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PREFACE  

The information provided in this dissertation is within the field of electrochemistry, specifically in 

the research area of electrocatalysis. Literature related to alkaline water electrolysis is presented 

with emphasis placed on the oxygen evolution reaction (OER) as the bottleneck for efficient water 

splitting. It is of interest for commercialised hydrogen production to develop high-performance, 

stable and cost-effective electrocatalysts that exhibit exceptional economic viability for catalysing 

the OER. In this study, the electrocatalysts of interest include different (NiZnxCry)O combinations 

that are synthesised using a sol-gel method, followed by conventional rotating disk electrode 

(RDE) electrochemical analysis and physical material characterisation.  

This dissertation is submitted in article format as allowed by the North-West University (NWU). 

This essentially means that an article is included in the dissertation (Chapter 3), with the layout 

as it will be submitted for publication (Journal: Electrocatalysis). The traditional experimental, 

results and discussion chapters are excluded from the dissertation, primarily because all the 

relevant information is provided in the article. Additional chapters which comprise an introduction 

and motivation (Chapter 1), literature review (Chapter 2) and project evaluation (Chapter 4) are 

included in the dissertation.   

RATIONALE OF SUBMITTING THE DISSERTATION IN ARTICLE 

FORMAT 

This dissertation is written in article format to ensure the quality of the dissertation and article. 

Submitting an article to a peer-reviewed journal allows for objective criticism from experts in the 

respective fields, hence ensuring high quality and relevance of the candidate’s work. The Faculty 

of Natural and Agricultural Sciences at the North-West University (NWU) adopted this model to 

train students in article writing and encourage publication of the research results (Faculty of 

Natural and Agricultural Sciences Quality Manual 2018. 6.12.4. D).  

“The standard quality and scientific requirement for master’s students who wish to submit in article 

format, are the same as the traditional model completion of a dissertation. 

The General Rules of the University contain the following requirements for dissertations and mini 

dissertations in article format: Where a candidate is allowed to submit the research product in the 

form of a research article or articles, such research product must be presented for examination 

purposes as an integrated unit, supplemented with a problem statement, an introduction and a 
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synoptic conclusion as prescribed by faculty rules and the manuscript submission guidelines, or 

the url link to the manuscript guidelines, of the journal or journals concerned.  

Where any research article or internationally examined patent to which the candidate for a 

master’s degree and other authors or inventors have contributed is submitted as the research 

product of a master’s degree programme, the candidate must obtain a written statement from 

each co-author and co-inventor in which it is stated that such co-author or co-inventor grants 

permission for the research product to be used for the stated purpose, and in which it is further 

indicated what each co-author's or co-inventor's academic contribution to the research product 

concerned was.  

Where co-authors or co-inventor were involved in the development of the research product, the 

candidate must mention this fact in the preface, and must include the statement of each co-author 

or co-inventor immediately following the preface to the research product. The General Academic 

Rules contain the same requirements for a thesis for a doctoral degree”. 

This work, which includes data acquisition, decisions/interpretation and compilation of a draft 

article was carried out by me T.G. Bissen, with recommendations and ideational factors by Dr. A. 

Falch (supervisor) and Prof. R.J. Kriek (co-supervisor). Dr. I. Shuro conducted SEM, EDS and 

TEM analysis at the NWU. Dr. R. Bucher assisted in XRD analysis conducted at iThemba Labs. 
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ABSTRACT 

Stored energy, as a result of the conversion of renewable resources has resulted in extensive 

research and development efforts towards water electrolysis. Alkaline water electrolysis, in 

combination with renewable energy sources, provides a promising sustainable and 

environmentally friendly means for generating high purity hydrogen. Although alkaline water 

electrolysis has a hundred-year-long history, advances are still required for the electrode material 

that catalyses the oxygen evolution reaction (OER) at the anode, as this reaction exhibits sluggish 

reaction kinetics and ultimately results in cell efficiency losses. To improve OER activity in alkaline 

water electrolysis, various (NiZnxCry)O electrocatalysts were synthesised by employing a citrate 

sol-gel method following two different routes (0.4 M and 1 M citric acid). Electrocatalysts were 

deposited onto glassy carbon electrodes and subjected to electrochemical and physical 

characterisation. Energy-dispersive x-ray spectroscopy (EDS), scanning electron microscopy 

((SEM)-EDS), x-ray diffraction analysis (XRD) and transmission electron microscopy (TEM) were 

independently employed to evaluate the metal composition, metal phases, crystallite size and 

morphology of each electrocatalyst. For electrochemical analysis, rotating disk electrode (RDE) 

techniques were employed which comprised cyclic voltammetry (CV) and linear sweep 

voltammetry (LSV) before and after five hours of chronopotentiometry (CP) evaluation runs. The 

study revealed that the change in citric acid concentration resulted in (i) electrocatalysts with the 

same metal compositions but with different phases, and (ii) a reduction in crystallite size when 

using higher concentrations of citric acid which lead to electrocatalytic activity improvements. The 

best-performing electrocatalyst combination was identified as the (NiCr)O electrocatalyst 

prepared by the two routes ((NiCr)O-1 and (NiCrO)-2)). (NiCr)O-1 not only exhibited the lowest 

overpotential (405±32 mV at 10 mA.cm-2) with a Tafel slope of 80±30 mV.dec-1 before CP, but 

also exhibited the lowest overpotential (426±84 mV at 10 mA.cm-2 ) and Tafel slope (58±13 

mV.dec-1) after CP. Elementary analysis revealed that leaching of Cr occurred after five hours of 

CP. However, this did not severely affect the activity of the (NiCr)O electrocatalysts as no great 

reduction occurred in the polarisation curves. It was found that the incorporation of Zn into NiO 

and (NiCr)O resulted in severe durability loss as all samples containing Zn exhibited low current 

densities and were rendered inactive after CP analysis. It is evident from this study that a 

favourable synergy exists between Ni and Cr and that crystallite size reduction resulted in the 

realisation of lower overpotentials. Furthermore, the current density was seen to be more reliant 

on the electrocatalyst composition whereas the overpotential was reliant on crystallite size and 

electrocatalyst composition. 

Key words: Sol-gel, electrocatalyst, alkaline water electrolysis, hydrogen, oxygen evolution 

reaction, activity, overpotential, stability   
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CHAPTER 1   

This chapter provides a general background, problem statement, aim and objectives, and the 

experimental approach of this study. 

Please note: This dissertation is written in article format; thus, some repetition of ideas and 

references may occur in some of the chapters and within the article itself.      

 

Background and Problem Statement   

The global surge in energy consumption has brought about concerns regarding resource 

availability, environmental degradation and energy security1–3. The development of society at 

large is unavoidably reliant on energy and the supply thereof3. Currently, fossil fuels are deemed 

the primary source of energy to meet the current global energy demand, which is increasing as a 

result of modernisation, urbanisation and population growth4,5. The continual use of energy 

processes that are reliant on fossil fuels is concerning, due to their unceasing accumulated 

contribution to global warming3. Global warming poses a big threat to human life and the 

ecological balance as it affects ecosystem services, human well-being and economic 

development6–9.  

Energy generation and consumption through fossil fuels, biomass and some renewable energy 

sources result in air pollutant emissions, which include nitrous oxides (NOx), carbon dioxide (CO2), 

methane, dust and particulate matter (PMx), and sulphur oxides (SOx)10, with the aforementioned 

being classified as major greenhouse gases (GHG). A study conducted by Amponsah et al. 

revealed that the key contributors to GHG emissions globally is as a result of heat and electricity 

generation11. In addition, the United States Environmental Protection Agency (EPA) also reported 

that the majority of GHG and smog emissions worldwide are a result of energy production and 

consumption12. Depicted in Figure 1-1, the major contributor (25%) of GHG emissions is the use 

of coal, oil and natural gas for the production of electricity and heat, followed by agricultural, 

forestry and other land use (24%), energy-related industries that largely include the burning of 

fossil fuels for energy and, to a smaller degree, chemical and metallurgical, etc. (21%), 

transportation (14%), other energy-consuming sectors (10%) and buildings (6%), the latter of 

which originates from the generation of outside energy and inside burning for heat and cooking12. 

From the aforementioned, it is evident that the main driving force of worldwide climate change 

(three-quarters of GHG emissions) is a direct result of energy generation and consumption related 

to human activities12. 
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Figure 1-1: GHG emissions from different economic sectors. Data extracted and reproduced 
from EPA12.  

 

A sustainable and environmentally conscious energy strategy is vital to convert the world’s current 

main fuel source (fossil-based) to a sustainable fuel source that does not result in irreparable 

environmental damage13. A promising energy system that is anticipated to overcome the 

aforementioned challenges would be based on renewable energy technologies. Renewable 

energy broadly includes solar, wind, biomass, hydropower, geothermal and marine energies14. 

The biggest drawback of these would be the intermittent supply that does not always correspond 

with grid power demands5,15. The need therefore exists to store the excess energy generated by 

these renewable sources for later on-demand use15. This requires using renewable energy 

sources in conjunction with advanced technologies (i.e. fuel cells and water electrolysers), which 

results in the following benefits: (i) nearly zero air and greenhouse gas pollutants being emitted, 

and (ii) has the potential to be widely accessible, inexhaustible and accommodating to meeting 

the world’s future and present energy demand and environmental legislation16. 

One pathway to explore is electrocatalytic technologies, which offer the conversion of electric 

energy from renewable sources to chemical energy. Water electrolysers and fuels cells are two 

of the most promising products/technologies of the 21st century, and take the lead in utilising the 

excess energy produced from renewable sources to respectively produce and combine the 

individual elements of water, that is, hydrogen and oxygen17. Hydrogen as an energy carrier 
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exhibits pronounced potential to improve energy security and alleviate GHG emissions. This is 

attributed to hydrogen’s high energy density, burning zero emissions and higher net calorific value 

(NCV, 120 MJ/kg) compared to other fuels (bituminous coal 29.7 MJ/kg, Diesel fuel 40 to 43 MJ/kg 

and natural gas (high grade) 47.3 MJ/kg)17–19.  

Generally, electrolysers can broadly be classified according to their electrolytic nature and 

operating temperature20. Low-temperature electrolysers are subdivided into alkaline water 

electrolysers (AWEs) and proton exchange membrane water electrolysers (acidic, PEM)20,21. The 

major advantage of using AWEs is that it allows for a large variety of metals (non-noble) to be 

used as electrode material compared to PEM, which require mainly noble metals20. This affords 

an attractive cost reduction in electrocatalyst material that would facilitate widespread market 

penetration20. A disadvantage of AWEs is the lower voltage efficiencies at high current densities 

compared to PEM22. However, this can be addressed by the introduction of an attractive 

electrocatalyst23. 

The water-splitting process within an electrolyser is divided into two half reactions, the oxygen 

evolution reaction (OER) and the hydrogen evolution reaction (HER), which occur at the anode 

and cathode, respectively21. Considering both of these reactions, the major bottleneck of 

electrochemical water splitting is the OER, as it involves four successive proton-coupled electron 

transfer steps and O=O double bond formation24. Consequently, this results in a large energy 

barrier for water splitting and overall sluggish kinetics23–25, with the OER, furthermore, being very 

pH-dependent. The equilibrium half-cell potentials (𝐸0) at 298 K and 1 atm (the currently accepted 

pressure value is 1 bar) versus the standard hydrogen electrode (SHE) are given below24,26: 

 

pH = 14 4OH− → O2 + 2H2O + 4e− 𝐸0 = 0.404 V (1) 

    

pH = 7  2H2O → O2 + 4H+ + 4e− 𝐸0 = 0.817 V (2) 

    

pH = 0  2H2O→ O2 + 4H+ + 4e− 𝐸0 = 1.229 V (3) 

It is recognised that these potentials are not realised under electrolyser conditions, as significant 

overpotentials are exhibited at the anode where the OER occurs24. In an attempt to accelerate 

the reaction rate, create ideal electrocatalytic stability and decrease the reaction overpotential, 

many research efforts are focused on the development of effective electrocatalysts. The scarcity 

and high cost of currently employed benchmark electrocatalysts, such as RuO2 and IrO2 
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employed in PEM, have limited there widespread industrial use27. Among transition metals, Ni-

based electrocatalysts have shown attractive OER activity in alkaline water electrolysis and 

exhibit (i) high corrosion resistance in aqueous alkaline media, and (ii) present abundant active 

sites on Ni surfaces28–31. Consequently, numerous research efforts have been dedicated to 

developing and improving Ni-based OER electrocatalyst performance29–33. It has been reported 

by Yang et al. and Liu et al. that by introducing Cr into Ni layered double hydroxide (LDH), FeNiO 

LDH and NiO (i) the stability of the electrocatalysts towards water splitting is increased, and (ii) 

the bonding of intermediates is favourably altered because of the electronic effect34,35. A study 

conducted by Lin et al. revealed that the introduction of non-electroactive Zn to Ni3S2 served as 

an effective promoter to modulate OER performance; i.e. (i) increase the durability and reaction 

kinetics of the electrocatalyst, and (ii) decrease the electrocatalyst overpotential when compared 

to the absence of Zn in Ni3S2
33. Additionally, Xu et al. revealed that introducing Zn to NiP 

nanosheets results in (i) enhanced electrocatalytic kinetics towards the OER, and (ii) retained 

electrocatalytic activity with negligible structure and composition variations after long-term testing 

when compared to NiP nanosheets36. 

A holistic view of literature suggests that electrocatalysts that include Ni, Fe and Co are among 

the most favoured and studied transition metals37. The modification of Ni with Zn and Cr has not 

received much attention yet, despite the promising results obtained when using these metals28–

31,34–36. In this study, electrocatalysts containing Ni, Cr and Zn are investigated, as these metals 

are earth abundant, cost effective and have unique intrinsic properties that may result in 

favourable synergy when combined.  
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Aim and Objectives 

This study aims to synthesise, physically characterise, and evaluate the electrochemical 

performance of (NiZnxCry)O electrocatalysts towards the oxygen evolution reaction in alkaline 

media. 

To successfully achieve this aim, the following objectives are set:  

1. Conduct a thorough literature study on Zn-, Cr- and Ni-containing electrocatalysts and 

their performance towards the OER. 

 

2. Employ the citrate sol-gel method following two routes (citric acid: metal ion ratio of 1:2 

(route 1) and 2.5:2 (route 2)) to synthesise different (NiZnxCry)O electrocatalysts (NiO, 

(NiCr)O, (NiZn)O, (NiZn0.75Cr0.25)O, (NiZn0.5Cr0.5)O and (NiZn0.25Cr0.75)O).  

 

3. Prepare a catalyst ink (catalyst: Nafion ratio of 2:1) and load it onto GC electrodes to 

allow for good connectivity of charge conduction paths without inhibiting the diffusion of 

gas. 

 

4. Employ physical characterisation techniques which include energy-dispersive x-ray 

spectroscopy (EDS) analysis, scanning electron microscopy ((SEM)-EDS), x-ray 

diffraction (XRD) analysis and transmission electron microscopy (TEM) to investigate 

the metal composition, metal phases, crystallite size and morphology of each 

electrocatalyst.  

 

5. Electrochemically evaluate the onset potential, current output and stability/durability of 

the different (NiZnxCry)O electrocatalysts by using a standard three-electrode cell setup. 

 

6. Validate and compare where possible the obtained results with available literature. 
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Method of Experimental Investigation  

This study involves the synthesis, physical characterisation and electrochemical characterisation 

of different (NiZnxCry)O electrocatalyst compositions. Figure 1-2 illustrates the stepwise approach 

of this study followed by a brief description of each step.  

 

Figure 1-2: Illustrated research methodology   
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Citrate sol-gel method  

A citrate sol-gel method was employed in this study as it allows for the formations of metal 

combinations with tractable compositions. A citric acid: metal ion molar ratio of 1:2 (route1) and 

2.5:2 (route 2) will be used as this allows for (i) crystallite size control and (ii) amorphous citrate 

formation38,39.  

A (NiZnxCry)O electrocatalyst ink composed of a catalyst: Nafion mass ratio of 2:1 was prepared 

and tested on glassy carbon (GC) disk electrodes. This ratio was selected as it allows for optimal 

ionomer and catalyst ratio, with good connectivity and charge conduction paths without inhibiting 

the diffusion of gas40. 

Physical Characterisation  

Energy-dispersive x-ray spectroscopy (EDS), scanning electron microscopy ((SEM)-EDS), x-ray 

diffraction (XRD) and transmission electron microscopy (TEM) was conducted on the synthesised 

(NiZnxCry)O samples. This is done to evaluate the metal composition, metal phases, crystallite 

size and morphology of the samples. 

Electrochemical Characterisation  

Electrochemical characterisation of the (NiZnxCry)O electrocatalysts was conducted to evaluate 

the activity and short-term durability of the synthesised electrocatalysts. Three repeats of each 

electrocatalyst was conducted to confirm validity. The procedure is as follows: (i) the 

electrocatalysts are preconditioned by conducting repetitive cyclic voltammetry (CV), (ii) short-

term durability tests are performed by conducting chronopotentiometry (CP), and (iii) activity 

(before and after durability) is measured by conducting linear sweep voltammetry (LSV). 
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CHAPTER 2: LITERATURE OVERVIEW 

This chapter is intended to serve as a concise literature overview that includes the most relevant 

and insightful reference citations regarding this research topic.  

Please note: This dissertation is written in article format; thus, some repetition of ideas and 

references cited may occur in some of the chapters and within the article itself.  

Human Life and Energy Demand 

A secure and accessible supply of energy is crucial in supporting the continued development of 

human life. Throughout history the need for energy has continuously increased with the 

progression of human civilisations. Congruently, global energy demand is ever increasing in line 

with modernisation, urbanisation and the growing human population1. Fossil fuels (coal, oil and 

natural gas) are said to contribute approximately 80% of the total energy generated globally, while 

in contrast, renewable and nuclear energy only contribute 13.5% and 6.5%, respectively1. Studies 

have shown that the main fuel sources (coal, oil and natural gases), which are currently employed, 

will not be sustainable to meet the growing energy demand, due to the depletion of fossil fuel 

reserves2,3. Additional studies conducted by Skafiee et al. in 2009 revealed that natural reserves 

for oil, natural gas and coal are set to diminish in 40, 70 and 200 years, respectively, if the 

consumption rate of 2006 is maintained4.  

Consequential of fossil fuel use is the emission of greenhouse gases (GHG), which have negative 

climate change implications, and in turn destructive effects on human life are expected. According 

to McMichael et al., climate change will have many adverse effects on human life in terms of risk 

to infrastructure, economic disruption, amenity loss and species loss5. Since the use of fossil fuels 

plays a significant role in continuous accumulated GHG emissions, which are connected to 

environmental ruin and subsequently pose a threat to human health, the ecological balance, 

quality of life and biodiversity, it is evident that the world’s energy demand must be met with an 

energy system that is sustainable, cost effective, adheres to environmental legislation and does 

not cause irreparable environmental damage5–8.  

A promising alternative energy system, which can address some of the mentioned challenges, is 

renewable energy. Renewable energy sources are mainly comprised of wind, hydropower, 

geothermal, biomass and solar energy sources, which are abundant, inexhaustible, and easily 

accessible. Apart from capital costs, the use of wind as an almost zero-cost fuel for driving wind 

turbines is appealing for primary energy generation. However, the inconsistency of wind patterns 

is one of the major challenges facing this technology9. Hydropower is an effective and appealing 
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technology, which can be used to produce energy, however this method results in CH4 and CO2 

emissions from decomposing vegetation and the destruction of natural ecosystems. Thus, this 

energy source is not the most plausible alternative to fossil fuels10. The most formidable and 

sustainable energy source that exists is solar radiation from the sun. However, the conversion of 

solar energy into electricity, fuel or heat cannot effectively compete with fossil fuels due to 

intermittency, relatively high cost and conversion inefficiencies11. 

In order to achieve tenable economic growth, it is essential to further investigate the efficient 

utilisation of renewable energy and renewable energy implementation1. Renewable energy 

sources (solar and wind power) show potential of being reliable and benign when considering 

their environmental and human health impact. However, the main disadvantage of these 

technologies lies in their dependency on daily, seasonal and regional conditions, which results in 

a significant inconsistency in supply. When combined with the correct technology, these energy 

sources can generate electricity, heat or fuel12. Incorporating renewable energy sources (solar 

and wind) with (i) hydrogen production technologies (electrolysers for hydrogen production), (ii) 

utilisation technologies (fuel cell technology as electrochemical energy convertors), and (iii) 

energy storage systems, the uncertainty in energy supply and demand can be overcome13,14.   

Hydrogen Production 

Considering global energy patterns (1850–2000) and predictions (2000–2150) of different fuel 

sources (Figure 2-1), Hefner suggests that the dependability on solids (coal, nuclear, etc.) and 

liquids (oil, natural liquid gas, etc.) as main energy fuel sources is set to decrease, while the 

dependability on gases, particularly hydrogen, will increase to a point of it being the main fuel 

source for energy production13. Hydrogen has pronounced potential to improve energy security 

and mitigate greenhouse gas emissions, which is attributed to hydrogen’s high energy density, 

zero emissions when burnt and its higher net calorific value (NCV, 120 MJ/kg) compared to other 

fuels (bituminous coal 29.7 MJ/kg, Diesel fuel 40 to 43 MJ/kg and natural gas (high grade) 47.3 

MJ/kg)13,15. Unfortunately, hydrogen (H2) is not naturally found in its pure gaseous state and can 

only be obtained through various processes that include both renewable and non-renewable 

sources.   
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Figure 2-1: Age of energy gases (redrawn from Hefner13) 

Global hydrogen production is largely dominated by fossil fuels such as natural gas reforming 

(48%), oil/naphtha reforming (30%) and coal gasification (18%), and to a lesser degree produced 

from non-fossil fuel processes such as electrolysis (3.9%) and other sources (0.1%, landfill gas 

and biogas)16,17. Fossil fuel-based hydrogen production is not attractive when considering the 

environmental impact, however, it is more cost effective compared to non-fossil fuel 

processes17,18. 

In terms of efficient hydrogen production from electrolysis, a crucial issue that affects cost and 

the environment is the electrical source required to drive the electrolysis process19. Combining 

renewable energy (wind, solar, etc.) as the electrical source with an electrolyser will allow for a 

promising pathway to a sustainable and environmentally friendly means for meeting the growing 

energy storage and supply demand. In essence, the surplus electrical energy generated from 

renewable energy sources (solar, wind, etc.), during high energy generation periods (favourable 

conditions), can be converted into chemical energy (hydrogen gas) via water electrolysis. The 

hydrogen gas then affords the possibility to be used during low energy generation periods 

(unfavourable conditions) by efficiently regenerating electricity via fuel cells3,19,20. Fuel cells are 

energy conversion devices that electrochemically convert fuels such as hydrogen into electricity 

with high efficiency, high power density and low GHG emissions. Fuel cells can compete with 

batteries, the high efficiency production of the power grid, and internal combustion engines21. 

Utilising hydrogen as a fuel source results in producing water as a by-product during H2 

combustion, which can be fed back into the water electrolysis process19,20. Water electrolysis is, 
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however, significantly hindered by the oxygen evolution reaction (OER) due to thermodynamic 

and kinetic unfavorability for removing electrons to form oxygen-oxygen double bonds3,22,23. 

Water Splitting and OER Electrochemistry 

Troostwijk and Deiman first discovered and interpreted water electrolysis in 178924, and since 

then water electrolysis has been investigated extensively. However, efficient practical application 

still demands further investigation and optimisation. In order for these technologies to become 

more economically attractive and environmentally accommodating, they need to be improved in 

terms of their stability and efficiency25. Water electrolysers can broadly be categorised according 

to the nature of the electrolyte and can be classified as alkaline water electrolysers (AWEs), 

proton exchange membrane (PEM), anion exchange membrane (AEM) and solid oxide 

electrolysers (SOE)26. Of these, the avenues of water electrolysis receiving a fair amount of 

attention are focused on AWEs27,28, PEM29,30 and SOE31,32.   

Considering the three main types of electrolysis, together with their various features and 

development stages, as seen in Table 2-1, some apparent conclusions can be drawn. SOE 

displays great voltage efficiency (can reach voltage efficiency of 90% in practice), however, SOEs 

are far from reaching commercialisation status33,34. PEM models compete with AWEs and have 

attractive advantages such as higher current densities, higher purity of gasses produced and 

good voltage efficiencies. However, the biggest limitations of PEM electrolysis result from high 

costs associated with contact elements (bipolar plates, current collectors and electrocatalysts), 

component durability issues (which affects the system’s lifetime), high operating temperatures, 

water purity requirements, and stacks operating below the MW range35–37. PEM systems are not 

yet as industrialised compared to AWEs and are generally applicable for small-scale applications. 

AWEs are an incumbent technology with a 100-year history and operate with units of MW in size; 

nonetheless, AWEs exhibit a limited operating range (from 20–40% minimum to 150% of design 

capacity)19. The advantages of using this method are long-term system durability and low capital 

cost (lack of dependence on noble metals), which subsequently facilitates widespread market 

penetration. However, the low current densities (<0.45 mA cm−2 requiring cell voltages of 1.8–2.4 

V, Table 2-1), low operational pressure and lower degrees of gas purity negatively affect the 

system size and hydrogen production cost19,26. The current densities associated with AWEs are 

relatively lower compared to acidic electrolysis, which therefore requires optimisation, even 

though it is considered the most extended electrolytic technology at a commercial level 

worldwide38.  
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Table 2-1: Water electrolyser specification as compiled from David et al26.  

Specification Unit Alkaline PEM SOE 

Technology 

Maturity 
 

Widespread 

Commercialisation 
Commercialisation 

Research and 

Development 

Cell 

Temperature 
C 60-80 50-80 900-1000 

Cell Pressure Bar <30 <30 <30 

Cell Voltage V 1.8-2.4 1.8-2.2 0.95-1.3 

Current 

Density 
A.cm-2 <0.45 1.0-2.0 0.3-1.0 

Voltage 

efficiency 
% 62-82 67-82 81-86 

System 

lifetime 
year 20-30 10-20 - 

Hydrogen 

Purity 
% > 99.8 99.999 - 

Investment 

Cost 
e kW-1 800-1500 1400-2100 > 2000 

 

The water-splitting process is composed of two half reactions, i.e. the hydrogen evolution reaction 

(HER) and the oxygen evolution reaction (OER), which occur at the cathode and anode, 

respectively. When applying a suitable potential, water splitting is achieved as electrons travel 

from the anode to the cathode through an external circuit (Figure 2-2)35. At the cathode, two water 

molecules are reduced to two hydroxyl ions and one molecule of hydrogen gas. Hydrogen gas is 

then released at the cathode surface and hydroxyl ions migrate through a porous diaphragm to 

the anode35,39. At the anode, the hydroxyl ions are then discharged to one molecule of water and 

half a molecule of oxygen. The oxygen combines at the anode and escapes at the anode 

surface35,39.  
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Figure 2-2: A simplified illustration of an electrolytic cell, showing the alkaline water splitting 

process   

Common to both AWEs and PEM is the existence of a large overpotential at the anode where the 

OER occurs, however it is more favourable to investigate the OER in alkaline media as (i) it is 

suitable for large-scale production, and (ii) it allows for a variety of materials to serve as the 

anode3,22. The large overpotential observed for the OER is due to O=O bond formation and four 

successive proton-coupled electron transfer steps, which ultimately creates a large energy barrier 

for water splitting and sluggish kinetics3,22. By addressing the high overpotential of this reaction, 
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an improvement of the whole water-splitting process can be achieved and subsequently result in 

a substantial cost reduction23. One way to improve the voltage efficiency of electrolysers is by the 

introduction of an efficient electrocatalyst22. It is of fundamental importance for the efficient 

electrochemical conversion of H2O to H2 and ½ O2 to ideally be catalysed by earth-abundant 

metals for future technologies40,41. Thus, to improve AWEs by means of improving the OER 

activity, an effective electrocatalyst is required, which preferably exhibits (i) minimal reaction 

overpotential, (ii) accelerated reaction rate, and (iii) ideal stability/durability in alkaline media41. 

 

OER Electrocatalysis 

The area between the electrode and electrolyte can simply be defined as an electrochemical 

interface. At this interface, multifaceted chemical phenomena occur, which include among other 

things electrostatic interactions, adsorption/desorption of species, and charge and electron-

transfer reactions. The stimulation of this electrochemical interface to achieve optimal 

performance is known as electrocatalysis42,43. New electrocatalyst discovery and improving the 

properties of known electrocatalysts have been the focus of most electrocatalysis research over 

the past two decades43. For an electrocatalyst to be perceived as an ideal electrocatalyst for the 

OER, it must be able to (i) present ideal stability for efficient oxygen production under commercial 

working conditions, (ii) generate high volumes of oxygen at low overpotentials (< 400 mV at 10 

mA.cm-2), and (iii) must be low in cost44–46. Some of these requirements are met by certain 

electrocatalysts commercially, however, improvement of the overall technological effectiveness 

demands further optimisation of the anode material46,47. 

Basic benchmark protocols for the evaluation of the performance of OER electrocatalysts include 

typical measurements such as cyclic voltammetry (CV), linear sweep voltammetry (LSV) and 

chronopotentiometry (CP). From these measurements, the following descriptors can be obtained: 

(i) catalyst fingerprint (CV), (ii) overpotential (𝜂), Tafel slope (b) and exchange current density (j0) 

from LSV, and (iii) OER material durability from CP48. 

The OER is a reaction that generates oxygen through several electron/proton coupled processes 

depending on the electrolyte used3: 

pH = 14 4OH− → O2 + 2H2O + 4e− 𝐸0 = 0.404 V (1) 

pH = 7  2H2O → O2 + 4H+ + 4e− 𝐸0 = 0.817 V (2) 

pH = 0  2H2O → O2 + 4H+ + 4e− 𝐸0 = 1.229 V (3) 
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In basic environments the oxidation of hydroxyl ions (OH-) occurs and transforms into water (H2O) 

and oxygen with the loss of four electrons (reaction 1). In neutral and acidic environments, the 

oxidation of two water molecules gives rise to four protons (H+) and one oxygen molecule (O2) 

through the loss of four electrons (reactions 2 and 3)22,49. Since the OER can involve OH- or H+ 

ions, the potential of each redox couple (HER and OER) is dependent on the pH, decreasing 59 

mV per pH unit at room temperature according to the Nernst equation (Equation 4)49,50.  

Eeq = E0 - 
𝑅𝑇

𝑛𝐹
 ln (

𝑎𝑟

𝑎𝑜
)     (4) 

with Eeq the equilibrium potential, E0 standard potential at any given temperature, R the gas 

constant, T the temperature (Kelvin), n the number of electrons transferred, F Faraday’s constant, 

and ao and ar the activities of the oxidised and reduced species, respectively. 

It should be noted that the overall potential of the water electrolysis process is not dependent on 

the pH of the electrolyte, however pH does influence the recorded applied potential values. To 

compensate for the influence of pH on the applied potential, researchers have introduced a 

reversible hydrogen electrode (RHE) reference by accounting for the pH shift. Thus, the standard 

equilibrium potential required for the OER is always 1.229 V vs RHE for all pH values49. However, 

for the reaction to occur, additional energy (overpotential) is required to overcome the kinetic 

barrier.  

𝜂 = E – Eeq      (5) 

The overpotential is defined as the difference between the applied potential (E) and the 

equilibrium potential (Eeq) as shown in Equation 546,48. Generally, a electrocatalyst with an 

overpotential between 300 and 400 mV is considered an excellent catalyst for the OER46. 

However, only a few electrocatalysts exhibit an overpotential less than 300 mV at 10 mA.cm-2. 

One of the major challenges for assessing the performance of OER electrocatalysts is the 

potential at which current density is evaluated, due to differences that occur upon experimental 

testing, i.e. no equilibrium corrections made for different electrolyte concentrations, unclear iR 

compensations, and different data normalisation approaches46,49. Therefore, the overpotential 

value at 10 mA.cm-2 is considered more reliable and commonly used46. It is important to note that 

fundamental and application-orientated research cannot have a common benchmark, however, it 

is valuable for cross-laboratory comparisons43.   

The transfer of charge at the interface of the electrolyte and the active electrode material was 

model by the Butler-Volmer equation51,52. The reaction equation across the electrolyte and active 
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electrode material interface when the electrolyte solution is stirred, or when the surface 

concentrations do not differ noticeably from the bulk value due to low current is given by51,52:  

j = j0 [ 𝑒(1−𝛼)𝑓𝜂  −  𝑒−𝛼𝑓𝜂]     (6) 

With j the reaction current density across the interface, j0 the exchange current density, f = F/RT 

and 1-𝛼 the anodic charge transfer coefficient. The cathodic charge transfer coefficient is given 

by 𝛼.   

Information pertaining to kinetic and mechanistic properties can be extracted from the Tafel 

equation (Equation 9)52,53. However, the Tafel equation can be derived from the Butler-Volmer 

equation (Equation 6).  For large 𝜂 values (either negative or positive), one of the bracketed terms 

from equation 6 becomes negligible. For example, if we take large positive overpotentials, 

𝑒(1−𝛼)𝑓𝜂  >> 𝑒−𝛼𝑓𝜂 , therefore ignoring the cathodic back reaction at significant overpotential 

values then equation 6 becomes: 

j = j0𝑒(1−𝛼)𝑓𝜂     (7) 

After rearrangements equation 7 becomes:  

𝜂 = 
𝑙𝑛𝑗

(1−𝛼)𝑓
−  

𝑙𝑛𝑗0

(1−𝛼)𝑓
     (8) 

From Equation 8 the Tafel equation is derived (Equation 9) 51,52. The Tafel slope describes the 

relationship between potential and current, i.e. the potential required to increase current with one 

order of magnitude (mV.dec-1)54. This parameter can often give insight into whether the geometric, 

electronic or combined effects of an electrocatalyst (after catalyst modification) is responsible for 

the observed catalytic performance54. 

𝜂 = b × log (j) + a      (9) 

The OER is commonly perceived as a four-electron transfer reaction, which incorporates a 

sequence of steps and many intermediates (MO, MOOH or physisorbed peroxide species). 

Reactions 10–13 (M is the metal active site), with corresponding Tafel slopes, describe the 

Krasil’shcikov’s path53:  

M + OH− → MOH + e−       b = 120 mV.dec-1   (10) 

MOH + OH− → MO− + H2O     b = 60 mV.dec-1    (11) 

MO− → MO + e−         b = 45 mV.dec-1   (12) 
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2MO → 2M + O2      b = 19 mV.dec-1             (13) 

There are several possible mechanisms proposed for the OER, with the Krasil’shcikov’s path 

being the most popular42,53,55. Two overpotential regions can exist for determining Tafel slopes 

(low and high) for the OER, with the change from low to high being attributed to four mechanistic 

possibilities42,53: (i) increase in mass transport resistance of OH-, O2 and/or electrons (attributed 

to the OER being a four-electron transfer reaction), (ii) change in the rate-determining step, (iii) 

reaction intermediate adsorption, and (iv) change in the electrocatalyst active site concentration 

and/or valence state, which influences the electronic double-layer reconstruction42,53. Since there 

are variety of factors that influence the mechanistic pathways, the relationship between the 

mechanism of the OER and the oxidised metal anode state is yet not well understood.   

While activity is usually regarded as the main parameter of interest, stability and selectivity are 

undervalued. A crucial question to consider when looking at stability is whether the catalysts 

employed can assure the long-term working (years) of real devices, as the neglect of proper 

stability evaluation inhibits, to a large extent, practical implementation breakthroughs43. There are 

several factors that affect stability, such as (i) electrolyte nature (basic or acidic), and (ii) nature 

of the working electrode46. Currently, there is not a well-defined method to evaluate fundamental 

long-term stability of an electrocatalyst and most researchers evaluate the stability for short 

periods using chronopotentiometry at 10 mA.cm-2. However, these criteria still impose major 

challenges for employing these electrocatalysts in large-scale applications, especially when high 

current densities of 1000 mA.cm-2 are required56.  

Reactions with several probable products have one major challenge43, namely selectivity control, 

with a lack of selectivity control resulting in undesired product formation. Many factors influence 

product selectivity, which include: (i) electrocatalyst properties, (ii) applied electrode potential or 

current, and (iii) electrolyte nature (acidic or basic) 43. Since most reactions involve various 

reaction pathways and intermediates, a solid understanding of all possible reaction pathways is 

vital to allow for more insightful control of product selectivity43.  

Transition metals (especially 3d transition metals) and their oxides have gained research interest 

in conversion/storage applications, particularly in the field of electrocatalysis (OER and HER) due 

to their abundance, low cost and good corrosion resistance in alkaline media57. Additionally, these 

metals are excellent candidates for the OER because of their multivalent oxidation states 

(M+2/+3/+4), which have been proven to be the active sites for the OER46,58–60. The most investigated 

electrocatalyst currently used for the OER in alkaline media consists of the hydroxides, oxides, 

mixed metal oxides (perovskites) and alloys, primarily because of it being relatively inexpensive 

and very corrosion resistant at positive potentials in alkaline electrolytes61–66. 
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The observation that Ni-based materials will play a key role in alkaline OER electrocatalysis had 

already been noted by Hall in 198563. Rock salts, such as NiO, are known to transform to 

(oxy)hydroxides with a layered structure in situ under operando conditions. Additionally, a 

significant improvement of OER activity of Ni oxide electrocatalysts is observed in the presence 

of Fe occurs67. When considering a metallic Ni electrode surface in contact with 0.1 M of 

potassium hydroxide (KOH), 𝛼-Ni(OH)2 (the hydrated precipitated form of Ni(OH)2) is 

spontaneously formed on top of the air-formed NiO surface. The 𝛽-Ni(OH)2 anhydrous form can 

be acquired by ageing in a base or vacuum. Additionally, by increasing the working potential of 

the electrode (> 450 mV, vs Hg/HgO reference), 𝛽-Ni(OH)2 and 𝛼-Ni(OH)2 can be oxidised to 𝛽-

NiOOH and 𝛾-NiOOH, respectively68. The 𝛽-NiOOH can be transformed to 𝛾-NiOOH by applying 

a potential above 600mV, which is below the potential for electrochemical oxygen evolution (> 

650mV vs Hg/HgO)62,68. A study conducted by Medway et al. on single crystal Ni (111) revealed 

that both the first NiO and topmost Ni(OH)2 layers grow during potential cycling. Upon the growth 

of the Ni(OH)2 layer, a significant increase in OER is generally observed for hydrous Ni oxide 

films69. In terms of activity, the 𝛽-Ni(OH)2/𝛽-NiOOH electrocatalyst exhibits more efficient activity 

compared to 𝛼-Ni(OH)2 /𝛾-NiOOH electrodes68. The apparent cause for the higher activity of 𝛽-

Ni(OH)2 versus 𝛼-Ni(OH)2 remains a controversial topic. The oxidation states of Ni(OH)2, 𝛽-

Ni(OH)2 and 𝛽-NiOOH are +2, +2, and +3, respectively, however, for 𝛼-Ni(OH)2 to be oxidised to 

𝛾-NiOOH requires 1.67 electrons, which suggests the possibility of Ni(IV) cations42,68. It has been 

noted that a high anodic potential (≥ 1.5 V vs RHE) causes Ni(III) to slowly transform to Ni(IV), 

which creates an oxide that exhibits lower electrocatalytic activity and electron conductivity42,68.   

In addition to Ni, other promising electrocatalytic metals can be found in the fourth row of the 

periodic table which exhibit the following overall electrocatalytic activity trend, i.e. Ni > Co > Fe > 

Mn, towards the OER62. With the exception of Ni oxide, Co and Fe oxide are seen as efficient 

oxygen evolution electrocatalysts in alkaline media62. Lyons and Brandon showed that similar 

mechanisms for oxidised Ni, Co and Fe occur for the OER70. The results revealed that oxidised 

Ni is the most efficient for OER, while oxidised Fe is the least efficient. The activity of the three 

oxidised metals was correlated with the number of d-electrons in the metal cation70.  

A study conducted by Smith et al. revealed that undoped amorphous Co produced an 

overpotential of 270 mV vs RHE at 1 mA. cm-2 for the OER in an alkaline environment71. Similarly, 

Co also oxidises when in contact with an aqueous electrolyte. Before the occurrence of oxygen 

evolution there are several oxidation steps that occur under an anodic potential70,72. Under an 

anodic potential, a layered oxidic structure of Co species is formed when Co(II) is gradually 

oxidised to Co(III). The activity of Co largely depends on (i) the electrochemical pre-treatment of 

the metal and (ii) oxide composition70. Due to the numerous studies published on Ni, Co, Fe and 
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Mn, only a few of the studies were included in this discussion. The combination of Ni with 

additional elements has resulted in noteworthy improvements in electrode performance. Broadly, 

there are two factors that influence the activity and stability of an electrocatalyst, namely: (i) the 

electrocatalyst preparation method and (ii) the nature of the substrate as seen in Table 2-247,73. 

Dong et al. investigated the two-step synthesis of binary Ni-Fe sulphides (NiFe/NF, NiFeS/NF and 

NiFeS-FeNF) on Ni foam (NF) as support74. XPS analysis of the different catalysts revealed that 

the oxidation states of Fe, S and Ni are +3, -2 and +2, respectively. High resolution SEM analysis 

shows NiFe/NF as a uniformly interconnected structure composed of vertical nanosheets, 

NiFeS/NF as predominantly needle-like in structure (which may provide for a larger surface area), 

and NiFeS-Fe/NF as interconnected nanosheets (similar to the morphology of NiFe hydroxide). 

Electrochemical characterisation of these electrocatalysts revealed the following trend for 

overpotential @100 mA.cm-2 NiFeS/NF (189 mV) < NiFeS-FE/NF (221 mV) < NiFe/NF (340 mV). 

NiFeS-FE/NF exhibited an overpotential of 65 mV at a current density of 10 mA.cm-2 74, which far 

exceeds the performance of IrOx (320 mV at 10 mA.cm-2)75, Ni foam (NF, 400 mV at 10 mA. cm-

2)76, and NiO/NF-400 (310 mV at 10 mA. cm-2)76 in alkaline media. However, the disadvantage of 

NiFeS/NF is that it exhibits obvious decay after 1000 cycles of CV, which shows a limit in its 

durability. The researchers further electrodeposited Fe hydroxide onto NiFeS/NF as a protective 

layer and the results showed improved durability, but reduced performance with NiFeS-Fe 

exhibiting an η of 101.6 mV at 10 mA.cm-2, 36.6 mV higher than NiFeS74. Overall, the low 

overpotential exhibited by NiFeS/NF shows the advantage of using transition metal sulphides, 

however, stability requires improvement.  

When looking at the body of literature containing the transition metals Zn and Cr, it is important 

to note that the literature is very limited, even though promising results are obtained when using 

these metals. Studies have shown that when NiZn is immersed in alkaline media, leaching of Zn 

occurs, which results in a volume loss of electrocatalyst. However, this creates a porous and 

cracked surface (high surface area) that is suitable for water electrolysis in alkaline media77–79. 

Zhang et al. used facial electrodeposition to synthesise highly oriented ZnCo layered double 

hydroxide (LDH) films composed of nano wall structures80. Upon electrochemical testing (LSV), 

the as-deposited ZnCo LDH-100 electrocatalyst exhibited high current densities (𝜂 = 540 mV at 

13.3 mA.cm-2) for the OER in alkaline media, which is superior to Co-OH (𝜂 = 540 mV at 5.5 

mA.cm-2) and Ni foil (𝜂 = 540mV at 3.5 mA.cm-2) electrocatalysts80. The Tafel slope value of ZnCo-

LDH-100 (b = 83 mV.dec-1) suggests better OER performance compared to Co-OH (b = 119 

mV.dec-1) and Ni foil (b = 122 mV.cm-1).  

In terms of stability, the ZnCo-LDH-100 electrocatalyst initially has a current density of 2.2 mA.cm-

2 at an applied potential of 1.667 V and maintains this potential with a marginal decrease. The 
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current density after one hour decreases by less than 6%, which shows far better stability than 

Co-OH, which exhibits a 75% decrease in current density after one hour. The long-term OER 

stability test (12 hours) of ZnCo-LDH-100 verified the high durability/stability of the electrocatalyst, 

which only exhibited a slight decrease in the current density80. The high durability/stability of the 

electrocatalyst is speculated to be due to a stabilising effect caused by alternatively arranged Co 

and Zn ions within the LDH structure. Moreover, Santos et al.78 showed that porous NiZn 

electrodes produced a potential for oxygen evolution of 270mV and showed better electrocatalytic 

activity (b = 56 mV.dec-1) than porous Ni (b = 75 mV.dec-1) and NiSn (b = 72mV.dec-1) 

electrodes78. In terms of stability, the NiZn anode electrode exhibited a high corrosion effect only 

after 840 hours of electrolysis, with increased crack formation, speculated to be due to the 

dissolution of Zn since a composition change occurred78. Nonetheless, this does not negatively 

affect the electrocatalytic activity of the surface as no significant change in the polarisation curve 

was observed. Based on the aforementioned studies, it is evident that the introduction of Zn to a 

Ni electrocatalyst can improve the electrocatalyst activity and to some extent its stability. Thus, 

due to the low cost of this metal and proven electrocatalyst activity enhancement, it is of interest 

for this study to include Zn as a component in the Ni-based electrocatalyst towards catalysing the 

OER in alkaline media77,78,80. 

It is of further interest to include Cr as a component (in addition to Zn) in the Ni-based 

electrocatalyst, in order to investigate the activity and stability behaviour of the combination of a 

(NiZnxCry)O electrocatalyst towards OER. To find new design strategies and gain mechanistic 

insight regarding OER electrocatalysts, it is of interest to identify the relationship between the 

electronic structure and the OER activity of the electrocatalyst. Wen et al. synthesised 2D NiCr-

LDH nanosheet arrays containing a 3D porous microstructure, using a hydrothermal method81. 

The OER process using a Ni2Cr1-LDH electrode exhibits preferable OER performance, achieving 

an overpotential of 319 mV at a current density of 100 mA.cm-2 81. This surpasses bare NF (400 

mV at 10 mA. cm-2)76 and RuO2 with an overpotential of 420 mV at 50 mA.cm-2 81. It should be 

noted that Ni2Cr1-LDH exhibits an overpotential that is comparable to state-of-the-art OER 

catalysts such as NiCoO4
82, FeNi@single layer graphene83 and VOOH84, and has a smaller 

overpotential compared to Ni-based LDH (400 mV85, ~ 320 mV86 ~420mV87 at 100 mA. cm-2). In 

terms of Tafel slope, Ni2Cr1-LDH exhibits a low Tafel value of 22.9 mV. dec-1 compared to NF and 

RuO2, with 121.3 mV.dec-1 and 92.4 mV.dec-1, respectively, which suggests favourable kinetics 

for electrochemical water oxidation81.  

In terms of stability, after 30 hours at a constant applied potential of 1.55 V, the Ni2Cr1-LDH 

electrocatalyst exhibited a slight increase in current density, implying high corrosion stability of 

the electrocatalyst. From density functional theory (DFT) calculations on Ni2Cr1-LDH, the Cr3+ 
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within the LDH layers acts as a charge transfer site and thus efficiently boosts the intrinsic 

electrochemical activity that is observed experimentally81. Yang et al. revealed that by introducing 

Cr to NiFe LDH, it favourably changed the electronic structure of Ni compared to NiCr LDH and 

NiFe LDH. Furthermore, at a current density of 10 mA.cm-2 the NiFeCr-6:2:1 (mole ratio) catalysts 

exhibited an overpotential of 280 mV and additionally also exhibited the lowest Tafel slope (131 

mV.dec-1) among the tested samples88. This result suggests that NiFeCr-6:2:1 LDH is better than 

bimetallic NiFe-3:1 and NiCr-2:1 LDHs in terms of activity, with the bimetallic samples exhibiting 

an overpotential of 322 mV and 436 mV, respectively, and higher Tafel slopes of 144 mV.dec-1 

and 229 mV.dec-1, respectively. When considering the stability of NiFeCr-6:2:1, the sample was 

able to maintain its stability for six hours with an initial operating potential of 1.512 V (vs RHE) on 

a glassy carbon support88. The potential only increased by 0.023 V. ICP analysis also revealed 

that when NiFeCr-6:2:1 LDH is in alkaline media, no leaching of Cr ions from the electrocatalyst 

to the alkaline electrolyte solution occurs during the OER88. The Cr3+ electron configuration is 

most likely t2g
3eg

0, which is favourable for conductivity, charge transfer, electron capture and 

chemisorption89,90. How Cr influences the electrocatalytic activity and interacts with metals is not 

well understood yet and further studies need to be conducted.  

Table 2-2: Alkaline OER electrocatalyst  

Anode Electrolyte Substrate Overpotential, 

𝜼 (V) 

Tafel Value, 

b (mV.dec-1) 

Ref. 

CoO 0.1M KOH n/a 260 mV 

@ 1 mA. cm-2 

42 71 

NiFeS/NF 1 M KOH Ni Foam 

(NF) 

65 mV 

@ 10 mA. cm-2 

119.4 74 

NiFeS-

Fe/NF 

1 M KOH NF 101,6 mV 

@ 10 mA. cm-2 

117.3 74 

IrOx 1 M NaOH GC 320 mV 

@ 10 mA. cm-2 

- 75 

Ni 

Foam(NF) 

1 M KOH n/a 400 mV 

@ 10 mA.cm-2 

91 76 

NiO/NF-

400 

1 M KOH NF 310 mV 

@ 10 mA.cm-2 

54 76 
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ZnCo-

LDH-100 

0.1 M KOH Ni Foil 540 mV 

@ 13.3 mA.cm-2 

83 80 

Ni Foil 0.1 M KOH n/a 540 mV 

@ 3.5 mA.cm-2 

122 80 

NiZn 28 wt% KOH n/a 270mV 56 78 

NiCr 1 M KOH Ni Foam 319 mV @ 100 

mA.cm-2 

22.9 81 

NiFeCr-

6:2:1 

1 M KOH Ni Foam 220 mV @ 10 

mA.cm-2 

131 88 

 

In summary, alkaline water electrolysers, with the incorporation of renewable energy sources (as 

a power source), present a promising sustainable and environmentally friendly means for 

generating high purity hydrogen for the growing global economy. Nonetheless, technology still 

requires further research in terms of the development of highly active, stable and cost-effective 

electrocatalysts for the OER to make AWEs a plausible replacement for fossil fuel-based energy 

supply. In principle, the development of electrocatalysts follows two distinctive approaches. The 

first approach attempts to increase the number of active sites on the surface. The second focuses 

on improving the electrocatalyst’s intrinsic activity and stability. Due to the quantitative nature of 

the first approach, synthetic strategies focus on optimisation of the catalyst’s morphology. The 

second approach attempts to improve intrinsic activity and stability through active control of the 

active site nature by doping or via support/catalyst effects47,91. This study aims to investigate 

(NiZnxCry)O electrocatalyst combinations as an alternative electrocatalytic system for the OER in 

alkaline media. The selection of electrocatalyst materials is based on literature findings, which 

suggest that the introduction of Zn to Ni may allow for porous structure formation, improved 

electrolyser performance and increased electrocatalysts durability77–79. The introduction of Cr to 

Ni is suggested to allow for improved electronic structure formation, increased electrocatalytic 

activity and improved electrocatalyst durability81,88-90. Therefore, the combination of these metals 

(Zn and Cr) with Ni may result in favourable synergy for excellent activity and improved long-term 

stability.  
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CHAPTER 3: SYNTHESIS AND EVALUATION OF (NiZnxCry)O 

ELECTROCATALYSTS FOR THE OXYGEN EVOLUTION REACTION  

Abstract 

The increasing need for energy produced from renewable sources has resulted in substantial 

research and development efforts towards water electrolysis. Alkaline water electrolysis, with the 

incorporation of renewable energy sources, presents a promising sustainable and 

environmentally accommodating means for generating high purity hydrogen. Although alkaline 

water electrolysis has a century-long history, advances are still required for the electrode material 

that catalyses the oxygen evolution reaction at the anode, which exhibits sluggish reaction kinetics 

and ultimately results in cell efficiency losses. In an attempt to improve the OER efficiency of 

alkaline water electrolysers, a citrate sol-gel method following two different routes was employed 

to synthesise various (NiZnxCry)O electrocatalysts. Electrocatalysts were deposited onto glassy 

carbon electrodes and subjected to physical and electrochemical characterisation. Energy-

dispersive x-ray spectroscopy (EDS), scanning electron microscopy ((SEM)-EDS), x-ray 

diffraction analysis (XRD) and transmission electron microscopy (TEM) were employed to 

respectively evaluate the metal composition and morphology of each electrocatalyst. For 

electrochemical analysis, rotating disk electrode (RDE) techniques were employed which 

comprised cyclic voltammetry (CV) and linear sweep voltammetry (LSV) before and after five 

hours of chronopotentiometry (CP) evaluation runs. In general, the study revealed that a reduction 

in crystallite size results in improved OER electrocatalytic activity. The best-performing 

electrocatalyst combination was identified as the (NiCr)O electrocatalyst. Elemental analysis 

revealed that a degree of Cr leaching occurred after five hours of CP. However, leaching resulted 

in different but favourable Ni:Cr ratios as OER activity after CP was maintained within error. It 

was found that the incorporation of Zn into NiO and (NiCr)O resulted in severe durability loss, as 

all samples containing Zn exhibited low current densities and were rendered inactive after CP 

analysis. It is evident from this study that crystallite size reduction resulted in lower overpotentials 

being produced. It was further observed that current density is more reliant on the electrocatalyst 

composition, whereas the overpotential is reliant on crystallite size and electrocatalyst 

composition. 

Key words: Sol-gel, electrocatalyst, alkaline water electrolysis, hydrogen, oxygen evolution 

reaction, activity, overpotential, stability. 
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Introduction 

Energy implementation and utilisation have become crucial to support sustainable economic 

growth. Depicted throughout history, the growth of human civilisations is unavoidably linked to the 

human need for energy1. Renewable energy sources such as wind and solar show potential to 

meet the current and future global energy demand. The advantages of using renewable energy 

sources is that they award a sustainable and environmentally-benign energy conversion strategy, 

compared to fossil fuels, which have (i) a severe negative environmental impact, and (ii) are not 

sustainable due to the depletion of fossil fuel reserves2-4. A major disadvantage of most renewable 

energy sources is their intermittency on regional, seasonal and daily scales, which results in a 

large supply variability5. A promising pathway that can address the aforementioned issue is by 

incorporating an energy storage system into an electricity generating unit. Within this framework, 

water electrolysers plays a central role for the development of a sustainable energy system5. 

Water electrolysers are electrochemical energy conversion devices that split water into hydrogen 

(H2) and oxygen (O2). Hydrogen has great potential to improve energy security and alleviate 

greenhouse gas (GHG) emissions. This is attributed to hydrogen’s high energy density, burning 

zero emissions and its higher net calorific value (NCV, 120 MJ/kg) compared to other fuels 

(bituminous coal 29.7 MJ/kg, Diesel fuel 40 to 43 MJ/kg and natural gas (high grade) 47.3 MJ/kg)6, 

7. Thus, within this framework surplus electrical energy generated from renewable energy sources 

(wind, solar, etc.), during high energy generation periods (favourable conditions), can be 

converted into chemical energy (hydrogen gas) via water electrolysis. This allows for the 

possibility to use hydrogen during low energy generation periods (unfavourable conditions) by 

efficiently regenerating electricity via fuel cells5, 8. Fuel cells are energy conversion devices that 

electrochemically convert fuels such as hydrogen into electricity with low GHG emissions, high 

power density and high efficiency. Fuel cells can compete with batteries, the high efficiency of the 

power grid and internal combustion engines5, 8. 

Broadly, electrolysers are classified according to their operating temperature and electrolyte 

solution (acidic or basic). Low-temperature electrolysers are subdivided into alkaline water 

electrolysers (AWEs) and proton exchange membrane (PEM) electrolysers9-12. The greatest 

advantage of using AWEs is the large variety of metals (non-noble) permissible to be used as 

electrode material compared to PEM electrolysers, which use mostly noble metals. This allows 

for attractive cost reduction for AWEs with regard to the electrocatalyst material employed and 

facilitates widespread market penetration9, 13. A drawback of AWEs is low voltage efficiencies at 

high current densities compared to PEM electrolysers. However, this can be overcome by the 

introduction of an attractive electrocatalyst13, 14. 
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The electrochemical water-splitting process is divided into two half reactions: the oxygen evolution 

reaction (OER) and the hydrogen evolution reaction (HER), which occur at the anode and 

cathode, respectively. Regrettably, water electrolysers are largely hindered by the sluggish 

reaction kinetics of the OER due to the unfavourable thermodynamics and kinetics related to the 

removal of electrons to bring about formation of the oxygen–oxygen double bond15. Moreover, 

the OER is greatly pH dependent, and the equilibrium half-cell potentials (𝐸𝑎
0) at 298 K and 1 atm 

versus the standard hydrogen electrode (SHE) are given below16:   

pH = 14 4OH− → O2 + 2H2O + 4e− 𝐸0= 0.404 V (1) 

    

pH = 7  2H2O → O2 + 4H+ + 4e− 𝐸0 = 0.817 V (2) 

    

pH = 0  2H2O → O2 + 4H+ + 4e−    𝐸0 = 1.229 V 

  

(3) 

Common to both AWEs and PEM is the presence of a large overpotential at the anode where 

oxygen evolution occurs, however, it is more favourable to investigate the OER in alkaline media 

as: (i) it is suitable for large-scale production, and (ii) allows for a variety of materials to serve as 

the anode15, 16. 

A great amount of effort has been dedicated to the development of more effective OER water 

electrolysis electrocatalysts, which can accelerate the reaction rate and reduce large 

overpotentials to boost the energy conversion efficiency17-23. To guide the synthesis of efficient 

transition metal-based electrocatalysts, significant research effort has been dedicated to 

investigating spinels, perovskites, metal oxides/hydroxides and first-row transition metal-based 

materials as cost-effective electrocatalysts or electrode materials24. It has been revealed that 

mixed metal oxides or (oxy)hydroxides exhibit greater performance compared to their single metal 

counterparts. Additionally, the electrical conductivity, synergistic effects and intrinsic activity of 

OER transition metal oxides or (oxy)hydroxide electrocatalysts are linked to the 3d electrons of 

the metals25, 26. The surface transition-metal ions of these metals exhibit eg orbitals, which can 

influence the binding of oxygenic intermediates and the surface anion adsorbate bond. The 

electrocatalytic activity of these intermediates is said to be dictated by their binding strength. Metal 

oxides are viewed as the most durable and active electrocatalysts for the OER25. IrO2 and RuO2 

are regarded as the best OER catalysts in acid and basic media27. However, the high cost and 

scarcity of these metals greatly hinders their widespread market penetration. Therefore, it is more 
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sought-after to develop efficient, cost-effective and earth-abundant electrocatalysts that do not 

compromise the durability and activity of the OER.  

Among transition metals, Ni-based electrocatalysts have shown attractive OER activity in alkaline 

water electrolysis and exhibit (i) high corrosion resistance in aqueous alkaline media, and (ii) 

abundant active sites on Ni surfaces28, 29. Consequently, numerous research efforts have been 

dedicated to developing and improving Ni-based OER catalyst performance17-21. A study 

conducted by Liu et al.18 revealed that the introduction of non-electroactive Zn to Ni3S2 served as 

a great promoter to control OER performance; i.e. (i) increased durability and reaction kinetics of 

the electrocatalyst, and (ii) decreased electrocatalyst overpotential, when compared to the 

absence of Zn in Ni3S2. Additionally, Xu23 revealed that by introducing Zn to NiP nanosheets, it 

results in (i) enhanced catalytic kinetics activity towards the OER, and (ii) retained catalytic activity 

with negligible structure and composition variations after long-term testing when compared to NiP 

nanosheets. It has been reported by. Yang et al.22 and Wen et al.30 that the introduction of Cr into 

Ni-LDH, FeNiO-LDH and NiO can (i) increase the stability of the catalysts towards water splitting, 

and (ii) favourably alter the bonding of intermediates because of the enhanced electronic effect.  

A comprehensive view of literature suggests that electrocatalysts that include Ni, Fe and Co are 

among the most favoured and studied transition metals17-21, 31. The modification of Ni with Zn and 

Cr has not received much attention yet, despite the promising results obtained when using these 

metals. In an attempt to improve electrolyser efficiency, Ni, Cr and Zn combinations are 

investigated as an electrocatalyst system toward the OER, as these metals are earth abundant, 

cost effective and have unique intrinsic properties. This study will focus on: (i) the synthesis of Ni-

based electrocatalysts with different compositions of Zn and Cr ((NiZnxCry)O) employing the 

citrate sol-gel method, (ii) physical characterisation of these electrocatalysts by employing 

energy-dispersive x-ray spectroscopy (EDS), scanning electron microscopy ((SEM)-EDS), x-ray 

diffraction analysis (XRD) and transmission electron microscopy (TEM), and (iii) electrochemical 

evaluation of electrocatalysts by employing cyclic voltammetry (CV), linear sweep voltammetry 

(LSV) and chronopotentiometry (CP) towards the OER in alkaline media. 
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Methods 

Preparation of (NiZnxCry)O electrocatalyst compositions 

In the preparation, a citrate sol-gel method, following two different routes, was employed to 

synthesise (NiZnxCry)O electrocatalysts32. Metal nitrates Ni(NO3)2∙6H2O (Sigma-Aldrich, 

99.999%), Zn(NO3)2∙6H2O (Merck, 99%) and Cr(NO3)2∙9H2O (Sigma-Aldrich, 99%) were 

dissolved in Milli-Q water (18.2 Mcm-1) in such a manner to give 𝑁𝑖(𝑁𝑂3)2.6𝐻2𝑂 (0.8M Ni, 

constant), with varying Zn(NO3)2∙6H2O  (x = 0.8 M, 0.6 M, 0.4 M, 0.2 M and 0 M Zn) and 

correspondingly Cr(NO3)2∙9H2O  (y = 0 M, 0.2 M, 0.4 M, 0.6 M and 0.8 M Cr) concentrations. The 

samples discussed here are labelled according to the molar ratios of the metal content. The Ni:(Zn 

+ Cr) ratios were kept constant at a 1:1 ratio (with 1 representative of 0.8 M), with only the Zn and 

Cr quantities having been varied. In route 1, the metal nitrate precursors were mixed and stirred 

(magnetic stirrer) for 10 minutes. The resulting solution was then heated to 70°C, and 

subsequently a 0.4 M aqueous solution of citric acid was added to the solution until a pH of 1.5 

was achieved. The solution was left to stir for 15 minutes, upon which the solution was adjusted 

to a pH of 7 using an aqueous solution of ammonia (Merck, 32%). The solution was evaporated 

at 70–80 °C until a gel-paste was obtained and further dried in an oven at 120°C for 5 hours. The 

resulting product was ground to a fine powder by using a pestle and mortar followed by calcination 

for 5 hours at a temperature of 400C in ambient air. Route 2 is similar to route 1, with the only 

difference being the amount of citric acid used. The concentration of the chelating agent (citric 

acid) was increased to 1 M as this is reported to reduce particle size, which could potentially 

facilitate improved activity and stability33, 34.  

Samples represented by 1 and 2 (i.e. NiO-1 and NiO-2) are indicative of a chelating agent 

concentration of 0.4 M and 1 M, respectively. 

Glassy carbon electrode preparation 

Glassy carbon (GC) disks (0.196 cm2 geometric area) were polished to assist with producing 

reproducible electrochemical surfaces35. Polishing of GC disks was done by placing the GC in a 

Teflon electrode holder and moving the electrode in a figure of eight (30 cycles) while applying 

light pressure on the polishing media. A stepwise cleaning method was employed; first on a clean 

nylon cloth, followed by a microcloth with 1 μm diamond paste (Struers DP-Paste M), and finally 

a separate microcloth with 0.05 μm deagglomerated alumina suspension (Gamma Micropolish II, 

Buehler). The GC disks were subsequently rinsed after each step with deionised water (Milli-Q 

water, 18.2 Mcm-1) to avoid cross contamination of the microcloths. Subsequently, a 15-minute 

stepwise ultrasonication was further employed with (i) toluene (Rochelle Chemicals), (ii) ethanol 
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(Merck, 99.9%), (iii) deionised water, and (iv) isopropanol (Labchem; purity > 99.7%). Thereafter, 

the GC electrode inserts were dried with a stream of N2 (Afrox; purity > 99.999%).  

Catalyst Ink preparation  

A catalyst ink was prepared by mixing 4 mg of the catalyst with a Nafion ionomer solution (Sigma 

Aldrich, 5 wt%) and 4 mL of ethanol (Afrox; purity: 99.999%). The role of the Nafion is to (i) 

improve the catalyst dispersion of the ink, and (ii) enhance the interfacial adhesion of the catalyst 

layer and disk substrate36. The ionomer to catalyst mass ratio was 1:2. Subsequently, the ink was 

sonicated for 30 minutes in a water bath that was kept at a temperature of below 30°C. The 

resulting ink was deposited onto the GC surface as droplets using an adjustable micropipette until 

a 40 𝜇L loading was achieved. Subsequently, samples were air dried at room temperature 

covered by a glass beaker. The average catalyst loading was 0.157 mg.cm-2. 

Physical Characterisation 

The metal compositions of the as-prepared (NiZnxCry)O samples were determined by scanning 

electron microscopy (SEM) with an integrated energy-dispersive x-ray spectroscopy (EDS) on an 

FEI Quanta FEG 250 microscope. By using the moving average mode over a 100 s period, the 

stoichiometric values of Ni, Zn and Cr were obtained. Transmission electron microscopy (TEM) 

images were captured on a JEM-2100F with a coupled EDS analytical system. X-ray diffraction 

patterns (XRD) were collected on a multi-purpose x-ray diffractometer (D8 advance, Bruker AXS, 

Germany). Measurements were performed using a continuous θ-θ scan in locked coupled mode 

with Cu-Kα radiation. The sample was mounted in the centre of the sample holder on a glass slide 

and levelled up to the correct height. The measurements were run within a 2θ range of 0.5 to 130 

with a step size (Δ2θ) of 0.034°. A position sensitive detector, LYNXEYE, was used to record 

diffraction data at a speed of 0.5 sec/step, which is equivalent to an effective time of 92 sec/step 

for a scintillation counter. Furthermore, data was background subtracted so that phase analysis 

could be carried out for the diffraction pattern with zero background after the selection of a set of 

possible elements from the periodic table. Phases are identified from the match of the analysed 

peaks with the relevant JCP reference files. The mean crystallite size for (NiZnxCry)O 

electrocatalysts was calculated from the most intense reflection peaks using the Scherrer’s 

equation: 

 

D = k𝜆/𝛽 cos 𝜃 
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where 𝜆 and k represent the wavelength and shape factor (~0.9 for spherical nanoparticles), 

respectively, and 𝛽 and 𝜃 are the line broadening (background subtracted) at full width half 

maximum (FWHM) and angle, respectively. 

 

Electrochemical Characterisation 

Rotating disk electrode (RDE) measurements were carried out in a custom manufactured high-

density KOH resistant polypropylene three-electrode compartment cell, at 25°C and 0.1 M KOH 

(CC Immelmann, 0.001 Fe impurity) electrolyte solution. KOH as opposed to NaOH was used 

due to the increased ionic conductivity and mobility of K+ ions compared to Na+  8,  37. A Hg/HgO 

reference electrode (0.1 M KOH, ALS (Japan), distributed by BAS Inc.) was used and calibration 

was conducted in H2-saturated 0.1 M KOH with a polycrystalline Pt working electrode. A scan rate 

of 10 mV.s-1 and potential range of -0.2 V to -1 V vs Hg/HgO was employed. The potential of 

hydrogen evolution to hydrogen oxidation was measured at 0.854V (Figure S3-1) and correlates 

well with reported literature values22, 37. The measured value was used to convert all potential 

values to the reversible hydrogen electrode (RHE, with ERHE = EHg/HgO + 0.854V). 

A spiral Pt electrode (ALS (Japan), distributed by BAS Inc.) served as the counter electrode with 

GC as the substrate working electrode. A stepwise method approach was used for 

electrochemical analysis, which comprised cyclic voltammetry (CV), linear sweep voltammetry 

(LSV), chronopotentiometry (CP) and ended with LSV. CV measurements were conducted at a 

scan rate of 10 mV.s-1 and a potential range of 0.1 V to 0.55 V vs Hg/HgO at 1600 rpm as a 

precondition step before LSV. LSV with a scan rate of 10 mV.s-1 and potential range of 0.2 V to 

1.2 V vs Hg/HgO at 1600 rpm was conducted before and after CP (10 mA.cm-2 for 5 hours). The 

KOH electrolyte was saturated with high purity O2 gas (Afrox 99.5%) for at least 20 minutes prior 

to runs and continuously blanketed during data collection.  

The internal resistance (iR) was measured using manual IR compensation (EC-Lab). The iR was 

determined to be 35.76 Ω for an O2-purged 0.1 M KOH solution with a polycrystalline Pt working 

electrode and Hg/HgO reference electrode. All measurements were iR-compensated for in situ 

by using a Bio-Logic potentiostat (Bio-Logic, VSP) and EC Lab software (version 11.01).  
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Results and Discussion 

A series of nanostructured (NiZnxCry)O electrocatalysts were synthesised via a citrate sol-gel 

method. Synthesising nanoparticles through a sol-gel method allows for homogeneous mixing of 

involved elements, high crystallinity, and small particle size with uniform distribution39. The 

controllable parameters that have a definite effect on particle size, distribution and morphology of 

the final produced nanoparticles include the chelating agent concentration, pH value of the 

solution and calcination temperature40-42. In this study, the varying parameters for the 

electrocatalysts were (i) the metal ratios of Zn and/or Cr in relation to Ni, and (ii) the chelating 

agent concentration, while keeping the calcination temperature constant at 400 °C. NiO is the 

reference material in this study and selecting a calcination temperature of 400 °C for all the 

electrocatalysts was based on many studies, which exhibited that within a range of possible 

calcination temperatures (400 °C, 450 °C, 500 °C, 550 °C and 600 °C), 400 °C is sufficient to 

decompose the precursor to the respective oxide40, 41, 43. 

All synthesised samples were subjected to EDS analysis (Figure 3-1) to verify the actual metal 

compositions, i.e. only the atomic % (at%) of the individual metals are shown without oxygen, as 

discrimination between surface and bulk oxygen is not possible with EDS. The final composition 

of the individual electrocatalysts are in good agreement to what was theoretically determined, i.e. 

the amount of Ni staying constant for all the samples (~50 at%) with Zn and Cr making up the 

remaining 50 at%. (NiZn)O-1 was the only exception exhibiting an offset from the originally aimed 

50:50 at% Ni:Zn ratio. The two synthesis methods both resulted in controlled compositional end-

products. 

XRD analysis of all the electrocatalysts (Figure 3-2) clearly reveals that by changing the chelating 

agent concentration, different end-products are produced. For NiO-1 and NiO-2 (Figure 3-2a), the 

respective scattering angles at 37.25, 43.29, 62,84, 75.45 and 79.46 correspond to the planes 

(111), (200), (220), (311) and (222) of the face-centred cubic (FCC) NiO crystal structure 

(JCP2_47-1049), 40, 44-46. Additional peaks at 44.47 and 51.84 were also present and are attributed 

to the planes (111) and (200) of FCC Ni (JCP2_04-850) 40, 44-46. This indicates that Ni was not 

completely converted to NiO and that a Ni-NiO mixture consisting of predominantly NiO was 

synthesised. The suggested reason for this mixture is that the temperature of 400 °C may not 

have been high enough to ensure complete conversion, or the holding time of 5 hours was not 

long enough. 
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Figure 3-1: Compositional spread of the synthesised binary and ternary electrocatalysts 

The XRD patterns for the (NiZn)O-1 and (NiZn)O-2 electrocatalysts (Figure 3-2b) both exhibited 

partial conversion to an alloy oxide (NiZnO). The addition of Zn to the NiO phase does shift the 

measured peaks to lower values. This shift is expected to originate from the slight increase in the 

lattice constant coming from Zn atoms present in the Ni lattice sites. In essence, Zn atoms are 

larger than Ni atoms, therefore adjacent atoms are pushed aside, which results in an increase in 

the overall lattice constant. Whether the formed alloy oxides are Ni0.9Zn0.1O (JCP2_75-0270) or 

Ni0.8Zn0.2O (JCP2_75-0271), or some intermediate, is beyond the point of discussion, however, a 

mixture of NixZn(1-x) with x close to 1 was formed. Other components detected in the (NiZn)O-1 

electrocatalysts were Ni and ZnO (JCP2_36-1451). In contrast, no Ni, but only ZnO was detected 

in the (NiZn)O-2 sample.  

For the Ni and Cr binary combinations, a clear distinction in the types of oxides formed can be 

observed (Figure 3-2c). From the XRD pattern of (NiCr)O-1, distinctive peaks correlating to a 

NiCr2O4 (JCP2_23-0432) crystal structure can be observed with incorporated NiO peaks 

(JCP2_47-1049). From the analysis of distinct peak matching with the NiCr2O4 pattern, the final 

product would seem to be predominantly the body-centred tetragonal NiCr2O4 compound47. The 

XRD pattern of (NiCr)O-2 exhibits all the diffraction peaks of a pure NiO and Cr2O3 mixture 
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(JCP2_47-1049 and JCP2_38-1479), proving that all the precursor material was successfully 

converted to the respective oxides40,47,48. Compared with pure NiO peaks (Figure 3-2a), the 

FWHM of all the characteristic NiO peaks in (NiCr)O-2 increases, suggesting that the average 

crystallite size of NiO in (NiCr)O-2 is smaller than in pure NiO.  

Analysis of the ternary electrocatalyst compositions revealed clear differences in the end-products 

for the two synthesis routes. The (NiZn0.25Cr0.75)O-1 electrocatalyst (Figure 3-2d) surprisingly only 

showed the presence of Ni and NiO, with no detection of any Zn- or Cr-containing compounds. 

(NiZn0.25Cr0.75)O-2 exhibited similar results to the binary Ni and Zn electrocatalysts, i.e. Ni0.9Zn0.1O 

and ZnO phases. Again, no Cr was detected in the final product. For the (NiZn0.5Cr0.5)O-1 (Figure 

3-2e), it is evident from the XRD pattern that no Zn was detected in the final product and that a 

similar catalyst as (NiCr)O-2 was detected. The XRD pattern of (NiZn0.5Cr0.5)O-2 revealed three 

main components containing Zn, i.e. NixZn(1-x) (JCP2_75-0270), ZnCr2O4 (JCP2_22-1107) and 

ZnO. ZnCr2O4 was not clearly observable in the intensity profiles, but the slight shoulder at 57.5 

confirmed the presence of ZnCr2O4. (NiZn0.75Cr0.25)O-1 (Figure 3-2f) exhibited a ternary alloy 

oxide (Zn0.6Ni0.4)Cr2O4 (JCP2_80-1687), in addition to NiO also being detected. (NiZn0.75Cr0.25)O-

2 clearly showed the presence of two binary oxide compounds, i.e. Ni0.9Zn0.1O and ZnCr2O4. 

Generally, the samples not showing Zn and/or Cr phases may be resultant of the volume 

fraction/concentration of other possible phases containing Cr and/or Zn being below the detection 

limit of the XRD, as all the elements (Ni, Cr and Zn) are present in the sample as proven by EDS. 

It also appears that only when Zn is present in high enough quantities (> 50 at%), and in the 

presence of enough chelating agent (1 M), does it convert to detectable amounts of the respective 

phases. Cr appears to not be reliant on the amount of chelating agent, and only converts to 

detectable phases when the amount of Cr is < 50 at%. Upon comparing the crystallite sizes of 

the two synthesis routes (Figure 3-3), it showed that route 1 produced crystallite sizes in the range 

of 6.71 to 35.74 nm with route 2 producing crystallite sizes in the range 5.68 to 15.32 nm. This is 

indicative that an increase in chelating agent concentration (route 2) produces smaller crystallite 

sizes. The crystallite size reduction is suggested to be attributed to the organic matrix in the first 

stage of synthesis, ensuring the occurrence of nucleation by creating evenly dispersed and 

numerous sites that ensure size reduction49.  

Ni is considered to be among the best transition metal-based electrocatalysts for the OER with 

the different oxidation states of Ni (Ni(II), Ni(III) and Ni(IV)) serving as the active centres for 

electrocatalysis50. The potential range generally followed for CV preconditioning of Ni is from 1.0 

V to 1.7 V vs RHE, which allows for catalyst activation as the reduction potentials for Ni(II), Ni(III) 

and Ni(IV) fall within this potential range. 
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Figure 3-2: XRD diffractograms for a) NiO, b) (NiZn)O, c) (NiCr)O, d) (NiZn0.25Cr0.75)O, e) 

(NiZn0.5Cr0.5)O, and f) (NiZn0.75Cr0.25)O electrocatalysts synthesised by route 1 

and route 2 
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Figure 3-3: Crystallite size for the different Ni-, Zn- and Cr-containing electrocatalysts 

synthesised by route 1 and route 2 

Literature findings have shown that when a Ni surface is in contact with 0.1 M of KOH, 𝛼-Ni(OH)2 

(which is the hydrous form of Ni(OH)2) is spontaneously formed on top of the air-formed NiO 

surface. Anhydrous 𝛽-Ni(OH)2 can be obtained by aging in a base or vacuum. By increasing the 

working potential of the electrode (> 1.3 mV vs RHE reference), 𝛽-Ni(OH)2 and 𝛼-Ni(OH)2 can be 

oxidised to 𝛽-NiOOH and 𝛾-NiOOH, respectively50,51. The 𝛽-NiOOH can be transformed to 𝛾-

NiOOH by applying a potential above 1.4 mV, which is below electrochemical oxygen evolution 

(> 1.5 mV vs RHE)50, 52-54. In terms of activity, the 𝛽-Ni(OH)2/𝛽-NiOOH electrocatalyst exhibits 

more efficient OER activity compared to 𝛼-Ni(OH)2/𝛾-NiOOH electrodes, however, this statement 

is controversial50,51. 

Based on these findings, consecutive cycling for the (NiZnxCry)O electrocatalysts was conducted 

in a potential window of 1.0 V to 1.4 V vs RHE, with the aim of activating the surface whilst forming 

stable surface species (Figure S3-2). Evident from the XRD analysis of NiO-1 and NiO-2, 

complete conversion of Ni metal to NiO was not achieved. Nonetheless, scanning in this potential 

range could allow available Ni(0) to oxidise to Ni(II)/Ni(III) and, due to the alkaline environment, 

the Ni(II)/Ni(III) centres can then transform into the respective hydroxide(s)50, 52-54. It should, 
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however, be realised that the manner in which the presence and nature of the combination of Zn 

and Cr with Ni in the different electrocatalyst combinations will affect the surface species formation 

is not yet fully understood, due to a limited number of studies having been conducted on these 

types of combinations. However, based on literature findings it is suggested that the combination 

of these metals (Zn or Cr) with Ni may result in favourable synergies for excellent activity and 

improved long-term stability17-23, 43.  

When evaluating electrocatalysts, it is of interest to compare the overpotential (𝜂) achieved at a 

current density of 10 mA.cm-2
geo, as this value is widely used in literature as a relevant metric for 

electrochemical water splitting55. Figure 3-4 shows the LSV polarisation curves for the different 

electrocatalysts prepared by route 1 (Figure 3-4 a and b) and route 2 (Figure 3-4 c and d), before 

CP (Figure 3-4 a and c) and after CP (Figure 3-4 b and d). CP analyses (Figure 3-6) were 

conducted at an applied current density of 10 mA cm-2 for 5 hours so as to simulate short term 

OER operation. With Tafel slopes being an additional criterion for evaluating kinetics of an 

electrocatalyst, the LSV graphs were converted to Tafel plots (Figure 3-4 e and f). Tafel slopes of 

the different (NiZnxCry)O electrocatalysts that achieved the benchmarking activity before and after 

CP (Figure 3-4 e and f) analysis were extracted and correlated with the generally accepted 

Krasil’shcikov path for the OER in alkaline media56:  

M + OH− → MOH + e−       b = 120 mV.dec-1   (4) 

MOH + OH− → MO− + H2O    b = 60 mV.dec-1    (5) 

MO- → MO + e−         b = 45 mV.dec-1   (6) 

2MO → 2M + O2      b = 19 mV.dec-1   (7) 

Visually combining these selection criteria (Figure 3-5) clearly highlights the performance of the 

respective electrocatalysts. The benchmarking electrocatalyst in this study was NiO as prepared 

by the two different routes. The NiO-1 and NiO-2 exhibited varying results before and after CP 

analysis, with NiO-1 initially showing a large overpotential (657 ± 32 mV) and a Tafel slope of 88 

± 10 mV.dec-1 (Figure 3-4 a and e). The NiO-1 was then rendered inactive after CP analysis 

(Figure 3-4 b). Contradictory, NiO-2 exhibited a lower overpotential of 596 ± 32 mV before CP 

(Figure 3-4 a), with improved activity after CP analysis exhibiting an overpotential of 500 ± 34 mV 

(Figure 3-4 d). The Tafel slope of NiO-2 shifted from 99 ± 20 mV.dec-1 to 120 ± 15 mV.dec-1 

(Figure 3-4 e and f), which indicated a change in the rate-limiting step (reaction 4). 

If we compare literature findings, Maivaskan et al. revealed that different morphologies of NiO 

(i.e. nanowires and nanoparticles) can result in different activity trends. NiO nanowires, 
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synthesised using a reactive temple directed solvothermal method, presented higher activity 

producing an overpotential of 364 mV at a current density of 10 mA.cm-2 57. In comparison, NiO 

nanoparticles synthesised using a facile hydrothermal method produced an overpotential of 510 

mV at a current density of 10 mA.cm-2 57. Charles et al. synthesised NiO using electrodeposition 

and upon electrochemical characterisation an overpotential of 420 mV at 10 mA.cm-2 was 

achieved58. As seen from literature, the synthesis method has a direct effect on electrocatalytic 

activity, with overpotential ranging from 364 mV to 510 mV. In general, the majority of the 

electrocatalysts in this study exhibited high overpotentials (Figure 3-5) with the exception of NiO-

2 (after CP), (NiCrO)-1, (NiCrO)-2 and (NiZn0.25Cr.075)O-2 (before CP). Additionally, the rate-

determining step for all electrocatalysts falls between the initial discharge of hydroxide ions in the 

electronic double layer and the second electron transfer step of MO- formation according to the 

Krasil’shcikov path (reaction 4 and 5)56.   

The electrocatalyst combination proving to be the best for OER in this study is clearly the (NiCr)O 

electrocatalysts, with the best electrocatalyst being (NiCr)O-1 (Figure 3-5). (NiCr)O-1 not only 

exhibits the lowest overpotential (405±32 mV) and Tafel slope (80±30 mV.dec-1) before CP, but 

also exhibits the lowest overpotential (426±84 mV) and Tafel slope (58±13 mV.dec-1) after CP. 

These overpotential values fall within the potential range of 400-500 mV which is considered a 

good catalyst59
. The reduction in the Tafel slope value is also an indication of improved kinetics 

and a change in the mechanistic pathway. Furthermore, these values are within a competitive 

range when compared to other similar studies. Yang et al. synthesised a NiCr-2:1 layered double 

hydroxide (LDH) sample, which exhibited an overpotential of 436 mV at a current density of 10 

mA.cm-2 and Tafel slope of 229 mV.dec-1 22. Lui and Wu synthesised Ni-Cr2O4 heterostructures 

exhibiting an overpotential of 270 mV at a current density of 10 mA.cm-2 and a Tafel slope value 

of 30 mV.dec-1 43. Due to the multivalent properties of Cr, strong electron interaction is promoted 

when incorporated with transition metal compounds22,30,43,60. The electron configuration of Cr3+ is 

likely t2g
3eg

0, which promotes favourable charge transfer, electron capture, chemisorption and 

conductivity60-65. Therefore, Cr3+ can effectively enhance the electrocatalytic activity. This study 

suggests that NiO in combination with Cr2O3 and NiCr2O4 can synergistically improve the OER 

activity.  
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Figure 3-4: Polarisation curves for the different Ni-, Zn- and Cr-containing electrocatalysts 

synthesised by route 1 (a and b), route 2 (c and d), before CP (a and c), after CP (b 

and d), and Tafel slopes before CP (e), and after CP (f) 
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Figure 3-5: Overpotential and Tafel slopes of the respective electrocatalyst before (purple) and 

after (green) CP 

EDS analysis after CP revealed that a degree of Cr leaching does occur for the (NiCr)O 

electrocatalysts. (NiCr)O-1 exhibited a 61% decrease in Cr content after CP analysis and (NiCr)O-

2 showed a 27% decrease in Cr content after CP analysis (Table 3-). This implies that during CP 

analysis, leaching of Cr resulted in different but very favourable Ni:Cr ratios, especially for the 

(NiCr)O-1 electrocatalyst. 

Table 3-1: Elemental composition of (NiCr)O prepared by route 1 and route 2, before and 

after CP analysis 

 (NiCr)O-1 
at % 

(NiCr)O-2 
at % 

 Ni Cr Ni Cr 

Before CP 49.43 50.57 50.91 49.09 

After CP 80.49 19.51 63.92 36.08 
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Reviewing literature suggests that investigating Cr as an effective OER electrocatalyst component 

has only gained limited interest in recent years, despite some promising results that have already 

been published22,30,42,60-65. Wen et al. synthesised 2D NiCr-LDH nanosheet arrays containing a 

3D porous microstructure, employing a hydrothermal method30. The Ni2Cr1-LDH electrode 

exhibits desirable OER performance achieving an overpotential of 319 mV at a current density of 

100 mA.cm-2. By applying a constant potential of 1.55 V for 30 hours, the Ni2Cr1-LDH 

electrocatalyst exhibited a slight increase in current density, implying high corrosion stability of 

the electrocatalyst30. A study conducted by Yang et al.22 revealed that the introduction of Cr to 

NiFe and Ni LDH favourably changed the electronic structure of NiFe-3:1 (mole ratio) LDH, with 

the NiFeCr-6:2:1 electrocatalyst exhibiting an overpotential of 280 mV at 10 mA.cm-2 compared 

to NiFe-3:1 LDH, which exhibited an overpotential of 322 mV at 10 mA.cm-2. When considering 

stability, the NiFeCr-6:2:1 sample displayed an initial operating potential of 1.512 V versus RHE, 

which was maintained for 6 hours on a glassy carbon support at a constant current density of 25 

mA.cm-2. Moreover, ICP analysis revealed that no leaching of Cr is observed after CP testing22. 

Dongyu et al.66 revealed that by doping small quantities of Cr to binary Ni-Fe 

oxides/(oxy)hydroxides, an increase in porosity is obtained upon electrochemical testing due to 

leaching of Cr, with Cr almost completely depleted after 24 hours of testing. The overpotential 

achieved for Ni0,6Fe0.3Cr0.1 was 251 mV.cm-2 at 10mA.cm-2, which is lower than Ni0,6Fe0.4O 

exhibiting an overpotential of 272 mV66. The apparent cause of Cr dissolution is not yet 

understood, and further investigation needs to be conducted.  

An electrocatalyst which showed comparable overpotentials to (NiCr)O electrocatalysts is 

(NiZn0.25Cr0.75)O-2, which initially showed good performance exhibiting an overpotential of 438 ± 

12 mV, but could not withstand prolonged testing (Figure 3-6). All the other Zn-containing 

electrocatalysts initially exhibited very high overpotentials (Figure 3-4 and Figure 3-4), and in the 

early onset of the CP analysis (Figure 3-6) severe corrosion and dissolution was evident, as all 

the electrocatalysts containing Zn exhibited a decrease in current density output at high potentials 

and resultantly did not benchmark after 5 hours of CP (Figure 3-4  b and d). 

It was expected to see a degree of Zn leaching, which as a result will lead to a more porous 

structure and potentially enhanced catalytic performance. It has been reported by Santos et al. 

that upon electrochemical testing of a NiZn anode, prepared using electrodeposition, a high 

corrosion effect is exhibited after 840 hours of electrolysis67. A porous crack formation is 

observed, speculated to be due to Zn dissolution; nonetheless, this did not negatively affect the 

electrocatalytic activity of the surface as no significant change in the polarisation curve was 

observed67.  
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Figure 3-6: Chronopotentiometry analysis curves for a) NiO, b) (NiZn)O, c) (NiCr)O, d) 

(NiZn0.75Cr0.25)O, e) (NiZn0.5Cr0.5)O and f) (NiZn0.25Cr0.75)O electrocatalysts 

synthesised by route 1 and route 2 

A study conducted by Liu et al. revealed that the introduction of non-electroactive Zn to Ni3S2 

served as an effective promoter to modulate OER performance18. An increase in durability and 
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reaction kinetics for the electrocatalyst was observed with the electrocatalyst producing an 

overpotential of 330mV (vs RHE) when compared to the absence of Zn in Ni3S2, which produced 

an overpotential of 420mV (vs RHE)18. However, in this study we observed severe dissolution, 

rendering the Zn-containing electrocatalyst as inactive and unstable for OER. Even though the 

incorporation of Zn did not prove to be favourable in this study, it does not eliminate Zn as a 

electrocatalyst component. Evidence from literature suggests that Zn is a viable component to be 

included in electrocatalysts. The selected preparation method and parameters used in this study 

may not have been optimal and other avenues of preparation and pre-treatment (i.e. pre-leaching, 

heat treatment, etc.) are recommended.   

 

Figure 3-7: Elemental mapping (SEM-EDS) of (NiCr)O electrocatalysts with Cr (red), Ni 

(green) and O (white) 

If the focus is now shifted to the microscopic surface morphology, synthesis route 2 generally 

produced electrocatalysts with a smaller crystallite size (Figure 3-3). Correlating the overpotential 

with the crystallite size, it is evident that the electrocatalyst with the smaller crystallite size 

produces the lowest overpotential. In terms of current density at high oxidative potential (~1.8 V 

vs RHE, Figure 3-4), NiO-1 and all the Zn-containing electrocatalysts exhibited low current 

densities in the OER region (~ 10 mA.cm-2), with (NiZn0.25Cr0.75)O-2 being the exception before 

CP (Figure 3-4 c). It can be concluded that current density is reliant on the electrocatalyst 

composition (Figure 3-4), whereas the overpotential is reliant on crystallite size and electrocatalyst 

composition (Figure 3-5). NiO and the (NiCr)O electrocatalysts are good representative examples 
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of this trend. XRD analysis confirmed that both NiO-1 and NiO-2 are made up of the exact same 

phases, with only crystallite size being different. This clearly shows that the smaller crystallite size 

(NiO-2) results in better OER performance. 

 

 

Figure3-8: Average particle size distribution for a) (NiCr)O-1, b) NiO-1, c) (NiCr)O-2 and d) 

NiO-2 by TEM analysis 

(NiCr)O-1 and (NiCr)O-2 produced the highest currents both before and after CP, illustrating the 

favourable synergy between Ni and Cr (irrespective of the size and phases); however, (NiCr)O-1 

produced the smallest crystallite size and hence exhibited the lowest overpotential (Figure 3-5). 

Additional SEM-EDS elemental mapping and TEM analysis of the (NiCr)O and NiO 

electrocatalysts further revealed that (i) both synthesis routes exhibited multi-dispersity with 

irregular-shaped particles (Figure 3-7 and Figure 3-8), and (ii) analysis of the average particle 

size (Figure 3-8) results in a similar trend as compared to crystallite size, i.e. (NiCr)O-1<(NiCr)O-

2 and NiO-1>NiO-2. It is evident that the overpotential is reliant on the intrinsic activity of the 
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electrocatalyst material and that a larger volumetric reactive surface area reduces the electrode 

activation overpotential68. 

Conclusion  

In summary, various (NiZnxCry)O electrocatalysts were synthesised using a citrate sol-gel method 

following two different routes. EDS analysis confirmed that both synthesis routes resulted in 

controlled compositional end products. Upon evaluating XRD it was found that a change in the 

chelating agent concentration resulted in the formation different end products. When comparing 

the crystallites sizes of the electrocatalysts an increase the chelating concentration resulted 

electrocatalysts exhibiting a smaller crystallite size. It was found that the best-performing 

electrocatalysts were (NiCr)O, with (NiCr)O-1 exhibiting the greatest electrocatalytic activity for 

the OER. In terms of stability, the (NiCr)O-1 and (NiCr)O-2 electrocatalysts displayed leaching 

after CP analysis. Nonetheless, the electrocatalysts did retain their electrocatalytic activity after 

CP analysis. Compared to state of the art electrocatalysts which include NiCoO4
69( Potential value 

of 1,52 V vs RHE at 10 mA.cm-2), FeNi@single layer graphene70 (Overpotential value of 280 mV 

at 10 mA.cm-2)  and VOOH71(Overpotential value of 270 mV at 10 mA.cm-2), (NiCr)O-1 is not 

comparable due to larger overpotentials produced and leaching which occurs. In this light, further 

optimisation is required. 

It was observed that crystallite size reduction resulted in improved electrocatalytic activity with 

drastic improvement observed for the (NiZn0.25Cr0.75)O-2 electrocatalyst. The introduction of Zn 

into NiO and (NiCr)O resulted in poor electrocatalytic performance, as all electrocatalysts 

containing Zn exhibited a decrease in electrocatalytic activity before CP analysis. Furthermore, 

all the Zn-containing electrocatalysts exhibited inactivity after CP analysis. 

From the results obtained, it is clear that the incorporation of Zn into NiO and (NiCr)O does not 

result in good synergy towards the OER, which is contrary to what we observe with the 

introduction of Cr into NiO, which resulted in good synergy and consequently an improvement in 

the electrocatalytic activity despite leaching which occurred. A smaller crystallite size produced 

lower overpotentials this is particularly seen when comparing NiO and (NiCr)O electrocatalyst and 

it can thus be concluded that current density was more reliant on the electrocatalyst composition, 

whereas the overpotential was more reliant on crystallite size and electrocatalyst composition. 
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Chapter 3: Supplementary information  

Reference electrode calibration  

Calibration of the Hg/HgO reference electrode was carried out in a standard three-electrode cell 

using a polished Pt insert as the working electrode, Pt wire as a counter electrode and a Hg/HgO 

reference electrode. The electrolytes were pre-purged and saturated with high purity H2 for at 

least 15 minutes. Cyclic voltammetry (CV) was subsequently run at a scan rate of 10 mV.s- 1. The 

thermodynamic potential for the hydrogen electrode reactions is taken as the potential at which 

the current crosses the zero mark. For example, in 0.1 M KOH the voltage at the zero current 

point is -0,850 V and -0.858 V, with the resulting average being 0,854 V, hence E(RHE) = 

E(Hg/HgO) + 0.854 V. 

 

Figure S3-1: Calibration curve of a Hg/HgO reference electrode in H2 saturated 0.1 M KOH 
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Cyclic voltammograms of different electrocatalysts 

 

 



 

66 

      

Figure S3-2: Preconditioned (NiZnxCry)O electrocatalysts 
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CHAPTER 4: PROJECT EVALUATION  

This chapter is intended to provide an overview of key findings, evaluation of the dissertation, 

recommendations, and areas of improvement. 

Reiteration of problem statement, aim and objectives  

Hydrogen as an alternative fuel source for electrical energy production provides an 

environmentally friendly and sustainable means for energy generation1,2. This is apparent when 

compared to the use of fossil fuels (coal, natural gas, etc.), which result in severe environmental 

damage when used for electrical energy production3–5. Alkaline water electrolysers (AWEs) 

combined with renewable energy sources (as the power source) provide a promising and simple 

means of effectively generating high purity hydrogen6,7. A major drawback of AWEs is the poor 

oxygen evolution reaction kinetics exhibited by the oxygen evolution reaction (OER) at the anode, 

which results in cell efficiency loss5,8. In order to improve the reaction kinetics of the OER and 

ultimately the cell efficiency, various electrocatalysts which include spinels, perovskites, metal 

oxides/hydroxides and first-row transition metal-based materials are extensively investigated as 

cost-effective electrocatalysts or electrode materials9–15. Among the electrocatalysts studied to 

date, mixed metal oxides have proven to exhibit great electrocatalytic performance compared to 

their single components16,17. The synergistic effects, electroconductivity and intrinsic activity of 

OER transition metal oxides or (oxy) hydroxides have been linked to the 3d electrons of the 

metals. The surface transition metal ions of these metals exhibit eg orbitals which can influence 

oxygenic intermediate binding and the anion absorbate bond16,17. The electrocatalytic activity of 

these intermediates is said to be dictated by their binding strength16. The best OER 

electrocatalysts are regarded as IrO2 and RuO2 in basic and acidic media18. However, the scarcity 

and high cost of these metals significantly hinders their widespread market penetration. 

Therefore, it is sought after to develop efficient, cost-effective and earth-abundant catalysts which 

do not compromise good activity and durability for the OER.  

Among transition metals, Ni-based catalysts have shown attractive OER activity for alkaline water 

electrolysis and exhibit (i) high corrosion resistance in aqueous alkaline media, and (ii) abundant 

active sites on Ni surfaces12,19. Other promising catalysts can be found in the fourth row of the 

periodic table exhibiting the following catalytic activity trend: Ni > Co > Fe > Mn11. Even though 

numerous studies have been conducted on competitive alternative electrocatalysts, there is still 

not a clear definitive electrocatalyst which has been selected to replace the currently employed 

electrocatalysts. With the ongoing focus of developing attractive electrocatalysts for the OER to 

improve cell efficiency, optimisation of Ni-based electrocatalysts by means of compositional 



 

68 

content modification is an important parameter in attempting to improve electrocatalytic 

performance20–24. Therefore, after evaluating available literature on Ni-based electrocatalysts in 

conjunction with Zn- and Cr-based electrocatalysts used in alkaline media, it was proposed to 

investigate (NiZnxCry)O electrocatalyst combinations for the OER in alkaline media. The 

modification of Ni with Zn and Cr has not received much attention yet, despite the promising 

results obtained when using these metals20–26. In an attempt to improve overall electrolyser 

efficiency by employing an effective electrocatalyst towards the OER, Ni, Cr and Zn are 

investigated as these metals are earth abundant, cost effective, and have unique intrinsic 

properties which may result in favourable synergy when combined. Taking the aforementioned 

into consideration, the aim and objectives of this study were formulated as follows (as stated in 

Chapter 1): 

This study aims to synthesise and physically characterise (NiZnxCry)O electrocatalysts and 

evaluate their electrochemical performance towards the oxygen evolution reaction in alkaline 

media. 

To successfully achieve this aim, the following objectives were set:  

1. Conduct a thorough literature study on Zn-, Cr- and Ni-containing electrocatalysts and 

their performance towards the OER. 

 

2. Employ the citrate sol-gel method following two routes (citric acid: metal ion ratio of 1:2 

(route 1) and 2.5:2 (route 2)) to synthesise different (NiZnxCry)O electrocatalysts (NiO, 

(NiCr)O, (NiZn)O, (NiZn0.75Cr0.25)O, (NiZn0.5Cr0.5)O and (NiZn0.25Cr0.75)O).  

 

3. Prepare a catalyst ink (catalyst: Nafion ratio of 2:1) and load it onto GC electrodes to 

allow for good connectivity of charge conduction paths without inhibiting the diffusion of 

gas. 

 

4. Employ physical characterisation techniques that include energy-dispersive x-ray 

spectroscopy (EDS) analysis, scanning electron microscopy ((SEM)-EDS), x-ray 

diffraction (XRD) analysis and transmission electron microscopy (TEM) to investigate 

the metal composition, metal phases, crystallite size and morphology of each 

electrocatalyst.  

 

5. Electrochemically evaluate the onset potential, current output and stability/durability of 

the different (NiZnxCry)O electrocatalysts by using a standard three-electrode cell setup. 
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6. Validate and compare, where possible, the obtained results with available literature. 

Dissertation Overview    

This study was divided into four succeeding chapters, with Chapter 1 and 2 elucidating the theme 

and focus of the study, and Chapter 3 and 4 illustrating the thought process and approaches used 

to address the problem statement (section 1.1) and objectives (section 1.3 and 4.1). The primary 

focus of this study was (i) the synthesis of Ni-based electrocatalysts with different compositions 

of Zn and Cr ((NiZnxCry)O) using the citrate sol-gel method, (ii) physical characterisation of these 

electrocatalysts by employing EDS, SEM-EDS, XRD and TEM, and (iii) electrochemical 

evaluation of electrocatalysts by employing cyclic voltammetry (CV), linear sweep voltammetry 

(LSV) and chronopotentiometry (CP) towards the OER in alkaline media. 

A citrate sol-gel method was employed to synthesise (NiZnxCry)O electrocatalysts. Since this 

catalytic system ((NiZnxCry)O) is unprecedented and new in literature, a 50:50 compositional ratio 

approach was chosen, with Ni remaining constant for all samples at 50 at% and Zn and Cr making 

up the remaining 50%. The selected compositional range of Zn and Cr content was broad, ranging 

from 0 to 100% with a 25%-step increment (i.e. Zn starts at 100 and oppositely Cr begins at 0; 

the Zn and Cr content then decreases and increases respectively by 25 units until the whole range 

has been covered by each metal). The purpose of using the selected synthesis technique is due 

to the fact that sol-gel processes are good for producing materials, such as metal oxides, started 

from a colloidal solution which acts as the precursor that forms a joined network of discrete 

particles27–29. The sol-gel process also presents numerous advantages that include: (i) ease in 

compositional modification, (ii) excellent precursor solution stoichiometric control, (iii) easy 

introduction of functional groups, (iv) requires relatively low annealing temperature, (v) uses 

simple and inexpensive equipment and (vi) awards coating deposition on large-area substrates27. 

The most commonly used small organic molecule in sol-gel chemistry is citric acid (used in this 

study). Citric acid is considered a weak triprotic acid made of three carboxylic acid groups that 

can dissociate and act as an effective chelating agent30. Moreover, citric acid is easily available 

and cost effective. In standard synthesis, aqueous metal salts (typically nitrates, in this case 

Ni(NO3)2∙6H2O, Zn(NO3)2∙6H2O  and Cr(NO3)2∙9H2O  are mixed with citric acid and the resulting 

solution is heated to produce a viscous gel or solution. In this study, two synthesis routes were 

followed, with route 1 representing a citric acid concentration of 0.4 M and route 2 a concentration 

of 1 M. The two concentration values were selected as it allows for (i) crystallite size control and 

(ii) amorphous citrate formation31,32. Additionally, bases such as ammonia (used in this study) or 

ethylene diamine are usually added to regulate pH and boost cation binding to the citrate33. The 

stability and homogeneity of the metal citrate solution is strongly dependent on the pH. Therefore, 
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tuning the pH is important in systems incorporated with several different metals to improve the 

formation of stable metal citrate species and prevent precipitation of individual hydroxides34,35.  

The conversion of “gels” to a metal oxide is achieved through thermal decomposition in air, with 

the maximum temperature determined by the specific system29. As the metal gels are heated, the 

organic component (citric acid) experiences decomposition at 200 to 400 °C, which is dependent 

on the presence of additives and metal counter ion. The presence of an organic matrix during the 

first stages of synthesis ensures (i) adequate atomic scale mixing of different metals (quaternary 

and ternary), and (ii) that nucleation occurs, which facilitates crystallite phase size reduction by 

creating numerous and evenly dispersed sites29. The reference material in this study was NiO 

and based on this a calcination temperature of 400 °C was selected for all electrocatalysts, as 

studies revealed that within the range of possible calcination temperatures (400 °C, 450 °C, 500 

°C, 550 °C and 600 °C), 400 °C is sufficient to decompose the precursor to the respective oxide36–

38. Another important parameter which was considered in this study was the catalysts ink 

preparation method. The preparation and composition of the catalysts layer (CL) on disk 

electrodes greatly affects the intrinsic properties of the materials39–41.  

The standard preparation technique of the CL includes drying of the uniformly distributed catalyst 

ink layer, which is composed of catalysts particles, ionomer solution and a solvent42. Principally, 

when the ionomer solution is combined with a metal oxide electrocatalyst a change in the reaction 

interface can be expected which affects the reaction efficiency42. Guang et al. conducted a study 

which focused on the impact and interactions of Nafion ionomer with other components in the 

electronic double layer (EDL) by using electrochemical methods42. It was found that Nafion 

ionomer acts as an effective catalyst ink stabilising agent. The Nafion ionomer effectively binds 

and disperses catalyst particles on rotating disk electrodes (RDE) and rotating ring disk electrodes 

(RRDE). In order to form a stable and efficient CL the presence of an optimised Nafion content is 

of importance40,41. Adding too much Nafion leads to a blocking effect on active sites and mass 

transport. However, removing Nafion from the CL results in poor OER activity due to poor 

connectivity and ineffective particle dispersion42. Upon conducting 2-hour stability tests 

(chronoamperometry, CA) and 10 000 cycles of cyclic voltammetry (CV), it was found that 

electrocatalysts with a low Nafion ionomer content (ionomer/electrocatalyst, I/C < 1/8) result in 

significant catalyst deterioration42. A high I/C ratio resulted in a thick ionomer layer and increased 

Nafion clusters, which severely hinders OER electrocatalytic activity and mass transport in 

alkaline media. A 40% reduction in the OER activity is observed when the I/C ratio increases from 

1/24 to 2/142. The ideal I/C ratio for obtaining good OER activity and stability ranged from 1/8 to 

1/2, with the 1/2 ratio presenting (i) a well-defined ionomer network in the CL, (ii) great stability, 
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and (iii) minimal OER performance reduction. Therefore, an electrocatalyst/ionomer ratio of 1/2 

was selected in this study.  

The controllable parameters that have a direct effect on crystallite size, distribution and 

morphology of the synthesised electrocatalysts include pH value, chelating agent concentration 

and calcination temperature36,38,43. The varying parameters for the electrocatalyst in this study 

were (i) the metal ratios of Zn and/or Cr in relation to Ni, and (ii) the chelating agent concentration, 

while keeping the calcination temperature constant at 400 °C. EDS analysis of all electrocatalysts 

synthesised revealed that the final composition of the individual metals correlated very well with 

that which was theoretically planned, i.e. Ni remaining constant for all samples at ~ 50 at% with 

Zn and Cr making up the remaining 50 at%. The (NiZn)O-1 sample was the only exception, with 

the sample exhibiting an offset from the originally aimed for 50:50 at% Ni:Zn ratio. Nonetheless, 

both synthesis routes resulted in controlled compositional end products. XRD analysis was used 

to (i) identify phases present in each sample with the relevant JCP reference files, and (ii) 

calculate the mean nanoparticle diameter for (NiZnxCry)O electrocatalysts from the x-ray peak 

broadening of the most intense reflection peaks using Scherrer’s equation. It was found from XRD 

analysis that changing the chelating agent concentration resulted in the formation of different end-

products. Upon comparing crystallite sizes of the two synthesis routes, route 1 produced crystallite 

sizes in the range of 6.71 to 35.74 nm, with route 2 producing crystallite sizes in the range of 5.68 

to 15.32 nm. This was indicative that an increase in chelating agent concentration produces 

smaller crystallite sizes. 

To evaluate the electrochemical characteristics of the electrocatalysts RDE techniques were 

employed. CV was initially conducted on all electrocatalysts as a preconditioning technique. 

Preconditioning was used to promote improved current density as well as to allow for the 

formation of a more stable electrocatalyst in terms of surfaces species11,44–46. LSV and CP were 

conducted to evaluate the electrocatalyst activity and stability. From the LSV polarisation curves 

the Tafel slope and overpotential were determined. It was found that NiO, (NiCr)O and 

(NiZn0.2Cr0.8)O-2 electrocatalysts exhibited larger current densities and earlier onset of current 

densities. Additionally, the incorporation of Zn into NiO and (NiCr)O resulted in a decrease in 

catalytic current density. By evaluating the Tafel slope of the (NiZnxCry)O electrocatalyst, the rate-

determining step of all electrocatalysts, which presented a benchmarking activity at 10 mA.cm-2, 

fell between the initial discharge of hydroxide ion in the electronic double layer and the second 

electron transfer step of MO- formation according to the Krasil’shcikov path47. The best-performing 

electrocatalysts in terms of activity and stability were proven to be the (NiCr)O electrocatalysts, 

with (NiCr)O-1 and (NiCr)O-2 presenting overpotentials of 405±32 and 512±62 before CP 

analysis and 426±84 and 479±62 after CP analysis, respectively. EDS analysis of the (NiCr)O 
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electrocatalysts after CP analysis revealed that a degree of Cr leaching does occur, with (NiCr)O-

1 exhibiting a 61% decrease in Cr content after CP analysis and (NiCr)O-2 showing a 27% 

decrease in Cr content after CP analysis. This implied that during CP analysis, leaching of Cr 

resulted in different but very favourable Ni:Cr ratios, especially for the (NiCr)O-1 electrocatalyst. 

It was further observed that the introduction of Zn to NiO and (NiCr)O resulted in poor 

electrocatalytic activity as well as severe corrosion and dissolution during CP analysis. Correlating 

the overpotential with the crystallite size and phases, the electrocatalysts with the smaller 

crystallite size produced the lowest overpotential. In terms of current density at high oxidative 

potential (~1.8 V vs RHE), NiO-1 and all the Zn-containing electrocatalysts exhibited low current 

densities in the OER region (~10 mA.cm-2), with (NiZn0.25Cr0.75)O-2 being the exception before CP 

analysis. TEM was used to determine morphology and crystallite size of NiO and (NiCr)O 

electrocatalysts. From TEM analysis it was revealed that both synthesis routes exhibited multi-

dispersity with irregular-shaped particles. It was concluded based on our findings that current 

density is dependent on the electrocatalysts composition, whereas the overpotential was reliant 

on the electrocatalysts composition and particle size. This is clearly depicted by the NiO and 

(NiCrO) electrocatalysts. NiO-1 and NiO-2 were made up of the same phases with the only 

difference being the crystallite size. Nonetheless, NiO-2 exhibited better OER performance 

compared to NiO-1 resultant of its smaller crystallite/particle size. (NiCr)O-1 and (NiCr)O-2 

produced the highest current densities both before and after CP analysis, illustrating the 

favourable synergy between Ni and Cr (irrespective of size and phases), however (NiCr)O-1 

formed the smallest crystallite/particle size and thus exhibited the lowest overpotential.  

In summary, the incorporation of Zn into NiO and (NiCr)O does not result in good synergy towards 

the OER, which is contrary to what we observe for the introduction of Cr into NiO, which resulted 

in good synergy and consequently improved electrocatalytic activity. A smaller crystallite size 

produced lower overpotentials and it can thus be concluded that current density was more reliant 

on the electrocatalyst composition, whereas the overpotential was more reliant on crystallite size 

and electrocatalyst composition.  

 Recommended areas of improvement   

This study did present some areas of improvement and below are some suggestions and 

recommendations for future work.  

Using different calcination temperatures for each catalyst 

Since the calcination temperature has a direct effect on the distribution, size, and morphology of 

particles38,48, it is recommended that TGA analysis be conducted prior to electrochemical testing 
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to identify the different decomposition phases for each catalyst, which will assist in determining 

ideal calcination temperature for complete electrocatalyst conversion36. 

Chelating agent 

To change the hydrolysis equilibrium and allow for (i) porous structure formation, (ii) crystallite 

size control, (iii) compositional modifications, and (iv) precursor stoichiometric control a chelating 

agent is employed34,35. It is suggested that using a different chelating agent i.e. 

ethylenediaminetetraacetic acid, glycine, ethylene glycol and acetylacetone could allow for 

improved product formation.    

Synthesis method 

The synthesis method employed has a direct effect on the catalytic activity and stability of an 

electrocatalyst49,50. As observed in this study, the incorporation of Zn into NiO and (NiCr)O does 

not result in good synergy towards the OER. Nonetheless, this does not eliminate Zn as a catalyst 

component. It is recommended that a different synthesis method be applied which can include 

electrodeposition, hydrothermal method, solvothermal method or physical vapour deposition, as 

this can allow for better end-product electrocatalyst formation. In addition, it is characteristic for 

Zn to dissolute when in alkaline media12. It is further recommended that a pre-leaching treatment 

method be applied to assist in stable product formation. 

Alternative support binder 

Generally, Nafion is used as a binder for electrocatalyst supporting structures and does produce 

good connectivity of charge conduction paths without inhibiting the diffusion of gas42,51,52. 

However, it is not favoured in alkaline media due to proton (H+) transport facilitation to and from 

the catalyst sites53. Therefore, a more favourable anion binder (for example Sustainion®, Fumion 

FAA-3 etc.) may be more beneficial for alkaline OER studies.  

Supporting structures (Glassy carbon and Ni)   

In addition to the electrocatalyst composition, morphology and surface area, the supporting 

structure is also an important parameter to take into account when developing alternative 

electrocatalysts as it has a direct effect on activity, stability and stabilisation of metallic 

particles12,54. Glassy carbon electrodes are considered competitive electrocatalyst supports due 

to their high conductivity and low cost54. However, this material does tend to degrade due to 

electrochemical oxidation at anodic potentials54. Therefore, it is suggested to use an alternative 

supporting structure such as Ni due to its (i) high corrosion resistance in aqueous alkaline media, 

and (ii) present abundant active sites on Ni surfaces12,22–24. 
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Role of Fe 

Available literature studies on Ni as an anode electrocatalyst for the OER in an alkaline 

environment has revealed that Fe impurities in/on electrocatalysts can potentially lead to 

improved OER performance55,56. Even though no Fe was detected by XRD analysis, it does not 

eliminate the presence of Fe during electrochemical testing, as the KOH used in this study was 

86.90% pure with 0.31mg/kg Fe presence. Therefore, it is suggested that high purity KOH is used 

for electrolyte preparation.  

X-ray photoelectron spectroscopy  

To gain further insight pertaining to the surface chemistry of an electrocatalyst, it is recommended 

to employ x-ray photoelectron spectroscopy (XPS) as this will allow for the analysis of elemental 

composition, chemical states, and the electronic states of metals within an electrocatalyst.  

General area of improvements 

• In this study, the electrochemical characterisation working temperature was kept at 25 °C. 

The working temperature of AWEs ranges between 20 and 80 °C, which does influence 

the durability and activity of the electrocatalysts. Therefore, it is recommended to evaluate 

the best-performing electrocatalyst(s) at different temperature ranges.  

• The electrochemical surface area (ECSA) can be deduced by employing impedance 

spectroscopy to determine the double-layer capacitance. This is a parameter that should 

be included in further studies as it adds to comparisons in terms of current per active 

transition metal content area of different electrocatalysts. Moreover, an improved 

understanding of the activity of an electrocatalyst can be gained in terms of metal 

composition and structure. 
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