 
α3 

Very Small 20.2 9.18 0.9 188 13.43 0.50 7.83 1.82 0.6 

 

Table 4.3. Results for impedance fittings in 1M LiClO4/PC in the redox region for vs 

MoO3 flakes sprayed on ITO without polymer. 

 
Rs 

(Ω) 

CPE1 

(mF g-1) 
α1 

R1 

(Ω) 

CPE2 

(mF g-1) 
α2 

R3 

(kΩ) 

CPE3 

(mF g-1) 
α3 

Very Small 120 99.7 0.48 19.84 392 0.57 4.8 85.3 0.56 

 

These results can be compared with the obtained pseudo-capacitance values, i.e. capacitance due 

to redox processes, calculated after charge integration of the cyclic voltammograms. In 1 M KCl 

the capacitances values obtained from the cyclic voltammogram are summarised in table 4.4.(a) 

and in table 4.4.(b) for the system in 1 M LiClO4/PC.  

Tables 4.4. Results for pseudo-capacitance values measured by cyclic voltammogram charge 

integration in (a) 1 M KCl (b) 1 M LiClO4/PC. 

a 
Rs 

(Ω) 

C 

(mF.g-1) 

 
b 

Rs 

(Ω) 

C 

(mF.g-1) 

Very Small 20 128.6 
 Very 

Small 
100 657.1 

Pseudo-capacitance values obtained using cyclic voltammetry are higher than the one from the 

impedance fit, for example very small flakes in aqueous media give a capacitance of 129 mF g-1 

with the cyclic voltammetry integration and 13.4 mF g-1 with the impedance fitting. In addition, 

during cyclic voltammogram the totality of the film is considered whereas during EIS each 

element and film section can be isolated. Despite adding the different CPE values for each system, 

the value reached after charge integration is greater. Different errors sources are possible, such as 

film degradation during impedance study and/or a difficulty during integration of the peak due to 

lack of definition in the voltammogram.  
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4.3. Conclusion. 

In this work molybdenum trioxide nanoflakes were studied for their potential application as Li-

ion battery electrodes and supercapacitors. Two electrolytes were chosen to study the intercalation 

processes; an aqueous and an organic medium, 1 M KCl in water and 1 M LiClO4 in propylene 

carbonate. The latter is a typical electrolyte of study for lithium intercalation in organic media, it 

is environmentally friendly and possess a large solvent window. Surface characterisation were 

carried out to evaluate the morphology of each system as different coating techniques were used 

for the pre-made metal oxides suspensions; drop coating, phase transferring and spray coating. 

As the different coating technique will require different volume of suspension, and with the 

amount supplied, the thickness of the films will depend on it. The phase transferred technique 

showed an optimal surface coverage but can only be used on planar supports. Additionally, this 

technique had the highest mass loading and therefore the presence of more material could 

enhanced the overall coverage. Spray coating, monitored by an automat avoids the use of multiple 

solvents and a long synthetic process, while preserving a good surface coverage on the support 

electrode. To ensure good contact between the support and the MoO3 films for the spray coating 

technique, a coating agent, polyethyleneimine, was used. For the nanoflakes studied, the results 

suggest that the polymer is not initiating preferential deposition pattern for the suspension and 

secondly the morphology of the oxide film deposited on ITO remains unchanged.   

Further tests were carried out to evaluate the electrochemical behaviour of these electrodes. Two 

different tests were used; cyclic voltammetry, to elucidate the intercalation process of ion transfer 

at the surface, the reversibility of the system and the value of double layer capacitance, and 

impedance spectroscopy to study the electric behaviour of the film in different potential windows. 

From the cyclic voltammetry studies, it has been shown that the intercalation of cations was 

effective and that the coating techniques and the support used can create significant differences 

in the system. The capacitance value in KCl for the same coating technique, drop coating, onto 

different support can vary ;11.07 mF g-1 for glassy carbon, 20.36 mF g-1 for pyrolytic graphite 

edge plane and 43.2 mF g-1 for basal plane. The same observation can be made when working 
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with the same support but different coating techniques. For example, phase transferring and 

sprayed onto ITO studied in LiClO4 gave 25 mF g-1 for the former and 139 mF g-1 for the latter. 

Finally, it has been demonstrated that the use of a coating agent when spraying the electrodes did 

not enhance the properties of the electrode (adhesion of the film, stability in solution and electrical 

response).  

From the voltammetric studies, the spray coating technique was the one used for the next chapter 

as electrodes had higher capacitances and more reversible redox behaviour. In addition, this 

technique was less time consuming than the phase transfer technique and can be used on any 

support geometry.  The constant phase element describing the redox capacitance due to the 

intercalation/deintercalation process happening in the film and was found to have values 13.43 to 

20 mF g-1 in KCl and 392 to 842 mF g-1 in 1 M LiClO4 in propylene carbonate. Electrochemical 

impedance spectroscopy plots, presented in its Nyquist form, after fitting, gave access to a 

possible equivalent circuit for the modified electrode. This interpretation of the impedance data 

remains subject to more extensive analysis and further investigation. One must know that many 

different electrical equivalent circuits can be used to describe the same physical process. 

Equivalent circuits should be chosen just to improve the fit but should be based very firmly on an 

underlying physical and chemical processes. To conclude, 2-dimensional MoO3 nanosheets can 

be used as electrodes for Li-ion anode materials with respect to their reversibility within the 

working media. For supercapacitor applications, MoO3 will be subjected to further work such as 

functionalization to drastically enhance the capacitive properties. 
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5.1. Introduction. 

Bulk cobalt-based materials have been shown to be active catalysts for oxygen evolution in 

alkaline solutions1-4. Currently, cobalt oxide and hydroxide electrodes for the OER demonstrate 

overpotentials at a current density of 10 mA cm-2 in the 440-530 mV range for Co3O4 spinel 

structures5, 330 mV for CoO nanosheets6 and 360 mV for Co(OH)2
7. When compared to 

commercialy available RuO2, which is capable of achieving an overpotential of 366 mV at 10 mA 

cm-2, cobalt based catalysts appear to be a viable and competitive alternative to platinum group 

metal based catalysts8. 

Another exciting application for metal hydroxide/oxide materials is energy storage and in 

particular, redox or pseudo-capacitor storage9-11. Generally, the pseudo-capacitance values for 

cobalt hydroxides, in alkaline media, have been reported to be lower than other metal oxide based 

supercapacitors 12. Lokhande et al.13, obtained a value of 118 F g-1 for cobalt oxide thin films in 

aqueous KOH. One of the best performing mixed metal hydroxide (Ni(OH)2-Co(OH)2) based 

supercapacitor material containing cobalt hydroxide as a constituent14 has exhibited capacitance 

values close to 1600 F g-1 in 1 M  NaOH.  

To improve upon the previously reported OER and charge storage performance of the bulk cobalt 

hydroxide, liquid phase exfoliation will be utilised in this work to produce the 2-D counterpart 

from the bulk Co hydroxide. It can be noted that the 2-D materials usually exhibit better 

performance, in a wide range of applications, over bulk materials and a more in-depth discussion 

of this has been given previously in Chapter 1. It is well known that the magnitude of the OER 

activity and the charge capacity measured can be influenced by the oxidation state of the metal 

oxide present e.g. CoOOH, Co(OH)2 etc, the deposition technique and the support used7. Rigorous 

structural characterisation is carried out on the 2-D cobalt hydroxide nanoflakes to determine if 

the material is altered during the exfoliation process. For the electrochemical applications, the 

nanoflakes are deposited via spray coating onto porous glassy carbon and nickel foam supports. 

It has been previously reported by Jaramillo et al.15-16. that the underlying support can influence 

the redox and OER properties of the deposited material therefore these properties of the nanoflake 
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film are examined as a function of support.  The effect of nanoflake mass loading on catalysis and 

charge storage will also be evaluated.  

5.2. Results and Discussion. 

5.2.1.  Physical Characterisation.  

Before exfoliation of the bulk Co(OH)2 powder, the powder was analysed using PXRD to 

determine the Co(OH)2 phase i.e. alpha or beta, shown in figure 5.1. The XRD patterns of α and 

β- Co(OH)2 are easily distinguishable, as seen in  previous studies by Frost et al 17and Zhao et al 

18. The characteristic reflections of the bulk Co(OH)2 powder, in this study, at 2 Theta values of 

19,06o, 32.45o and 37.90o, 38.69 o, 51.35 o, 57.88 o, 59.59 o, 61.52 o, 67.94 o and 69.50 o correspond 

to the COD card no 96-101-0268 for β-Co(OH)2 and matches the β-Co(OH)2 structure studied by 

Zhao et al 18.  

 

Figure 5.1. XRD spectrum for Co(OH)2 powder with Co(OH)2 reference pattern 

 (COD: 96-101-0268). 

To further confirm the presence of β-Co(OH)2 rather than α-Co(OH)2 the interlayer spacing of the 

material was determined. As described previously, the α-Co(OH)2 has a larger interlayer spacing 

than the beta form due to intercalated anions between the layers. The interlayer spacing of the α 

form is approximately 7.6 Å while an interlayer spacing of 4.6 Å is reported for the β phase 17. In 
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this current study, the interlayer spacing for the bulk Co(OH)2 powder was determined as shown 

in table 5.1. The reflection at the 2Theta value of 19.06 reveals that the interlayer spacing of our 

bulk Co(OH)2 material is 4.65 Å, revealing that the β-Co(OH)2 phase is indeed present before 

exfoliation. This is to be expected as β-Co(OH)2 is the thermodynamically most stable phase, and 

analogously to Ni(OH)2 discussed previously in chapter 2, is gradually formed from α-Co(OH)2 

upon ageing.   

Table 5.1. Comparison of d-spacing values for the experimental Co(OH)2 bulk sample and 

the Co(OH)2 reference pattern (COD: 96-101-0268). 

Co Bulk 2Theta 
values 

d-spacing COD: 96-101-0268 d-spacing 

19.0617 4.6522 19.1121 4.6400 

32.4514 2.7568 32.5590 2.7479 

37.9080 2.3715 38.0273 2.3644 

38.6967 2.3250 38.7835 2.3200 

51.3593 1.7776 51.5116 1.7727 

57.8893 1.5916 58.0949 1.5865 

59.5969 1.5501 59.7406 1.5467 

61.5252 1.5060 61.7452 1.5012 

67.9464 1.3785 68.2009 1.3739 

69.5034 1.3514 69.7111 1.3478 

 

The exfoliation process, described in the experimental section, facilitated the access to different 

cobalt hydroxide flake sizes. TEM imaging was performed on the exfoliated materials to 

determine the size and shape of the various 2D flakes as seen in figures 5.2.(a-f). A hexagonal 

morphology can be observed for all the exfoliated materials however the sizes of these flakes vary 

in size ranging from 259 nm for the extra-large (XL) flakes to 78 nm for the extra-small (XS) 

flakes, as seen in table 5.2 averaging the TEM size count measurements. 
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Figure 5.2. TEM images of the exfoliated (a) extra-large (XL), (b) large (L), (c) medium 

(M), (d) small (S), (e) standard (Std) and (f) extra-small (XS) cobalt hydroxide flakes. 

Table 5.2. Flake sizes of exfoliated material.  

Exfoliated Batch name Flake size window (nm) 

XL 150 <289> 300 

L 110 <205> 240 

M 50 <139> 220 

S 50 <115> 160 

Std 30 <84> 125 

XS 30 <78> 110 
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5.2.2.  Electrochemical Properties.  

In this work, the standard Co(OH)2 nanoflakes were tested as an OER electrocatalyst and a 

supercapacitor material in 1 M NaOH.  

5.2.2.1. Flake Size Choice. 

As detailed in section 2.1.1 previously, liquid phase exfoliation is a reproducible process allowing 

the tunability of the catalyst flake size. Hence, in this section, the electrochemical screening of 

the Co(OH)2 flakes for the OER and as capacitor materials will be carried out. The most active 

and economical flake size will be then be subjected to further structural, Raman, XPS, SEM, and 

electrochemical e.g. OER and capacitor testing. The different flake sizes were coated onto Ni 

foam supports and compared over two mass loadings, approx. 0.35 mg cm-2 and 0.65 mg cm-2, in 

1 M NaOH shown in figure 5.3 and table 5.3.  From these, one can clearly see the importance of 

the flake size on the activity of the catalyst.  

 

Figure 5.3. Voltammetric response of (a) low and (b) high mass loading; 

Chronopotentiometric curves of (c) low and (d) high mass loading in 1 M NaOH for 

different Co(OH)2 flake sizes on a Ni foam support.  
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This preliminary electrochemical work was carried out to avoid having to spectroscopically 

characterize each individual flake size, with only the chosen size being analysed further. In 

regards to the OER performance, the overpotential at 10 mA cm-2, was recorded during 

chronopotentiometric testing for all flake sizes are all stable over a 10 hour testing period7 as 

shown in figure 5.3(c) and (d), and summarised in table 5.3. The XS, S and Std flake sized flakes 

were found to be the most active flake sizes when considering OER applications. The reduction 

in overpotential going from XL flakes to S flakes was 23 and 30 mV for the low and high mass 

loading respectively. Once can note that the Std sample size gives almost the same values 

compared to the XS but can be prepared in a shorter time and in greater yields. 

Secondly, the charge storage capabilities for the different flake sizes on the Ni foam electrodes 

were found to follow a similar trend as shown in table 5.3. For the larger flakes, the capacitance 

value was shown to be lower for the higher mass loading as one would expect due to increased 

diffusional resistances associated with thicker films. Thus, the totality of the film may not be 

accessible to the electrolyte.  

Table 5.3. Summary of results for different Co(OH)2 flake sizes at two different mass 

loadings.  

 

 

Low mass loading 

(approx. 0.35 mg cm-2) 

 

 

High mass loading 

(approx. 0.65 mg cm-2) 

 

Flake size 
Capacitance 

F mg-1 

η @ 10 mA cm-2 

mV 

Capacitance 

F mg-1 

η  @ 10 mA cm-2 

mV 

XS 1450 357 1519 293 

S 1240 362 1016 300 

M 1280 367 642 305 

L 1150 373 553 320 

XL 480 380 510 323 

Std 1180 360 1228 290 
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However, for the smaller flakes similar capacitance values were seen. This can be attributed to 

the fact that the smaller flakes allow easier diffusion of the electrolyte and hence increasing the 

film thickness (up to this limit at least) does not acts as a barrier to electrolyte diffusion. 

In addition, the charge related to the redox activity was found to be higher for smaller flakes. 

After the screening of the different flake sizes as catalyst for the OER and supercapacitor materials 

the XS and Std samples were shown the most promising candidates. However, due to the long 

synthesis time and relatively low yields for the XS batches, they do not appear to be the most 

viable flake size for further studies. A more suitable choice is Std flakes as they give almost the 

same values as the XS flakes however can be produced in a quicker time and in much greater 

quantitiy. To recall, the std flake size sample will still contain a small amount of large flakes with 

a majority of extra small flakes, with an average lenght of 84 nm as shown in figure 5.4, and seen 

in table 5.2. This sample is a compromise between yield of production and time required for the 

size selection. For these reasons the use of Std cobalt hydroxide nanoflakes was chosen and this 

will be the size used for the rest of this work for characterisation and electrochemical testing. 

 

Figure 5.4. Size distribution counts of (a) S, (b) Std and (c) XS Co(OH)2 flakes.  
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5.2.2.2. Structural and Electrochemical Characterization of Standard Size 

Cobalt Hydroxide Coated Systems. 

Raman spectroscopy was utilised to determine the composition of the exfoliated standard 

nanoflakes as shown in figure 5.5. The Raman spectrum displays characteristic peaks of Co(OH)2 

at 196 cm-1,  476 cm-1, 514 cm-1, 615 cm-1 and 685 cm-1, similar to the Co(OH)2 investigated by 

Patil et al. 19. XPS was also conducted on the standard exfoliated flakes as this technique gives an 

insight into the chemical composition at the surface of the film.  

 

Figure 5.5. Raman spectrum for the standard size Co(OH)2 nanoflakes. 

The XPS survey for the standard Co flakes shows core level peaks for Co, O, Ti, C and Cl, as 

seen in figure 5.6.(a), before electrochemical testing. The Co and O core levels arise from the 

sample under investigation while the Ti signal can be associated with the sample substrate used 

for the XPS measurement. The chlorine peak is most likely due to impurities from the commercial 

starting bulk material. The carbon peak is due to adventitious carbon. The Co 2p3/2 core-level of 

the standard Co sample was fitted to a Co2+ (Co(OH)2) multiplet set, with only very minor 

contributions from Co0 (Co metal) and no evidence of other Co oxides 20 i.e. CoOOH, Co3O4 or 

CoO, figure 5.6.(b).  Additionally, the Co2p3/2 experimental spectra for the standard Co 

nanoflakes is indicative of Co(OH)2 previously determined by Biesinger et al. 20 Thus, the Raman 

and XPS analysis suggests that the exfoliated material has same chemical composition as the 

starting bulk Co(OH)2.  



138 

 

 

Figure 5.6. XPS (a) Survey and (b) high resolution Co2p3/2 core level for the standard size 

Co(OH)2 nanoflakes. 

Before electrochemical studies, standard Co(OH)2 flakes were deposited onto nickel and glassy 

carbon foams using a range of mass loadings. To examine the morphology of the deposited flakes 

on the different supports, SEM imaging was performed as shown in figure 5.7. The foam 

morphology of the bare supports are visible in figures 5.7.(a-b) and (d-e) for glassy carbon and 

nickel foam respectively. Figure 5.7.(c) shows SEM images of the GC foam support coated with 

the standard Co(OH)2 material while figure 5.7.(f) the same on Ni foam. The adhesion uniformity 

of the Co(OH)2  film at the surface of both foam supports can be observed in figures 5.7.(c) and 

(f). The redox activity of the system bare and coated with standard Co(OH)2 material was 

evaluated via cyclic voltammetry as depicted in figures 5.8 and 5.9. Voltammetric experiments 

performed on the unmodified Ni foam support in 1 M NaOH (figure 5.8.) show the presence of 

distinct peaks located in the potential range of 0.38-0.46 V which correspond to the Ni(II) /Ni(III) 
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redox transition involving the Ni(OH)2/NiOOH species. In addition, one can see the sharp rise in 

current  at ca. 0.64 V vs. Hg/HgO which is indicative of the onset of oxygen evolution. 

 

Figure 5.7. SEM pictures of (a-b) bare GC foam, (c) as deposited Co(OH)2 flakes on 

GC foam; (d-e) bare Ni foam and (f) as deposited Co(OH)2 flakes on Ni foam. 

Furthermore, it is clear from figure 5.8. that the GC foam electrode shows no redox activity in the 

same potential window and exhibits a higher oxygen evolution onset potential of ca 0.85 V, 

against the same reference electrode. Both supports appear to offer different properties.  

 

Figure 5.8. Cyclic Voltammograms of the bare Ni foam showing Ni2+/Ni3+ redox peaks and 

a bare GC foam. 

mailto:fig.@2
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One advantage of using GC foam, as a support electrode, is that here can be a straight forward 

peak attribution of the electrochemically active species deposited. The voltammetric response of 

the Std Co(OH)2 deposited on the GC and Ni foams recorded in 1 M NaOH can be observed in 

figures 5.9.(a) and (b), respectively. In figure 5.9.(a), three distinct sets of redox peaks labelled 

A1/C1, A2/C2 and A3/C3 were obtained for the Co(OH)2 nanoflake modified GC foam electrode. 

In comparison to the Co coated Ni foam, in figure 5.9.(b), one only observes a single broad set of 

peaks located over the potential range 0.2-0.6 V. Furthermore, the current intensity recorded for 

the latter Co(OH)2 support system is significantly greater than that observed for the former.  

 

Figure 5.9. Cyclic voltammograms for Std Co(OH)2 coated on (a) GC foam (b) Ni foam. 

Note: m = mass loading. 

Clearly, the nature of the support determines the redox response of the nanoflake modified 

electrode. It is likely that a mixed Ni/Co oxide/oxyhydroxide layer is generated when the Co(OH)2 

/Ni foam electrode is subjected to potential cycling in aqueous base. The different cobalt 

hydroxide, oxyhydroxide phases available during electrochemical cycling can be summarised in 

a Bode scheme of squares, as outlined in figure 5.10 (see Chapter 2 section 2.1.2 for further 

details). Cobalt hydroxide is a hexagonal layered material and upon application of a sufficiently 

anodic potential in alkaline media, different phases and oxidation states will be accessible. This 

change was monitored via XPS and is shown later in figure 5.11.  
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Figure 5.10. Bode scheme of squares for cobalt hydroxides and oxy-hydroxides species. 

 

Figure 5.11.  XPS high resolution scans for the standard size Co hydroxide nanoflakes (a) 

before and (b) after polarisation. 
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As previously noted in figure 5.9(a), the CV response of the Co(OH)2 modified GC foam electrode 

exhibits a number of low current intensity peak sets which correspond to the following  surface 

redox reactions 7: 

A1/C1                                 3 𝐶𝑜(𝑂𝐻)2 + 2 𝑂𝐻− → 𝐶𝑜3𝑂4 + 4 𝐻2𝑂 + 2𝑒−                               (5.1)                             

 

A2/C2                                     𝐶𝑜(𝑂𝐻)2 + 𝑂𝐻− → 𝐶𝑜𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑒−                                    (5.2)                            

 

A3/C3                                     𝐶𝑜𝑂𝑂𝐻 + 𝑂𝐻− → 𝐶𝑜𝑂2 + 𝐻2𝑂 + 𝑒−                                          (5.3)                    

These process are simple representations of the redox chemistry of surface immobilized oxy-

cobalt species as previously discussed by Burke 21 and Meier 22. The formation of hydrous oxides 

such as [Co(CoO)(CoOOH) . xH2O] and [Co(CoO)(Co(OH)2) . xH2O] should not be discounted. 

Additonally, the redox peak assignment outlined above is in agreement with the work of 

O’Mullane et al. 7 on nanostructured cobalt hydroxide. The single broad set of peaks can be seen 

in figure 5.9.(b) can be attributed to a contribution arising from the reaction described in equation 

(5.4), denoted by the star (*) in the graph, as well as the processes presented in equations (5.1)-

(5.3).       

                                                   𝑁𝑖(𝑂𝐻)2 + 𝑂𝐻− → 𝑁𝑖𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑒−                                    (5.4) 

However, when comparing the bare Ni support with the loaded support there is an increase in the 

Ni(II)/Ni(III) peaks which may be induced by a synergistic effect between the support and 

catalyst.  

Subsequently, the metallic nickel used to form the foam support can also be subject to the 

formation of a hydrous oxide species in an alkaline environment unlike glassy carbon. Thus 

different phenomena may arise from the use of Co(OH)2 nanoflakes on nickel foam.  

The first situation being an interaction between the Ni support and the deposited film i.e. at 

increasing potentials the Ni foam and the Co(OH)2 may form mixed species. Another reason for 

the high activity may be due to the the formation of mixed hydrous Ni and Co oxide species or/and 

perhaps an intricate of these two21-22. It is interesting that O’Mullane and co-workers have also 
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indicated that the nature of the support plays a very important role determining both the shape of 

the redox response and in the electrocatalytic activity with respect to electrochemical water 

oxidation7.  

It is also interesting to note that the integrated voltammetric charge which is related to the charge 

storage capacity of the material measured for spray deposited Co(OH)2 nanoflakes on both 

supports, increases with an increase in the mass loading, figure 5.12. For a similar mass loading, 

as shown in figure 5.9, the measured voltammetric charge capacity is greater when working with 

nickel foam as compared to the coated systems, figure 5.12., with an observed charge capacity 

value of support material. The bare support charge measured under identical conditions remains 

negligible, approximatively 7 C cm-2. Moreover, when comparing the XPS high resolution scans 

for Co2p peaks as shown in figure 5.11, before and after polarization in 1M NaOH, the surface 

was oxidized after use. After fitting, it suggests that two Co(III) species are present within the 

film. The first being Co3O4, representing 38.4 % of our film, the second, CoOOH, constituting 

the remaining of our film. The latter present a higher oxidation state than Co3O4 averaging a value 

of +8/3, which makes it more promising for its charge storage abilities23-25. Both species, will 

likely involve cobalt oxide production, CoO2, as the OER active electrocatalyst26-27.  

 

Figure 5.12. Voltammetric response of coated (a) GC foam and (b) Ni foam with different 

mass loadings of exfoliated Co(OH)2 flakes. 
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5.2.2.3. Electrocatalytic Activity. 

5.2.2.3.1. OER Activity. 

As shown in figure 5.12. the addition of Co(OH)2 nanoflakes to both of the supports significantly 

increases the charge storage ability and lowers the onset potential for the OER. To further 

investigate the properties of the film/support system as electrocatalysts for the OER, galvanostatic 

polarization tests at 10 mA cm-2 were performed in 1 M NaOH for 24 hours as shown in figure 

5.13.  Such testing is necessary as they indicate the lifetime/stability of the film over an extended 

period and provides an indication of how the overpotential measured at a fixed operational current 

density varies under controlled oxygen evolution conditions. All results for each system 

performances for oxygen production was presented and summarized in figure 5.14.  

 

Figure 5.13. Galvanostatic tests of coated (a) GC foam and (b) Ni foam with different mass 

loadings of exfoliated Co(OH)2 flakes. 
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To begin with, the OER activity of the bare support differs significantly when utilised for oxygen 

evolution. At a current density of 10 mA cm-2, the overpotential for the bare glassy carbon foam 

was 877 mV whereas the bare nickel foam exhibited overpotential values at 10 mA cm-2 of 400 

mV shown in figures 5.14.(a) and (b). Additionally, the stability of both supports was found to 

decrease with time as the potential measured under galvanostatic polarization increased over the 

time period studied. This is most likely due to passivating oxides being formed on the surface or 

dissolution of the support itself.  

A significant improvement in the OER performance was made when depositing the cobalt 

hydroxide nanoflakes at the surface of the supports, figures 5.14.(e) and (f). For the GC coated 

foams, the overpotential values obtained for the different mass loadings is not significantly 

dependent on the amount of material deposited. The final overpotential values at 10 mA cm-2 

reached for these Co(OH)2/GC foam systems were between 400 to 380 mV, which represent a 

decrease in the overpotential at fix current density of 57%, when compared with the behaviour of 

the bare GC support. Lower overpotential values were observed  for the Ni coated electrode also 

in figure 5.14.(e). The Co(OH)2/Ni electrode with a mass loading of 0.89 mg cm-2 exhibited the 

lowest OER overpotential in this study, reaching a value of 280 mV which represents an increase 

in activity of 30% when compared to the bare Ni foam. A turnover frequency (TOF) number of 

2.08x10-3 s-1 was calculated for this optimum material which is higher than other Co(OH)2 TOF 

numbers currently in literature 28. Typical Tafel plots are presented in figures 5.14.(c) and (d). 

The effect of the substrate on the Tafel response for both bare and flake coated electrodes is 

marked. Tafel slopes of 80 mV/dec and 48 mV dec-1 were obtained for the uncoated GC and Ni 

foam supports, respectively. When the supports are coated with metal hydroxide nanoflakes at a 

fixed mass loading of ca. 0.89 mg the slopes were 68 mV dec-1 and 60 mV dec-1 for GC and Ni, 

respectively. The difference in activity between bare and coated Ni support does not represent a 

similar trend when working with glassy carbon foam. With respect to mass loading, of the nickel 

foam/Co(OH)2 nanoflake system, figure 5.14.(e), the trend clearly demonstrates the presence of a 

goldilocks region in the Co(OH)2 loading as the optimal overpotential value is reached at a mass 

loading of 0.89 mg cm-2.  
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Figure 5.14. Galvanostatic test for bare supports, (a) GC and (b) Ni foams; Tafel plots for 

bare and coated supports, (c) GC and (d) Ni foams; (e) Overpotential values for different 

Co(OH)2 nanoflakes mass loadings on GC and Ni foams and (f) Benchmark of optimal 

results against state of the art cobalt oxide (in blue) / hydroxide (in black) electrocatalysts 

(A29, B30, C31, D32, E33, F34, G7 and H35).  

Note: References number referes to the article in which the catalysts was reported. 
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A plausible reason for such behaviour  may be due to the blocking of active sites by additonal 

material at high mass loadings relating to conductivity and diffusion limitations or increase gas 

shielding.  

When compared to other cobalt based catalyst in literature, figure 5.14.(f), the Co(OH)2/Ni system 

with 0.89 mg cm-2 Co(OH)2 shows an increase in activity. However one has to note that the 

literature results were doped whereas the results provided in this work are for Co(OH)2 nanoflakes 

alone. Therefore this material will, in future work, be subjected to further optimisation and 

potentially mixed with other metals such as Fe for syngergitsic effects to increase activity.  

SEM imaging was carried out in order to observe the morphology of the Co(OH)2 nanoflakes film 

before and after polarisation at 10 mA cm-2 on both supports shown in figures 5.15.(a-d). The 

Ni/Co(OH)2 material exhibits a characteristic mud crack like morphology after galvanostatic 

polarization similar to that observed for thermally prepared DSA type RuO2 based catalyst films 

which have been shown to be very catalytically active materials for the  OER in alkaline media 

36. 

 

Figure 5.15. SEM of Co(OH)2 coated foams before and after chronopotentiometry on GC 

(a-b) and on Ni foam (c-d). 
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5.2.2.3.2. Supercapacitor Application.  

Another promissing application of metal oxides/hydorxides on high surface supports in alkaline 

media is that high charge storage capacities (as determined via cyclic voltammetry) are achievable 

with the ‘right’ catalyts and support material. As mentioned in section 1.3.1.3, cyclic 

voltammertry analysis can be carried out in order to determine the capacitance value of the 

catalyst/support system. As presented in figure 5.16.(a) and table 5.4., varrying the scan rates 

during cycling will give access to a range of capacitance value. In the literature, charge discharge 

curves at different current densities are often used to calculate such capacitances, as seen in figure 

5.16. (b).  

 

Figure 5.16. (a) Cyclic voltammograms at different scan rates  and (b) Charge-Discharge 

curves (Co(OH)2 mass loading on nickel foam of 0.59 mg cm-2). 
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However when comparing the results obtained via integration of the cyclic voltammogeam, table 

5.4., and by constant current charge discharge shown in table 5.5., one should note that a similar 

result is reached when the cyclic voltammogram is recorded between 20 and 40 mV s-1. 

Considering time constraints, stability and the average value obtained for the charge discharge 

curves (approx. 755 F g-1) the integration of a cyclic voltammogram recorded at 40 mV s-1 is used 

to calculate the capacitance of our systems.  

Table 5.4. Capacitance of data in figure 5.16.(a), values at different scan rates. 

Scan rate (mV s-1) Capacitance (F g-1) 

1 1332 

5 1234 

10 883 

20 764 

40 678 

100  471 

250  303 

500  252 

1000 202 

 

Table 5.5. Capacitance of data in figure 5.16.(b), values during charge discharge cycles. 

Current density (A g-1) Capacitance (F g-1) 

0.5  779 

1  760 

5  765 

10  755 

20  716 

 



150 

 

The two systems in this study could offer promising supercapacitor energy storage and delivery 

properties. The potential of the Co(OH)2/GC and Co(OH)2/Ni  electrodes was evaluated for use 

as electrochemical pseudo-capacitor as shown in figure 5.17.(a).  

Our preliminary studies have indicated that the Co(OH)2/Ni with a nanoflake mass loading of ca. 

1.03 mg cm-2 which exhibits the best energy storage capacity with a measured redox capacitance 

value of 2092 F g-1. A benchmark comparison of cobalt oxide (in blue)/ hydroxide (in black) from 

the literature against the best results in this work optimal results are presented in figure 5.17.(b). 

From the benchmarking graph, figure 5.17.(b), the optimum results, B37, F38 and H39, the first one 

being Co3O4 and the other two Co(OH)2, are all deposited on nickel foam. It is evident that the 

exfoliated Co(OH)2, in this study, offers the best storage properties when  compared to other 

cobalt hydroxide materials presented in the literature. Addionally, improvements on these results 

will be sought after by investigating the effect of flake size and dispersion composition on the 

magnitude of the redox pseudo-capacitance. The addition of conductive fillers such as carbon 

nanotube to the exfoliated Co(OH)2 flake suspension before deposition onto the Ni foam substrate 

should result in enhanced charge storage capabilies and will be investigated in future work. 

Further analysis was carried out using electrochemical impedance spectroscopy in order to 

enhance our understanding of the electrode mechanism and to facilitate the comparison between 

support materials, flake sizes and deposition techniques. 
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Figure 5.17. Capacitance values (a) for different mass loadings of Co(OH)2 nanoflakes on 

glassy carbon and nickel foams (b) Benchmark of optimal results against state of the art 

cobalt based capacitors (A12, B37, C13, D40, E41, F38, G42 and H39). Note: References number 

referes to the article in which the catalysts was reported. 

5.2.2.4. Electrical Representation of Chemical Processes: Electrochemical 

Impedance Spectroscopy (EIS). 

As detailed previously in Chapter 2,  electrochemical impedance spectroscopy (EIS) is a useful 

technique as it provides insight into the processes taking place between the electrolyte and the 

support. In a similar manner  to the MoO3, in Chapter 4, EIS measurments were conducted at 

different DC potential values in order to accurately capture processes over the entire potential 

window of study as shown in figure 5.18. The first value, 100 mV, correspond to the double layer 

region of both our support and start of the oxidation of the coated foams, figure 5.19. Equivalent 



152 

 

circuits fitted for these systems are represented by figures 5.20 and 5.21.  The second value, 450 

mV, c.f section 5.2.2.2., is in the redox active region of the Co(OH)2 nanoflakes, figure 5.22. 

Another characteristic equivalent circuit was necessary to the interpretation of results, figure 5.23, 

when following the electrode representation presented in figure 5.24.  Finally, the last chosen 

value of 750 mV, is for all systems, a potential in the OER region, shown in figures 5.25 and 5.26.  

 

Figure 5.18. Cyclic voltammograms of (a) bare (black) and coated (red) GC foam and (b) 

bare (blue) and coated (purple) Ni foam with the EIS windows of study. 

The Nyquist representation, plots the imaginary part the real part of the impedance, was the 

representation chosen for the understanding of the electrodes behaviour. This type of anaylsis will 

give insight to the different behaviour  taking place on an electrode at different potential values. 

Moreover, a comparison at a fixed potential value, between the different electrodes may provide 

physical evidences of the potential of one cell compare to another. Indeed the hypothesis made in 

section 5.2.2.2. (surfaquo group/hydrous oxide), can be supported by further characterisation. 

Even though impedance spectroscopy is an in-situ technique many interpretations and equivalent 
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circuits can be used for the same system.Complex system will require more electrical elements, 

bearing in mind that the final circuit is a representation of all the chemical processes and system 

contributions. Impedance spectroscopy fitting technique relies on a non-linear least square 

(NLLS) principle. Meaning that the more elements added to the final circuit the better the fit will 

get, making an “exact” always possible. However all circuit elements added must make ‘physical 

sense’ rather than just adding components to get a better fit.  

From the impedance recorded in abscence of redox activity, shown in figure 5.19, it is clear that 

the two systems are significantly different. For the bare supports, figures 5.19. (a) and (c), a purely 

capacitive behaviour can be observed which can be represented in circuit form by figure 5.20. 

Since,  the Nyquist representation is not a straight line this behaviour deviate from the ideal 

capacitor and is reprensented by a constant phase element (see Chapter 2 for details on CPE). The 

capacitance value of a constant phase element, will have a coefficient α, whose value indicates 

how close it is to a pure capacitor (α = 1 implies pure capacitive behaviour). When comparing the 

two supports, the capacitance value for a bare Ni foam is greater than the one of a bare GC foam, 

with a value of 2.25 10-3 Fα compared to 1.70 10-5 Fα. The factor α of the Ni foam is 0.83 compared 

to 0.74 for the GC foam. When the two supports are coated with the Co(OH)2 flakes it results in 

different reponses  noticeable in the Nyquist plots, figure 5.21. The equivalent circuit for coated 

Ni foam with leads to a more complex scenario. Using an a equivalent circuit previously used by 

Lyons et al.43, for a system similar to ours, suggests the cobalt hydroxide film has a capacitor like 

behaviour. In regards to the GC coated foam it is clear can be fitted to the Co(OH)2/GC system. 

Lyons et al., reported previously that this equivalent circuit represent a hydrous oxide film. 
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Figure 5.19. Nyquist representation of impedance recorded at 100 mV of (a) bare and (b) 

coated GC foam; and (c) bare and (d) coated Ni foam with their respective equivalent 

circuit best fit (solid lines). 

 

Figure 5.20. Equivalent circuit for the bare foam supports at 100 mV. 

 

Figure 5.21. Equivalent circuit for the coated foams at 100 mV, on (a) GC foam and (b) Ni 

foam. 
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When investigating Co(OH)2/GC at 100 mV, see figure 5.18.(a), the cobalt hydroxide first 

oxidation is happening, equation (5.1). This can explained by the presence of such hydrous oxide 

at the surface of the GC. On Ni foam the cobalt redox activity is broader and does not seem to be 

happening at such low potential. From this first results it is clear that the Ni foam support is a 

better support for capacitor application than GC, further characterisation, in other potential 

windows, will give insights on the full scope of this statement.  

At 450 mV, the second potential used during EIS investigation each system behaviour and is 

represented by figure 5.22. When looking at figures 5.22. (b) and (d), which are the two coated 

systems, despite a potential value of 450 mV corresponding to the redox active region of TMO, 

they appear to have significant differences.  

 

Figure 5.22. Nyquist representation of impedance recorded at 450 mV of (a) bare and 

(b)coated GC foam; and (c)bare and (d)coated Ni foam with their respective equivalent 

circuit best fit (solid lines). 
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The equivalent circuit used in this potential window is based on a equivalent circuit given in figure 

5.23. For the coated system we have the same equivalent circuit with the presence of a well-

defined semi-circle for Co(OH)2/Ni foam, as shown in figure 5.22 (d). This demonstrates that the 

time constant of the redox process is shorter than its Co(OH)2/ GC foam homologue. This circuit 

is often referred to as a reactive surface, which is in total accordance with electrodes in their redox 

active window. One should note that only the electrode based on metal oxides present such 

characteristic features. Conversely, the bare GC foam, which is electrochemically inactive in the 

represents a capacitive surface as seen in figure 5.20.  

 

Figure 5.23.  Equivalent circuit for bare Ni foam and the coated systems at 450 mV. 

Before starting the OER analysis, it should be noted that the part of the circuit that will vary is the 

“intermediate” one. When comparing each section of electrical circuits to the chemical structures 

present in our system, varying component can be associated to the nature of the film deposited at 

the surface. The electrode can be represented simplistically by three separate sections given in 

5.24. Finally, the last step of this impedance screening, is to observe the behaviour of the different 

electrodes when in the oxygen evolving region (an over potential of 350 mV was chosen) as 

shown in figure 5.25. One should keep in mind that both cobalt and nickel are reactive in the 

potential window of study, and both in contact with the electrolyte (when working with coated 

and bare nickel foam). From this observation, the interpretation on the impedance responses of 

our different system appear to be in agreement. 
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Figure 5.24. Schematic representation of the coated electrodes. 

 

Figure 5.25. Nyquist representation of impedance recorded at 750mV of (a) bare and (b) 

coated GC foam; and (c) bare and (d) coated Ni foam with their respective best fit 

equivalent circuits (solid lines). 

The equivalent circuit for the bare GC foam remains unchanged as shown previously in figure 

5.20. One can observe a semi-circle when working with a single metal oxide-hydroxide couple, 

nickel for the bare nickel foam and cobalt when studying the cobalt flakes deposited on GC 

foam19. This is represented by a resistor in series with a capacitor/constant phase element and a 

resistor in parallel, commonly referred to as the Randles circuit which is framed in the red dashed 
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line in figure 5.23. More interestingly, the presence of two semi-circles in the case of the Co/Ni 

foam system, representing two Randles circuit in series, gives insight on the mechanism of the 

system. This is shown in figure. 5.26. When two semi circles represent the system as shown in 

figure 5.25.(d), which is characteristic of polarizable electrodes44-45. Moreover, due to the 

asymmetry of these semi-circles, one can assume that the contribution of each will represent 

different phenomena. Ragoisha et al.46, detailed complex metal based systems and their 

representations. The first semi-circle, corresponding to high frequencies, will be caused by the 

electron transfer step47.  

 

Figure 5.26.  Equivalent circuit for Co(OH)2/Ni foam system in the oxygen evolution 

reaction region (potential 750 mV vs. Hg/HgO). 

Whereas, at low frequencies, the diameter of the semi-circle will be directly proportional to the 

impedance arising from ionic diffusion47. In our case the diameter of the first semi-circle is larger 

in magnitude than the second implying the electrode is of greater conductivity48. The first constant 

phase element in parallel with a resistor will correspond to the cobalt film while the second one 

most likely represents the nickel exposed to the electrolyte at the surface of the support. The 

intermediate resistance, Rint, suggests the presence of another chemical entity within the film. This 

supports the statement made previously in section 5.2.2.2, where the formation of hydrous 

oxide/hydroxide species was suggested and that there is a synergy between this hydrous oxide 

formed from the nickel support and the Co(OH)2 flakes. 
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5.3. Conclusion. 

Liquid phase exfoliation was shown to be a suitable technique to produce relatively large amounts 

of cobalt hydroxide nanoflakes for electrochemical applications. The supporting material and 

deposition technique were found to have a marked effective on the charge storage and OER 

activity of the system. It has been demonstrated that nickel foam is the most suitable support for 

these nanoflakes. Compared to a non-electrochemically active glassy carbon foam, of similar 

surface area, the Co(OH)2/Ni foam had an overpotential value 100 mV lower and a capacitance 

value up to 700% higher than its GC counterpart. The optimum mass loading of 0.89 mg cm-2 was 

found for cobalt hydroxide nanoflakes sprayed on nickel foam reaching an overpotential at 10 

mA cm-2 of 280 mV in 1 M NaOH, a TOF of 2.08x10-3 s-1, Tafel slope of 60 mV dec-1 and a redox 

pseudo-capacitance of 1480 F g-1. This system is competitive to the state of the art metal oxide 

catalysts for the OER and other cobalt oxides for supercapacitor applications. The electrodes were 

shown to be stable for at least 24 h under a continuous applied current density of 10 mA cm-2. 

The EIS study, reviled that the presence of metal oxide and its oxidation state influenced the 

electric behaviour of the electrode. The Co(OH)2/Ni foam system, in the OER region, showed 

two semi-circles characteristic of two distinct time constants. This means that different 

electrochemical and/or chemical steps are represented. From this point forward, as nickel foam 

was found to be the optimal support for the cobalt hydroxide flakes, it will be the one used for 

further characterisation in the next chapter.  

Industrially, electrodes are subjected to harsher conditions compared to ones used commonly used 

in the literature. For example, the concentration, the temperature of the electrolyte as well as 

production rates (current densities required) are significantly higher. In addition, the industrial 

electrolytic cell is used in  a two cell configuration i.e absence of a reference electrode. 

Consequently, it is necessary to study the reponses of the electrode under these conditions so the 

system can be evaluated using industrial standards. 
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6.1. Introduction. 

Chapter 5 of this thesis focused on the optimisation and development of a cobalt hydroxide 

electrocatalyst to decrease the overpotential for the oxygen evolution reaction (OER). It has been 

established that Co(OH)2/Ni foam systems are promising candidates for OER catalysis. An 

optimal mass loading of 0.89 mg cm-2 was decided on for spray deposition of Co(OH)2 nanoflakes 

on nickel foam.  

This chapter investigates the preliminary results necessary for scale up of Co(OH)2 coated nickel 

foam as electrodes for alkaline water electrolysis. In addition to the research of efficient catalyst 

materials, there is a tremendous amount of work in the engineering of the cell parameters such as 

electrolyte concentration and temperature1-6. Firstly, the influence of the concentration7 can be 

used to determine the reaction order of the catalyst material i.e. how does the reaction rate depend 

on the concentration of the electrolyte. By increasing the ionic concentration of the solution, the 

conductivity of the electrolyte will improve thus minimising any Ohmic resistances. The overall 

Ohmic resistance of the system8-9, 𝑅𝛺, (detailed in chapter 2) will be lowered as the solution 

resistance, 𝑅𝑆, is minimized, see equation (6.1).   

𝑅𝛺 =  𝑅𝑎𝑛𝑜𝑑𝑒 +  𝑅𝑐𝑎𝑡ℎ𝑜𝑑𝑒 +  𝑅𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 +  𝑅𝑆                             (6.1) 

where 𝑅𝑎𝑛𝑜𝑑𝑒 and 𝑅𝑐𝑎𝑡ℎ𝑜𝑑𝑒 are the electrical resistances associated with the electrode materials 

and the cell hardware and  𝑅𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 is the resistance associated when a separation membrane 

is placed in between the anode and the cathode. Another, more practical aspect of this study, will 

be to evaluate the influence of the viscosity of the electrolyte as one increases the concentration 

as this almost never examined in the literature. While enriching the solution with charged species, 

its viscosity will increase proportionally which may lead to a compromise between increased 

electron transfer but increased mass transport limitations. 

Secondly, the influence of temperature on the system will be studied. Change in temperature will 

also influence the viscosity of the system and allow access to the activation energy of each 
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systems. The influence of the molarity and temperature of the electrolyte will affect the 

performances of the electrode for OER10. 

The performance of the electrode was evaluated at 10 mA cm-2 for reasons seen in chapters 1 and 

2. Pletcher et al.11, studied NiFe systems presenting overpotential values for the OER between 

265 and 330 mV at a current density of 500 mA cm-2. In this work, different working conditions 

(concentrations, temperature and current densities) were used to study the system to quasi-

replicate zero-gap electrolysers behaviour12-15, this is represented in figure 6.1. The last aspect of 

this work was to use a two-electrode cell, i.e. the absence of a reference electrode. This two-

electrode configuration more accurately represents real world electrolyser operation. True 

operating current densities will also be used with cell potentials compared to electrolysers 

currently in use. In addition, the Co(OH)2 electrode will also be used as the cathode as it has been 

shown to be a relatively active catalyst for the hydrogen evolution reaction16-18. In addition, bi-

functional catalysts are advantageous in terms of cost19-21.   

 

Figure 6.1. (a) Standard and (b) zero-gap electrolyser configurations. 

6.2. Results and Discussion. 

6.2.1.  Influence of Alkaline Concentration. 

Various concentrations of NaOH were freshly prepared and degassed prior electrode testing for 

the OER. These tests were performed at a constant temperature of 20 °C. Each electrolytic 

solution had viscosity, density, conductivity and pH parameters as detailed in Table 6.1. Each of 
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the values in this from this table were calculated using equations (6.2)-(6.3) and using parameters 

extracted from Handbook of Chemistry and Physics22-23 and  the International Critical Tables24. 

Table 6.1. Density, viscosity, conductivity and pH of the different NaOH solutions 

molarities.  

Concentration 

(M) 

Density 

(g cm-3) 

Viscosity 

(cP or mPa s) 

Conductivity 

(mS cm-1) 

pH 

0.5 1.021 1.112 80.2 13.7 

1 1.043 1.248 151.9 14 

2 1.087 1.51 295.3 14.3 

5 1.197 3.698 725.7 14.7 

7 1.275 7.95 1012.6 14.8 

10 1.39 25.29 1442.9 15 

 

The relationship between concentration and density can be given by: 

[𝑁𝑎𝑂𝐻]  =   
 %𝑁𝑎𝑂𝐻𝑤/𝑤∗𝑑

100∗𝑀
                                               (6.2) 

Where [𝑁𝑎𝑂𝐻] is the molarity of alkaline solution, %𝑁𝑎𝑂𝐻𝑤/𝑤 the weight percentage of 

sodium hydroxide, d the density and M the molar weight of sodium hydroxide. The viscosity of 

one liquid can be calculated using the equation described by Philips25: 

𝜈 =  
𝑛 𝑁𝐴 ℎ

2 𝑀(𝜐−𝛿)
                                                    (6.3) 

Where 𝑛 is an integer, 𝑁𝐴 is the Avogadro number, ℎ is Planck’s constant, 𝜐 is the volume per 

gram (inverse of density) and 𝛿 is the co-volume as described by Keyes26 equation. When 

recording the linear sweep voltammograms for each concentration it is clear when increasing the 

concentration, the performance of the system improves as shown in figure 6.2. For the bare nickel 

foam electrode, figure 6.2.(a), by varying the concentration from 0.5 to 7 M, the decrease in 

overpotential for the same current density value is significant. For example, this potential decrease 

at 10 mA cm-2 between 0.5 M and 7 M is approximatively 80 mV. The different Tafel slopes 
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observed for the systems demonstrate that the rate determining step varies depending on the 

concentration of the electrolyte. 

As presented in the summary table 6.2, the value decreases in a regular manner when observing 

the bare nickel foam in the different concentration up to 5 M.  The Tafel slopes decrease from 54 

to 38 mV dec-1 when studying the system at 100 mA cm-2 (also called low Tafel region). For 

higher current density regions, a significant decrease in the numerical value is observed for 

concentration from 1- 5 M, 0.5 and 10 M exhibit higher Tafel slope values of 85-90 mV dec-1. 

The different reaction orders were calculated, as shown in figure 6.3, for the bare of Co(OH)2 

coated nickel foams.  

 

Figure 6.2. Linear sweep voltammograms for (a) bare; (b) and (c) coated (respective mass 

loadings 0.78 mg cm-2 and 0.93 mg cm-2) Ni foam in different alkaline solutions. 
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Figure 6.3. Reaction order investigation for bare (solid black) and coated (solid red) (mass 

loadings 0.78 mg cm-2) Ni foam. 

The relationship of the rate of reaction with hydroxide ion concentration will offer an insight on 

the chemical and kinetic behaviour of the system. It is a direct relationship between the reaction 

rate and the concentration of hydroxide ions, at constant applied potential 7, 27, and can be 

described by:  

                                                          𝑚
𝑂𝐻−= (

𝜕 log 𝑗

𝜕 log 𝑎𝑂𝐻−
)
                                             (6.4) 

Where 𝑚𝑂𝐻− is the reaction order, 𝑗 the current density for each sodium hydroxide concentration 

at a fixed applied potential value, and  𝑎𝑂𝐻− is the activity of the hydroxide ions of the electrolytes. 

In order to accurately calculate the activity of the reactant in the different solutions, extrapolation 

of the molality against activity coefficient results obtained by Balej28 and Harned29 was 

performed. 

The reaction order value obtain for a system can be potential sensitive and therefore it is essential 

to study the system over a range of potential values to get a representative value. In the last 

columns of tables 6.2 and 6.3, the reaction order window obtained for each electrode were 

indicated. In figure 6.3 the systems were investigated in the linear Tafel region at low potential 

values, 650 and 550 mV vs. Hg/HgO, corresponding to an overpotential of 347 mV and 247mV 

respectively, for both the bare and coated systems. The obtained reaction order of approximately 
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unity, suggests that only one hydroxide ion is reacting with one the active site of the electrode 

surface7, 10.  

Table 6.2. Catalytic behaviour of Bare Ni foam electrode in different NaOH solutions.  

For the coated system, the same observation can be made in regards of the overpotential value at 

10 mA cm-2, as seen in table 6.3.  

Table 6.3. Catalytic behaviour of Co(OH)2 coated Ni foam (mass loading = 0.78 mg) in 

different NaOH solutions.  

m = 0.78 mg 
η at 10 mA cm-

2 (mV) 

Tafel slope 1 

(low η region) 

Tafel slope 2 

(high η region) 
Reaction Order 

0.5 M 302 73 61 

1.12 - 0.90 

1 M 271 58 51 

2 M 255 57 41 

5 M 231 50 36 

7 M 229 50 43 

10 M 223 52 47 

 

The improvement brought to the system by deposition of Co(OH)2 nanoflakes on the nickel foam 

surface, as established in Chapter 5, is once again demonstrated when testing the OER activity in 

different sodium hydroxide concentrations. Contrary to the bare foam, this value was found to 

Bare Ni foam 
η at 10 mA cm-

2 (mV) 

Tafel slope 1 

(low η region) 

Tafel slope 2 

(high η region) 
Reaction Order 

0.5 M 433 54 90 

1-0.88 

1 M 395 40 54 

2 M 379 38 54 

5 M 361 37 60 

7 M 353 39 69 

10 M 365 42 86 
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decrease for the totality of the ionic concentration used during this test. The Tafel slope values 

this test prove that an optimal concentration is necessary to optimise this value. Interestingly, the 

Tafel slopes, in lower potential window (the third column in tables 6.2 and 6.3), for the bare nickel 

foam are lower than the one observed for the spray coated foams at all concentrations.  

When observing the Tafel slope trend in the concentration range for both bare and coated systems, 

it appears that molarity in the 2-7 M range offer the best results at both high and low 

overpotentials. This observation can be correlated to the increase of viscosity of the system 

preventing efficient gas dissipation. When in studying the O2 evolution at high 

overpotential/current densities the impact of the viscosity of the system is not negligible as 

demonstrated in figure 6.4. The effect of the change in conductivity in the electrolyte, general 

decrease in the Tafel slope values over the concentration range, appear to be limited by the 

increase in viscosity. The compromise between charge transport and mass transport was found in 

order to optimise the properties of the system. 

 

Figure 6.4. Effect of the viscosity in high overpotential window. 

For both systems, coated and bare, one can observe a significant improvement, overpotential and 

Tafel slope values, have been made when working in 5 M NaOH. The stability of the electrodes 

was studied in 5 M molar using galvanostatic polarization as shown in figure 6.5. The 

overpotential value at 10 mA cm-2 in 5 M NaOH was found to be stable over at least 18 hours of 
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testing for both the bare and coated systems. Additionally, the overpotential increase for 

Co(OH)2/Ni foam electrode may be supported by film degradation through time. Both 

phenomenon relying on the diminution of the number of active sites available for oxygen 

evolution.  

 

Figure 6.5. Galvanostatic testing of bare (solid black) and Co(OH)2 coated (solid red) 

nickel foams at 10 mA cm-2in 5 M NaOH. 

6.2.2.  Electrolyte Temperature. 

The temperature chosen to investigate the OER behaviour of the different system were 20°C, 30 

°C, 40 °C and 50°C. From figure 6.6, in the entire potential ranged scanned, the current density 

can be seen increase linearly with the temperature of the electrolyte. 

 

Figure 6.6. Linear sweep voltammograms for (a) bare and (b)Co(OH)2 coated (mass 

loadings 0.73 mg cm-2) Ni foam in 5 M NaOH at different temperature. 
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As shown in figure 6.7, at 10 and 100 mA cm-2 the overpotential was found to decrease 125 and 

140 mV respectively when going from 20 to 45°C. The overpotential values decrease 

proportionally to the temperature, for the coated or bare electrode. The overpotential value 

observe for the coated system, red data points in figure 6.7, in an equivalent manner to the one 

described in Chapter 5, are significantly lower to the bare supports.  

 

Figure 6.7. Overpotential values at (a) 10 and (b) 100 mA cm-2 of bare (solid black) and 

Co(OH)2 coated (mass loading = 0.78 mg) (solid red) Ni foam in 5 M NaOH at different 

temperatures. 

A ∆E of, on average, 125 mV lower for the coated support at 10 mA cm-2, figure 6.7. (a), and 140 

mV at 100 mA cm-2 as shown in figure 6.7.(b). When increasing the temperature of the system, 

the decrease of the overpotential at a fix current density can caused by an increase on the 

electrolyte conductivity, as detailed in table 6.4.  

 Table 6.4. Electrical conductivity at different temperature for 5 M NaOH (extrapolated30). 

 

 

 

 20°C 30°C 40°C 50°C 

Conductivity 

(mS cm-1) 
726 810 890 970 
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Another explanation for such observation is the influence of the temperature on the activation 

energy necessary to initiate the interface reaction. From a theoretical point of view, as explained 

by Doyle7 and Guidelli31-32 et al. the Tafel slope, b, is related to the transfer coefficient. Carrying 

out these experiments at different temperature, besides presenting the optimal stable working 

temperature, will enable the calculation of the energy of activation10,  𝐸𝑎𝑐, following then 

Arrhenius plot as presented by equation (6.5), and the anodic transfer coefficient, 𝛼𝑎, explained 

in equation (6.6) and are given by 

𝑑 ln (𝑗)

𝑑 (
1

𝑇
)

=  
−𝐸𝑎𝑐

𝑅
                                                           (6.5) 

𝛼𝑎 =
1

𝑏
 (

2.303 𝑅 𝑇

𝐹
)                                                     (6.6) 

where 𝑗 is the current density at a fix overpotential value, 𝑇 is the electrolyte temperature, 𝑅 the 

gas constant, 𝐹 the Faraday’s constant and 𝑏 the Tafel slope. Results for temperature testing are 

summarised by figures 6.8-6.9. One can use equations 6.5 and 6.6, when the system is under 

kinetic control and in the absence of mass transport limitations. This implies that the variation of 

hydroxide ions at the surface of the electrode will not be a limiting factor during investigation.  

The Tafel slopes values obtained in 5 M NaOH at different temperatures were approximatively 

equal to 40 mV dec-1 for the coated foams and 36 mV dec-1 for the bare electrode, figure 6.8.(a). 

A Tafel slope value of 40 mV dec-1 corresponds to the second electron transfer being the rate 

determining step, see Chapter 2. This predicts a charge transfer coefficient of value of 1.5. When 

analysing the αa values for Co(OH)2/Ni foam at different temperatures, figure 6.8.(b) this is indeed 

the average value observed. For the uncoated bare foam, the Tafel slope value is closer to 30 mV 

dec-1 at elevated temperatures, this demonstrate that the third electron transfer (Chapter 2) is rate 

determining. In this scenario, the charge transfer coefficient will be equal to 2. In the given cell, 

the charge transfer coefficient is closely correlated to the electrons involved in the OER. The 

higher this coefficient the better the catalyst will be for oxygen evolution. The validation of the 
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correlation between the Tafel slope and the transfer coefficient, figure 6.8, in addition to 

elucidating the rate determining step in such conditions, does confirm that no mass transport 

limitations are present when using 5 M NaOH as an electrolyte. 

 

Figure 6.8. Temperature variation of (a) the Tafel slopes and (b) transfer coefficient for 

(solid black) bare and (solid red) Co(OH)2 coated (mass loadings 0.73 mg cm-2) Ni foam in      

5 M NaOH. 

The activity of a catalyst towards the OER can be measured using another performance indicator; 

the activation energy33, 𝐸𝑎𝑐. Probable difference in the active sites induced by the temperature 

changes. It has been demonstrated that a material can change when subjected to a gradient of 

temperature10. In figure 6.9, the plot of the ln(j) against the inverse of the temperature is 

represented. After linear fitting, according to equation (6.5), the activation energy for each anode 

was calculated; 75 ± 1 kJ mol-1 for the bare foam and 87 ± 4 kJ mol-1 for the Co(OH)2 coated 

foams. The results of the electrodes studied herein are consistent with other results in the 

literature. A value of 75 kJ mol-1 was found by Miles et al.34 in alkaline conditions and higher 

temperatures for a nickel electrode. On the other hand, when working with cobalt oxide/hydroxide 

films a difference in the activation energy results is possible.  
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Figure 6.9. Activation energy plots for (a) bare and (b) Co(OH)2 coated (mass loadings 

0.73 mg cm-2) Ni foam in 5 M NaOH. 

The results displayed herein does present significant improvement when using these electrodes 

as catalysts for the reaction.  Zachariah et al.35, for CoO3, Jasem et al.36, for NiCo2O4 and Sargent 

et al.37, for Fe.CoOOH, respectively reached activation energy values of 77 kJ mol-1 ; 50-70 kJ 

mol-1 and 60-81 kJ mol-1 for cobalt based OER catalysts. 

The activation energy calculated for Co(OH)2/Ni foam in this work is comparable to the state of 

the art value in the literature. One should consider that the activation energy for the OER gives 

insight on the reaction mechanism, and its intermediates. In conclusion, and as expected an 

increase in temperature will significantly improve the properties of the systems. The KPI such as 

the Tafel slopes and the overpotential values, at 10 and 100 mA cm-2, decreased in the temperature 

window of study, figures 6.7 and 6.8.(a). The Tafel slope values for both systems remain in the 

same range implying that no mechanistic differences are caused by increasing the temperature, 

up to 50 °C and thus only serves to increase the rate of reaction.  Moreover, the coated system 

remains stable at such temperatures, which makes it a viable candidate for industrial and/or long-

term usage. Further investigation is carried out in the next section to provide insight on the system 

behaviour when subjected to higher current densities. 
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6.2.3.  Variation of the Current Density. 

When studying the system at different current densities, the electrolyte temperature was kept at 

20 °C. The current densities chosen for this study range between 10 mA cm-2, typical of a solar 

device operating at 10 % efficiency38-39, up to 500 mA cm-2 which is a realistic operating current 

density of an industrial electrolyser. To evaluate the behaviour of the anodes these tests were 

carried out in the standard 1 M NaOH for easy comparison to the literature40-42 and 5 M NaOH 

which has previously been demonstrated as an optimal concentration.  

As shown in figure 6.10, the potential measured against the mercury/mercuric oxide reference 

electrode, increase as the current density increased. When working in 1 M NaOH, figure 6.10. 

(a), at current densities above 100 mA cm-2 the overpotential value increases. This phenomenon 

may arise from the lack of active sites and/or hydroxide ions at the electrode interface. From 

figure 6.10.(b), a stable overpotential value is reached over the current density range when 

working in 5 M NaOH.  

 

Figure 6.10. Galvanostatic testing at different current densities on bare Ni foam in (a) 1 M 

and (b) 5 M NaOH. 

This discards the first assumption made previously when working in 1 M NaOH. For the bare 

nickel foam electrode, the average overpotential values at 10 mA cm-2 in 1 M and 5 M NaOH, are 

403 mV and 362 mV respectively, which is in accordance with the preliminary results summarised 

in table 6.2. A similar conclusion can be reached when studying the system at 100 mA cm-2. 
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The current density is directly proportional to the amount of oxygen being produced by the 

system,as detailed by Faraday’s law of electrolysis given by: 

𝑛𝑂2
=  (

𝑗 𝑡

4 𝐹
)                                                               (6.7) 

where 𝑛𝑂2
is the amount of mole of oxygen generated and t is the time of operation. Higher current 

density values will induce greater oxygen production. The factor of four arises due to the OER 

being a four electron process.  

When studying the coated electrode behaviour in the same current density range and in 1 M and 

5 M NaOH, figure 6.11, no instability was noticed over the experimental time chosen. The 

potential recorded, in order to maintain the icurrent density values, is higher in 1 M, figure 

6.11.(a), than in 5 M, figure 6.11.(b). This demonstrates that the increase in viscosity of the 

solution is not an issue in these working conditions. In other words, the oxygen production (bubble 

emanation) and the reactive interfacial layer renewal are ensured in 5 M NaOH. Once again, the 

overpotential values for the coated systems are lower than the bare support over the current 

density range. In addition, no significant differences between overpotential readings from LSV 

and galvanostatic testing have been recorded. When comparing the bare and coated system 

behaviour in 1 M NaOH, as shown in figures 6.10.(a) and 6.11.(a), the overpotential value at 500 

mA cm-2 for the coated support varies less over time. 

 

Figure 6.11. Galvanostatic testing at different current densities on coated (mass loading 

0.82 mg cm-2) Ni foam in (a) 1 M and (b) 5 M NaOH. 
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This could be explained by an increase in the number of OER active sites related to the porous 

nature of the flake film deposited at the surface of the support electrode.  

Tafel plots can be generated from galvanostatic tests at different current densities and a Tafel 

slope can be obtained calculated. In order to study the system under similar conditions the linear 

fitting  as for the potentiostatic Tafel plots, data will only be used for current densities up to 100 

mA cm-2. From the Tafel plots shown in figure 6.12, the bare and coated Ni foam in 5 M NaOH 

have Tafel slopes of ca. 56 mV dec-1. This value is comparable to the  58 mV dec-1 slope obtained 

in section 6.2.2 when the Tafel plots were carried out potentiostatically. This result is an 

estimation and does not take into consideration any slope changes accross the current density 

range.  

 

Figure 6.12. Generated Tafel plots in 5 M NaOH for (a) bare and (b) coated (mass 

loadings 0.82 mg cm-2) Ni foam. 

To summarise, Co(OH)2/Ni foam systems were found to be stable at high temperatures and 

current densities and have shown to be promising catalysts for the OER12. Commercial 

requirements for industrial usage of an electrolyser43 requires an overpotential of at most 300 mV 

to provide a current density of 500 mA cm-2. This work displays a value of 330 mV at 500 mA 

cm-2 which remains in the area of interest. Additionally, an overpotential value of 305 mV was 

reached for a current density of 250 mA cm-2, making the material directly competitive with the 

state of the art literature results. Lu et al.44  overpotential value for nickel-iron coated nickel foam 

anodes at 300 mA cm-2 in 30 wt% KOH was 340 mV. While competing with state of the art 
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literature results and imitating “zero-gap” electrolyser conditions, further work should be 

performed to implement the system. Xiao et al.45, worked with Ni-Fe coated nickel foam close to 

“zero-gap” electrolyser configuration. To generate a constant current density generation of 400 

mA cm-2, a potential of 470 mV was required at 40 °C. This demonstrates the necessity of 

lowering the working distance between each electrode of the system.  

The following section will evaluate the system under working conditions for water splitting at a 

constant anode to cathode distance. The performances of the systems, Ni foam and Co(OH)2/Ni 

foam, in an electrolyser configuration, both as anode and cathode. 

6.2.4.  Water Splitting Electrolyser Conditions. 

To more accurately replicate real word industrial alkaline electrolyzer conditions, it was decided 

to use a two electrode cell setup rather than the three electrode cell used up until now in this work. 

In addition, 5 M NaOH will be used as it was found to be optimum electrolyte concentration from 

the previous section and closely matches the 30 wt% value used currently in alkaline 

electrolyzers40. Industrially, the use of a reference electrode is not required as the entire cell 

voltage is of importance rather than just that of the cathode or anode. This cell voltage effectively 

captures energy input required for the reaction to proceed, and thus this translates to a cost which 

is industrially relevant.In addition, galvanostatic control is usually used over potentiostatic control 

as one can control the rate of product generation using this method.  The cell voltage will again 

consist of the overpotentials at the anode and cathode with the resistance of the solution. In 

addition, in an industrial electrolyzer there is also a semi-porous membrane to keep the produced 

gases from mixing while still allowing charge tranfer to complete the circuit. These membranes 

usually of Nafion or Zirfon for acid and alkaline electrolyzers respectively but research is also 

being done on solid oxide materials40, 46. These membranes usually contribute to significant 

Ohmic losses in the cell and thus much work is focused on minimizing this. It was, however, out 

of the scope of this work to use a membrane but nevertheless should be kept in mind.  

As the cathode overpotential associated with the hydrogen evolution reaction (HER) will 

contribute to the measured potential, it is pertinent to quickly study the activity of Co(OH)2 as a 
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HER catalyst. As shown in figure 6.13, the Co(OH)2 is more active for the HER than the bare Ni 

foam. While not the most active catalyst in the litertaure towards the HER, it is a good 

compromise when used with the same material as the anode electrode. 

 

Figure 6.13. Linear sweep voltammograms of a bare nickel foam and Co(OH)2 coated 

foam in the hydrogen evolution reaction region in (a) 1 M NaOH (b) 5 M NaOH. 

Typical electrolysers8, 40-41 operate at current densities between 100-500 mA cm-2 rather than the 

10 mA cm-2 used in the literature. Operating at an increased current density evidently optimizes 

the gas produced in a given space, requires a smaller area current collector and thus saves cost.  

Therefore, galvanostatic polarizations were conducted in increments from 10 to 500 mA cm-2 as 

shown in figure 6.14. The data is then quanitified in figures 6.14.(c) and (d) for easier 

visualisation. From figure 6.14.(a), it is clear that at j > 100 mA cm-2, the sytem comprising of a 

bare Ni foam anode and cathode is unstable as indicated by the increase in cell potential after only 

three hours polarization. This instability is most likley from the formation of higher passivating 

nickel oxides or dissolution of the foam. In contrast, the Co(OH)2 were shown to be extremely 

stable even at current densities of 500 mA cm-2. This shows that the adhesion of the Co(OH)2 is 

strong enough to resist detatchement under vigrorous gas evolution and that spray coating is a 

viable coating technique for such systems. 

One should note, that these high current densities would not be possible on a traditional planar 

support due to mass transport limitations and demonstrates the advantage of using porous foam 

supports for efficient electrolyte and gas diffusion. To emphasise this point an extended lifetime 
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test was carried out at 500 mA cm-2 for 24 hours for the Co(OH)2 coated anode and cathode as 

shown in figure. 6.15. One can see that the potential remained stable over this time period.  

In addition to increased stability, the coated foam electrodes showed lower cell potentials over 

the uncoated foam electrodes as quantified in figure 6.14 (c) and (d).   

 

Figure 6.14. Galvanostatic polarization of (a) bare nickel foam anode + cathode; (b) 

Co(OH)2 coated anode + cathode (mass loadings = 0.89 mg cm-2) in 5 M NaOH and (c) and 

(d) overpotential quantitative representation in 1 M and 5 M NaOH respectively.  

For example at 500 mA cm-2, the Co(OH)2 system measured a cell voltage of 2.6 V while the bare 

foams required almost 1 V more at 3.6 V to generate the same current. At all current densities 

tested the coated foams gave a lower cell voltage than the bare foams. The operating cell potential 

of a commercial alkaline electrolyser, for example40, (at 80 °C) is 1.5 V at 100 mA cm-2. Thus, 

our result of 2.0 V to generate the same current at room temperature is approaching the state of 

art albeit without the use of a membrane. However we can estimate the value if we did use such 

a membrane by using a value of resistance of 0.28 Ω cm2 given for a Zirfon membrane40. As we 

have used a one square current density at room temperature  one square centimeter anode and 

cathode a 1 cm2 separator would be appropriate. For a current density of 100 mA cm-2 this would 
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add an additional (0.1 x 0.1 A x 0.28 Ω cm2) 28 mV to the overpotential which still puts our 

system close to the state of the art industrially.  

 

 

Figure 6.15. Prolonged galvanostatic polarization of Co(OH)2 on nickel foam at a constant 

current density of 500 mA cm-2.    
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6.3. Conclusion. 

In conclusion, it has been shown that the temperature and electrolyte concentration play a huge 

role in the activity of OER catalysts. It was found that 5-7 M NaOH offers the best compromise 

between increased conductivity, which lowers the Ohmic resistance of the cell, and increased 

viscosity of the liquid which hinders mass transport. This result is in agreement with what is used 

in industrial alkaline electrolysers. The overpotential at 10 mA cm-2 decreased by ca. 80 mV when 

going from 0.5 M to 10 M NaOH, indicating the importance of the concentration of the OH- ion. 

In addition, increasing the temperature from 20°C to 50°C in 5 M NaOH decreased the 

overpotential at the same current density from 240 mV to a global low of 160 mV which 

represents one of lowest values in the literature for all OER catalysts. Thus, one can conclude that 

the commonly used combination of 1 M NaOH at room temperature is an erroneous decision 

when testing OER catalysts. While it is often easy to use similar testing conditions from a previous 

paper, it can often be advantageous to think outside the standard literature and question even the 

fundamental aspects of the testing conditions rather than taking them to be absolute. In addition, 

it has been shown that Co(OH)2 coated electrodes on nickel foam, deposited via spray coating, 

are extremely stable at current densities up to 500 mA cm-2 in a three and more importantly as 

two-electrode configuration which is used industrially. At 100 mA cm-2 at room temperature, the 

Co(OH)2 coated two-electrode setup required a cell potential of 2.0 V which compares favourably 

to1.5 V needed for current electrolysers at 80°C. Future work will involve testing the two-cell 

configuration at higher temperatures. 
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7.1 Conclusion. 

In this work, the ionic intercalation of different species into transition metal oxide films, MoO3 

and Co(OH)2, was studied for applications towards energy storage. In addition, the latter was 

studied as a potential catalyst for the oxygen evolution reaction. Various synthetic routes for 2-D 

nanomaterials in the litertaure were discussed encompassing both top-down and bottom-up1-2 

techniques. In this work, the materials were prerpared using liquid phase exfoliation which gave 

large quantities of high quality 2-D nanosheets3. This technique offered multiple advantages such 

as nanosheet-size tunability and the possibility for scaling up with is important if one wishes 

industrialise the the process. Independently of the application chosen, it was necessary to evaluate 

the film formation and support as they both have a significant influence on the final properties of 

one system4-5. Another important aspect of this work focused on the characteristic structural and 

morphological properties of the prepared material4, 6. The material composition was shown to 

determine the performance of the TMO as various species are available through hydratation, 

redox and phase changes processes7.  

To this end, the composition of the material was controlled from the received powder-material to 

the end nanosheet flakes using XRD, XPS and Raman spectroscopy. The surface of the film will 

be the area of interest during the different redox investigation as it is the one in contact with the 

electrolyte. Its morphology, in addition to its composition, will influence the performances and 

stability of the interface8. Size measurements of the nanosheet flakes after exfoliation were carried 

out using TEM with the resulting deposited film imaged using SEM. Knowledge of the structure 

and physical layout of the film was elucidated when deposited using different techniques. In-situ 

spectroscopy techniques such as Raman and XPS were used to examine the material properties 

and oxidation states at various potentials. This was coupled with electrochemical testing such as 

cyclic voltammetry and electrochemical impedance spectroscopy to assign various redox 

processes further understand the intercalation processes. In addition to providing insight on the 

electrical behaviour of the system9 under well-defined conditions, EIS enabled direct comparison 

of one electrode with another10.  



187 

 

Electrochemical testing, through the various technique used, gave access to kinetic, catalytic, 

capacitive and stability properties of the electrodes. 

In Chapter 4, MoO3 was investigated for use as as supercapacitor and as an anode material in Li-

ion batteries. Both devices are currently widely used but require further optimisation. 

Supercapacitors already offer promising performance11 and thus their optimisation is a major 

focus of current research. It should be noted that both the material and cell configuration will 

impact the final properties. Li-ion batteries, and more specifically its cathode, has already been 

investigated12 due to possible lithium metal scarcity in the future13, used in lithium batteries. 

Carbon based anode materials while offering great properties14 exhibit significant volume 

expansion which represent a major drawback15. Metal based anodes are also investigated in the 

literature16 but poor cyclability limits their usage12. MoO3 was evaluated for its lithium 

intercalation potential and as a anode material candidate in Li-ion devices. Other cation 

intercalation, such as potassium, were investigated on metal oxide film17.  

In this work, MoO3 nanoflakes were studied for towards lithium and potassium intercalation. 

Different intercalation considered in this chapter two electrolytes were selected, 1 M KCl for 

potassium intercalation (aqueous) as a supercapcitor material, and 1 M LiClO4 in propylene 

carbonate (organic) for use in Li-ion battery devices. Elemental characterisation confirmed that 

the composition of the received powder was preserved after exfoliation. After establishing the 

composition of the pre-made active material suspension, it was then coated on different supports 

using various deposition techniques; drop coating, spray coating and phase transferring. Each 

technique has its own advantages and drawbacks. Drop coating was shown to be suitable for the 

“encapsulated” disk like electrodes, being easy to use and time saving. Despite these advantages, 

issues with uniform surface coverage and low stability in the organic medium were observed for 

films prepared using this technique.  

In KCl, the double layer charge storage abilities of MoO3 were found to be 11 mF g-1 for glassy 

carbon, 20 mF g-1 for pyrolytic graphite edge plane and 43 mF g-1 for basal plane. Intercalation 

was successful and the importance of an appropriate support was shown for these electrochemical 

systems. Another support was used to investigate the influence of the coating technique on the 
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characteristic of the MoO3 flakes, ITO coated rectangular glass electrodes. Phase transfer was the 

first technique pursued to optimise the electrode. Contrary to drop coating, it offered enhanced 

and uniform surface coverage of the support electrode. Due to a multiple step process and the use 

of solvents this technique has the disadvantage of having numerous variables which can give rise 

to inconsistent results. A compromise was found when using spray coating via an automatic spray 

machine. A double layer capacitance value on a same support using these two techniques were 

26 and 68 mF g-1 respectively for phase transfer and spray coating. Spray coating, when evaluating 

the properties of the system for potassium supercapacitor applications, appeared to be the best 

performing deposition technique. This technique involved several coatings to ensure optimal 

contact between the support and the film. It was demonstrated that enhanced film stability when 

potential cycling was when using a polymer binder in both media. For the small MoO3 flakes, the 

polymer was shown to cause a lower of the conductivity leading resulting in decreased 

performance.  

In LiClO4/PC, the double layer capacitances values were 25 and 139 mF g-1for the phase 

transferred and spray coated films displaying, this time again highlighting the advantage of using 

spray coating as a deposition technique. Electrical representation of the film and the surface 

processes was carried out using electrochemical impedance spectroscopy to compare the 

inter/deintercalation properties for both cations. The redox capacitances, pseudo-capacitances, 

values measured were 20 mF g-1 in KCl and 842 mF g-1 in 1 M LiClO4/PC for the spray coated 

ITO support electrodes. In the chosen conditions, lithium intercalation will enable access to a 

much larger energy storage ability, 0.57 kJ g-1 outperforming another TMO18, Fe2O3, studied 

under similar experimental conditions. This chapter concluded that MoO3 nanoflakes could be 

used for lithium and potassium intercalation. Industrial use will however necessitate further 

optimisation.  

In chapter 5, Co(OH)2 was investigated for its charge storage ability19 and catalytic properties20. 

Co(OH)2 has the advantage of the offering dual usage in the same media21-23 and still be 

competitive with other industrially used electrodes24. Spray coating was chosen as the deposition 

technique here however using a manual spray gun. This was used due geometries of the foams 
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not being suitable for the previously used automated spray machine. During this investigation two 

different supports were used in order to evaluate and characterise the electrochemical behaviour 

of the flakes. Both electrodes were custom made from porous foam sheets. The first one was a 

glassy carbon foam, which is electrochemically inactive in the potential window of interest, the 

second one is a nickel foam electrode, a well used catalyst and catalyst support for the OER25-26. 

Due to the porous nature of the foam supports, the catalyst mass loading was measured in order 

to offer a true comparison between each systems rather than by normalising by the geometric area 

which is unreliable27. The pseudocapacitance value of Co(OH)2 sprayed on GC foam support 

reached a value of  400 F g-1 which exceeded the 118 F g-1 reached by Lokhande28 on fluorine-

doped tin oxide. Improved capacitances values were seen, up to 700 times higher than the values 

on GC foam, when studying the system on Ni foam. A compromise between depositing enough 

catalyst to lower the overpotential value and not too much as to cause conductivity and diffusion 

problems was found.  This optimal Co(OH)2 mass loading of 1 mg cm-2 was sprayed on the nickel 

foam and reached a capacitance value of 2000 F g-1 which is comparable to the state of the art 

results obtained for cobalt based supercapacitors29.  

In a similar manner, when studying the OER, using the overpotential value at 10 mA cm-2 as a 

benchmark metric, a goldilock mass loading of 0.89 mg cm-2  was chosen. This optimal mass 

loading of Co(OH)2 was shown to have an overpotential value at 10 mA cm-2 of 280 mV, a 

turnover frequency value of 2.08 10-3 s-1 and a Tafel slope value of of 58 mV dec-1. The 

overpotential value was monitored via galvanostatic testing for 24 hours which showed the 

electrodes were stable under prolonged oxygen evolution. Electrical representation of the 

electrodes was used to represent the differences catalytic behaviour of the same film on the two 

different supports. The synergisctic effect of Co(OH)2 deposited on nickel foam is clearly 

demonstrated when studying the system in the OER. Two characteristic semi-circles are observed, 

when exmaining the system using EIS, which demonstrates the enhanced conductivity of the 

prepared sample. In order to further optimise this system,  it was then necessary to vary the 

electrolyte concentration and temperature and measure the electrochemical response. 
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In chapter 6, the optimized Co(OH)2 coated nickel foam was studied.  The variation of the 

electrolyte and performance parameters were carefully controlled as the properties and the 

integrity of the film had to be maintained. The first electrolyte parameter investigated was the 

electrolyte concentration. When increasing the concentration of hydroxide ion present in the 

solution, more oxygen will be evolving at the surface of the electrode. It was noted that while 

increasing the concentration of the reactant in solution the viscosity of the system will also be 

greater. This change in viscosity was shown to  cause mass transport limitations and problem in 

the oxygen gas bubbles dissipation. For the coated foam an optimal concentration of 5 M NaOH 

was observed using the Tafel slope and the overpotential value at 10 mA cm-2 as benchmark 

parameters. The second system variation was the increase of the electrolyte temperature. When 

increasing the temperature the reaction rate should increase and the solution viscosity decrease 

both of them advantageous to the OER. After this electrolyte thermal study, enhancement in the 

performance was observed. Overpotentials in 5 M NaOH and at 50 °C, at 10 and 100 mA cm-2, 

were 162 mV and 201 mV respectively when using the Co(OH)2/Ni foam system. The stability 

of the result demonstrated that the films were stable at these elevated  temperatures over the 

experimental time. The system was found to be stable over the current density range of 

investigation, up to 500 mA cm-2. The galvanostatic measurements were consistent with the data 

extracted from the linear sweep voltammograms which were done potentiostatically. The 

prepared Co(OH)2 coated nickel foam electrodes displayed promising behaviour as an anode and 

a cathode material in an electrolyser cell. This 2 electrode set-up has a cell potential of 

approximatively 2.0 V at a constant current density of 100 mA cm-2 at room temperature. This 

result compares favourably with the state of the art value of 1.5 V at 100 mA cm-2 for current 

alkaline electrolysers at 80 °C.   

7.2 Future work. 

With recent advances in 3D printing30, new tailored designs are available in various scientific 

areas including electrochemical testing31 and has also found use in the fabrication of 3D printed 

nickel foams. The advantage of 3D printing is the versatility of the technique and the fine 
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tunability of the final of the dimensions. The size, shape, layers and other parameters can be easily 

adjusted to fit precise requirements, making 3D printing an emerging technique in various fields 

including the energy area32. 

In addition, as this type of technique is relatively new, its impact on the material properties is yet 

to be studied. Investigation of 3-D printed nickel foam is thus required, and a comparison to the 

established results on commercial nickel foam required. Different patterns can be used in order 

to print nickel foams with different porosities. The number of repetition of this pattern and the 

pore size were the first parameters of interest. As seen in figures 7.1.(a-e), the appearance of the 

3D printed nickel foams is more regular and has defined repetition pattern when compared to the 

commercial foam. In addition when comparing the commercially produced nickel foam, 

presented in figure 7.1.(a), to the 3-D printed foams patterns, visible in figures 7.1.(b-e),  the 

network density is higher with small pore sizes for the commercial foam. Using SEM , the pore 

size was measured for each printed nickel foam network as shown in figures 7.1.(f-l). It is clear 

that the pore size displayed by the commercial nickel foam is smaller than all 3-D printed nickel 

foams. With the different pattern parameters used to print the various foams a decrease on the 

pore size can be observed through the different 3D Ni foam samples, as presented in figures 

7.1.(g-l). Further optimisation of the sequence could enable the access to small pores and bring 

the system closer to a commercial like morphology. One should note that different pore sizes are 

created during the fabrication of the commercial foam and that no repeatable pattern is observed. 

Hence, this can cause problems when comparing to other work using other nickel foam. The 

fabrication process involve a polyurethane foams as a skeleton and/or the use of a gas and foaming 

agent mixture.  

3-D printed foams were found to perform better when compared to the commercial nickel foams 

as shown in figure 7.2. By convention we labelled n1, n2, n3 and n4 the electrodes pictured in 

figures 7.1.(b-e) respectively. The overpotential values at 10 mA cm-2, obtained through linear 

sweep voltammetry and shown in figure 7.2.(a), for the commercial foam was of approximatively 

400 mV whereas the values reached for the printed foams were between 340 and 375 mV. The 
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Tafel slopes in the OER linear region remain in the same range as the commercial Ni foam 

demonstrating no significant mechanism changes.  

This improvement is likely due to the nature of the nickel exposed at the surface of the foam as 

represented in figure 7.2. (b). The redox activity of the printed foams appears to be greater than 

the one for the purchased nickel foam. Electrodes n2 and n3 weight was measured to be of a similar 

order than the commercial electrode. The charge storage for the commercial electrode was around 

70 mF cm-2 whereas the capacitance values observed for the printed foams were between 120-

150 mF cm-2. Other parameters must be considered for a more accurate comparison between the 

two foams. The electrode- potentiostat contact was ensured by a nickel plate for the printed foam 

and a nickel wire for the commercial one. This difference could impact the conductivity of one 

sample compared to the other one. The use of 3-D materials could represent the next innovative 

step necessary to improve devices. For energy storage and conversation application these 

prepared support material is already offering excellent performances in absence of enhancers and 

optimisation. Another perspective for system improvement would be to modify the coating on the 

support electrode by addition of a second transition metal to Co(OH)2 to observe any synergistic 

effects. Han33 and  Burke34, demonstrated the behaviour of cobalt iron oxide/hydroxide (CoFe) in 

alkaline conditions. Preliminary work was carried out to evaluate the potential of such mixture 

following a similar process as the one use during this work. From figure 7.3, one can see that the 

behaviour of the CoFe anode material strongly depends on the initial iron content in the nanoflake 

suspension. As shown in figure 7.3.(b), the presence of a goldilocks region was found between 

10-20 mol% Fe in the Co(OH)2 suspension, bringing the overpotential value at 10 mA cm-2 to 

approximatively 270 mV. Firstly, this value outperforms the best result reached for pure Co(OH)2 

flakes presented in Chapter 5. 
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Figure 7.1. SEM and pictures of (a) commercial and (b-e) 3D printed nickel foams; SEM 

imaging of (f) commercial and (g-l) 3D printed nickel foams. 

 

 

Figure 7.2. (a)Tafel plots and (b) Cyclic voltammograms of the commercial and 3D printed 

Ni foams in 1 M NaOH. 
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Secondly it competes directly with the state of the art overpotential values at 10 mA cm-2 of Han33 

and Feng35 which were 286 mV and 290 mV respectively. Han33 et al. used CoFe catalyst in a 2-

cell set up and obtained a cell potential of 1.69 V at 10 mA cm-2 in 1 M KOH. The best performing 

CoFe isolated so far during this preliminary work reached a value of 1.71 V in similar conditions, 

as seen in figure 7.4. From these perspectives, future work will be carried out to optimise and 

enhance the performance of this mixed oxide system. 

 

Figure 7.3. Fe content dependency (mol%) of a Co(OH)2 / mixed oxide (a) LSV testing in 

the OER region suspension and (b) overpotential value at 10 mA cm-2 in 1 M NaOH. 

 

Figure 7.4. Galvanostatic polarization of CoFe coated anode + cathode                    

(mass loadings = 1.0 mg cm-2) in 1 M NaOH. 
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