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ABSTRACT

In order to meet the growing need for ample sustainable energy supply for the future
generations, it is envisioned that the world energy economy should be less dependent on the
environmentally-unfriendly fossil fuel energy. Hydrogen, as an energy carrier, has gained
enormous interest. However, the commercialisation of a sustainable futuristic hydrogen economy
achievable via water electrolysis is largely setback by the slow kinetics of the anodic oxygen
evolution reaction (OER) in the water-splitting process. Therefore, the intrinsic nature of the anode
material is a key determinant in the potential viability of the hydrogen economy. Also,
electrochemical anode materials of relatively larger oxygen evolution overpotential may serve as
efficient electrode materials in the electrocatalytic degradation of organic pollutants in wastewater

treatment technologies.

This Ph.D. project presents a comprehensive systemic study on the development of novel,
low-cost nickel-cobalt-based oxide anodes that could be utilized both in the production of
hydrogen and as energy-efficient electrodes for the anodic oxidation of recalcitrant organic
contaminants in wastewater systems. Hence, the main focus of this PhD thesis was to fabricate and
characterize low-cost, durable Ni-Co-oxide electrocatalysts that are capable of achieving (i) high
electroactive performance towards the OER, and (ii) highly effective and energy-efficient

electrochemical oxidation of organic pollutants in wastewater treatment schemes.

Surface characterization techniques were employed to study the surface behavior and
nature of the fabricated Ni-Co-oxide based anode materials. Scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDX) were deployed to investigate the surface
structural morphologies and chemical compositions of the oxide films. X-ray diffraction (XRD)
was utilized to determine the different oxide phases as well as the crystallinity and porosity of the
coating surfaces. Further, X-ray photoelectron spectroscopy (XPS) was employed to determine the
atomic composition of the topmost layer of the oxide films and to substantiate the various oxide
phases in the anode material. Also, electrochemical testing procedures such as linear sweep
voltammetry (LSV), chronopotentiometry, cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS) were utilized to characterize the extrinsic and intrinsic electrocatalytic OER
activity and long-term durability of the synthesized oxides. Lastly, UV/Vis spectrophotometry was

employed to monitor the destruction of a model organic pollutant over time.



First, the results on the influence of Ni-Co-oxide composition on its electrocatalytic activity
in the oxygen evolution reaction during electrolysis in adverse acidic conditions were presented.
The surface roughness of the oxide film was found to be composition dependent and comprised
crystalline NiO, Co304 and CoO. The OER electrocatalytic activity of the oxide surfaces was
found to be greatly dependent on their Ni-to-Co ratio. The electrochemical characterization of
these surfaces revealed that Nio4Cooe-0xide exhibited the highest intrinsic activity. The OER
activity of this oxide was inferior to the state-of-the art IrO2 anode; however, it demonstrated the
potential to serve as a building block to develop better active, long-term stable anodes.

As a result, studies on the improvement of the OER activity of the composition-optimized
Nio.4Coo.6-0xide in the oxygen evolution reaction were conducted in acidic and alkaline media. It
was shown that the incorporation of small amounts (up t0.10 at.%) of Ir into the Nio.4Coos-0xide
matrix resulted in the substantial improvement of the intrinsic electrocatalytic activity of the anode.
The enhancement in the OER activity was attributed to the modulation of the electronic structure
of the catalyst and to the reduction in its band gap energy relative to Nio.4Coos-0xide and pure Ir-
oxide. The fabricated novel (Nio.4C0o.6)0.0lr0.10-0Xide anode was found to be stable and more active
than the current state-of-the-art Ir-oxide OER anode in the acidic electrolyser, while also offering
a significantly higher electrocatalytic activity than current nickel anodes employed in alkaline

electrolyser.

Furthermore, the influence of fabrication temperature on the electrocatalytic properties of
Ni-Co-Ir-oxide and Ni-Co-Ru-oxide in the oxygen evolution reaction was studied in the alkaline
medium. It was found that the intrinsic OER electrocatalytic activity of the oxides depended on
the material’s calcination temperature, reaching a maximum at 300°C. The enhancement in OER
electroactivity was attributed to the intrinsic synergistic interaction among the oxides’
electroactive species, primarily due to the modification of their electronic structures and in part
due to the increase in their hydroxide content and oxygen vacancies. The specific OER
performance of both oxides was found to be either close to, or better than the state-of-the-art Ir-

oxide and Ru-oxide anodes, despite having only one-tenth of the content of the noble metals.

Finally, Nio.sCo0o.4-0xide, which was discovered to have the largest OER overpotential (i.e.

lowest intrinsic OER activity) of all the tested Ni-Co-oxide compositions, was utilized as an



electrochemical anode in the degradation of a common organic wastewater pollutant, methylene
blue (MB) dye. The NiosCo0o.4-0xide proved to be an effective anode material for the complete
oxidation of the organic pollutant. It was found that the rate of the degradation (oxidation) process
was significantly improved in the presence of chloride ions in the electrolyte, which was attributed
to the in situ electrochemical formation of active chlorine species. The anode material was found

to be electrochemically stable over a 50-hour period of MB degradation.



RESUME

Afin de répondre au besoin croissant d'un approvisionnement suffisant en énergie durable
pour les générations futures, il est envisagé que 1’économie mondiale de 1’énergie soit moins
dépendante de I’énergie fossile peu respectueuse de 1’environnement. L hydrogene, en tant que
vecteur d’énergie, a suscité un vif intérét. Cependant, la commercialisation d’une économie
futuriste durable de I’hydrogéne réalisable par électrolyse de I’eau est largement contrecarrée par
la cinétique lente de la réaction d’évolution de 1’oxygene anodique (OER) dans le processus de
craquage de l'eau. Par conséquent, la nature intrinséque du matériau d’anode est un déterminant
clé¢ de la viabilité potentielle de 1’économie de I’hydrogene. De plus, les matériaux d'anode
¢lectrochimique d'un surpotentiel d’évolution de I’oxygene relativement plus grand peuvent servir
de matériaux électrodes efficaces dans la dégradation électrocatalytique des polluants organiques

dans les technologies de traitement des eaux usées.

Ce projet de doctorat présente une étude compréhensive sur le développement de nouvelles
anodes d'oxyde a base de nickel-cobalt peu colteuses qui pourraient étre utilisées a la fois dans la
production d'hydrogéne et comme électrodes écoénergétiques pour I'oxydation anodique de
contaminants organiques récalcitrants dans les systémes d'eaux usées. Par conséquent, I’objectif
principal de cette these était de fabriquer et de caractériser des électrocatalyseurs au Ni-Co-oxyde
durables et peu coliteux qui sont capables d’atteindre (i) des performances électroactives élevées
vers I'OER, et (ii) une oxydation électrochimique hautement efficace et éconergétique des

polluants organiques dans les systémes de traitement des eaux usées.

Des techniques de caractérisation de surface ont été utilisées pour étudier le comportement
de surface et la nature des matériaux d'anode fabriqués a base de Ni-Co-oxyde. La microscopie
électronique a balayage (MEB) et la spectroscopie de rayons X a dispersion d'énergie (EDS) ont
été deployées pour étudier les morphologies structurales de surface et les compositions chimiques
des films d'oxyde. La diffraction de rayons X (XRD) a été utilisée pour déterminer les différentes
phases d’oxyde ainsi que la cristallinité et la porosité des surfaces de revétement. De plus, la
spectroscopie de photoélectrons (XPS) a été utilisée pour déterminer la composition atomique de
la couche la plus haute des films d’oxyde et pour corroborer les différentes phases d’oxyde dans
le matériau d’anode. En outre, les procédures d’essais €électrochimiques tels que la polarisation

linéaire de Tafel (LTP), la chronopotentiométrie, la voltamétrie cyclique (CV), et la spectroscopie
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d’impédance ¢€lectrochimique (EIS) ont été utilisées pour caractériser Il'activité OER
électrocatalytique extrinséque et intrinséque et la durabilité a long terme des oxydes synthétisés.
Enfin, la spectrophotométrie UV / Vis a été utilisée pour suivre la destruction d'un polluant
organique modéle au fil du temps.

D'abord, les résultats sur l'influence de la composition du Ni-Co-oxyde sur son activité
électrocatalytique dans la réaction de dégagement d'oxygéne pendant I'électrolyse dans des
conditions acides défavorables ont été présentés. On a trouvé que la rugosité de surface du film
d'oxyde dépendait de la composition et comprenait des phases cristallines de NiO, Coz04 et CoO.
L'activité électrocatalytique OER des surfaces d’oxyde s’est avérée fortement dépendante de leur
rapport Ni / Co. La caracteérisation électrochimique de ces surfaces a révélé que le Nio4Coos-0xyde
présentait la plus forte activité intrinséque. L’activit¢ OER de cet oxyde était inférieure a I’anode
IrO- de pointe; cependant, elle a démontré le potentiel de servir de base pour développer des anodes

plus actives et stables a long terme.

En conséquence, des études sur I’amélioration de 1’activit¢ OER de la composition
optimisée Nio4Coos-oxyde dans la réaction d’évolution de I’oxygéne ont été menées dans des
milieux acides et alcalins. On a été montré que 1’incorporation de petites quantités d’iridium
(jusqu’a 0,10 %) dans la matrice de Nio4Coo6-0Xxyde a entrainé une amélioration substantielle de
’activité électrocatalytique intrinséque de I’anode. L amélioration de I’activité OER a été attribuée
a la modulation de la structure électronique du catalyseur et a la réduction de sa bande d'énergie
interdite par rapport a Nio.4Coo6-0xyde et IrO,. La nouvelle anode fabriquée « (Nio.4Co0o.6)o.9lr0.10-
oxyde » s'est avérée stable et plus active que I’anode OER Ir-oxyde de pointe actuelle dans
I'électrolyseur acide, tout en offrant une activité électrocatalytique plus élevée que les anodes de

nickel actuelles utilisées dans I'électrolyseur alcalin.

En outre, I’influence de la température de fabrication sur les propriétés €lectrocatalytiques
de Ni-Co-Ir-oxyde et Ni-Co-Ru-oxyde dans la réaction d’évolution de I’oxygene a été étudiée dans
le milieu alcalin. On a découvert que 1’activité électrocatalytique intrinséque des OER des oxydes
dépendait de la température de calcination du matériau, atteignant un maximum a 300°C.
L’amélioration de I’¢lectroactivité OER a été attribuée a I’interaction synergique intrins€que entre

les especes électroactives des oxydes, principalement en raison de la modification de leurs



structures électroniques et en partie en raison de 1’augmentation de leur teneur en hydroxyde et
des lacunes d'oxygene. La performance OER spécifique des deux oxydes s’est avérée proche ou
supérieure a celle des anodes IrO- et RuO- de pointe, méme si elles ne contenaient qu’un dixiéme

des métaux nobles.

Enfin, le NigsCoo4-oxyde, dont on a découvert qu’il avait la plus grande surpotentielle de
OER (ou la plus faible activité intrinseque de OER) de toutes les compositions de Ni-Co-oxyde
testées, a été utilisé comme anode électrochimique dans la dégradation d’un polluant organique
commun des eaux usées, le bleu de méthylene (MB). Le NiosCoo4-0xyde s'est avéré étre un
matériau d'anode efficace pour I'oxydation compléte du polluant organique. On a été constaté que
le taux de dégradation (oxydation) du procédé a été significativement amélioré en présence d’ions
chlorure dans 1’¢lectrolyte, ce qui a été attribué a la formation électrochimique in situ d’espéces
de chlore actif. Le matériau d'anode s'est avéré étre électrochimiquement durable sur une période
de 50 heures de dégradation du MB.
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Chapter 1 Introduction
1.1 Preface

Alternative renewable energy research is currently at the forefront of futuristic energy
solution drive to address the World's overreliance on fossil fuel sources that are not only limited
in supply but are inimical to the environment. Researchers are assiduously working to find long-
lasting answers to effectively address the issue of overdependence on hydrocarbon energy.
However, the World, as we know it today, cannot function effectively without fossil fuel energy
supply. This is because sustainable alternative energy sources are scarcely available. For example,
most motorists are heavily dependent on gasoline-powered vehicles to get by their daily lives.
Also, it is common knowledge that exhaust fumes from vehicular transports and industrial
processes are the major sources of greenhouse gases like CO> that are continuously released into

our atmospheric environment.

The real-time data from NASA's Goddard Institute for Space Studies (GISS) [1] showed
that at the end of 2019, the observed CO, emission level has risen by ca. 33% since 1950.
Consequently, the global surface temperature relative to the 1951 — 1980 average temperatures has
increased by ca. 1°C. Moreover, this increasing level of atmospheric CO2 is known to be mainly
responsible for the prevalent global rise in sea level. As a result, in the past 70 years, the global
sea level has risen by ca.140 mm primarily due to CO2 emission as reported by NASA/GISS data
[1]. Therefore, given the environmental risks such as climate change, a key global energy challenge
initiative is to develop environmentally-clean and sufficiently available energy — i.e., CO>
emission-free. Interestingly, electrolytic hydrogen production as an alternative source of energy
generation is touted as the solution to meeting the above stated Mondial energy needs, especially

for future vehicular fuel requirement.

Hydrogen is considered as a future clean energy carrier suitable for transition from the
current hydrocarbon economy [2]. This is because it is a recyclable substance with practically
unlimited supply and possesses criteria that make it the best alternative energy source [3-6].
Recently, there has been a vast interest in hydrogen production technology. Hydrogen can be
produced by hydrocarbon reforming, ammonia cracking, or electrolysis of water. In the electrolytic

process, water (H20) is split directly into hydrogen (H2) and oxygen (O2) by means of electricity



[7, 8]. However, water electrolysis as a means of producing hydrogen is not yet cost-competitive
in comparison to commercial natural gas reforming or industrial ammonia decomposition and
separation processes, since it requires a substantial initial investment and has high operational cost
due to high energy consumption. As a result, only 4% of the World hydrogen production is
obtained through water electrolysis [9]. Nevertheless, water electrolysis is considered the cleanest
way to produce large volumes of hydrogen when the required electricity is derived from renewable
energy sources [8]. In addition, surplus of electrical energy could conveniently be stored in the
form of hydrogen.

In practice, the efficiency of water electrolysis is mostly limited by large anodic
overpotential of the oxygen evolution reaction (OER) [10]. Thus, it is important to find the optimal
oxygen-evolving electrocatalyst (anode) to minimize the resulting energy losses. Over the past
fifty years, considerable research effort has been devoted to the design, synthesis, and
characterization of anode materials, to achieve useful OER rate at the lowest possible

overpotential, to optimize the overall efficiency of the electrolytic process [11].

An adequate OER electrocatalyst is one that is characterized by low overpotential, large
active surface area, physical and electrochemical stability (including corrosion stability),
selectivity, low cost, ease of use, and good electrical conductivity [12]. As such, the state-of-the-
art anode materials are oxides of the noble transition metals such as iridium, ruthenium, and
platinum. These metals exhibit good corrosion resistance in certain aggressive environments and
show high catalytic activity towards OER through their ability to generate high current per unit
area of external surface [13-16]. However, they are not economically viable on a commercial scale
since they are both expensive and geographically limited in supply. To counter this economic
challenge imposed due to the scarcity of these precious metals, a lot of research is currently
ongoing in the development of low-cost, readily available electrocatalysts with good
electrochemical activity and stability towards the OER. Hence, this Ph.D. thesis focuses on the
development of inexpensive, stable anode materials for the efficient evolution of oxygen without

the need to sacrifice electrocatalytic performance.

Previous researches have shown nickel to be a low-cost non-noble transition metal OER
catalyst with high intrinsic electrocatalytic activity and long-term stability, especially in alkaline

medium [17-19]. This relatively inexpensive metal, when alloyed with other transition metals like



iron, manganese, or cobalt exhibited even higher electrocatalytic activity towards OER as a result
of modified d-shell electronic configuration [17, 20]. In addition, nickel alloys can manifest
surface morphological alterations leading to increased electroactive surface area and advantageous
surface roughness. However, pure Ni and its alloys lack long-term stability and activity required
to serve as excellent electrocatalysts in an acidic environment. For example, they are not suitable
for use in polymer electrolyte membrane (PEM) electrolysers as a result of their poor corrosion
resistance at low pH. On the contrary, their oxides have been reported to exhibit better stability

[21, 22] while offering sufficient performance.

Research works on metal oxide electrodes, particularly those of transition metals, have
shown good performance in the oxygen evolution reaction [11, 17, 23]. These oxide electrodes
have also attracted attention in other relevant electrocatalytic reactions such as cathodic hydrogen
evolution [20, 24, 25], and oxygen reduction [22, 26, 27]. However, the reported research on
oxygen evolution at stable metal oxide anodes is limited. Hence, more effort needs to be devoted
to develop more stable anodes. Indeed, stability is the main reason for industrial success of
dimensionally stable anodes (DSA), that are formed by coating a metal oxide on a (usually)
titanium substrate that are utilized for water oxidation. Their stability success story is attributed to
three main factors, namely: the formation of surface products, mechanical strength, and electronic
conductivity [22]. DSAs are said to have infinite life (ideally) within a certain electrode potential
limit. Therefore, the achievements in the development of DSAs show that by synergistically
mixing metal oxides, stability can be maximized by lifting the limit of surface oxidation potential
[22, 28].

Taking a cue from the above-given information on metal oxides, the primary goal of this
Ph.D. project was to develop and study novel low-cost NiCo-based mixed metal oxide (MMO)
materials via a systematic approach to investigate the influence of compositional Ni/Co ratio and
the significant impact of calcination temperature on the thermally-prepared oxide materials. The
optimized MMO should offer high OER electrocatalytic activity and excellent electrochemical and
structural stability, within operable surface oxidation potential, for industrial applicability in both
acidic and alkaline environments.

Moreover, mixed metal oxides that are not good for OER potentially have the added

advantage of serving as low-cost anodes in the oxidative treatment of wastewater. Therefore, an



additional objective of this Ph.D. thesis was to investigate the applicability of synthesized Ni/Co-
oxide anodes that performed poorly in the OER as potentially good anodes for the degradation of
recalcitrant organic contaminants in wastewater treatment applications. Hence, the anodic

oxidation of methylene blue on NiCo-oxide surface was studied.

1.2 Objectives

There is an overwhelming urgent need to develop more sustainable sources of fuel to meet
global growing energy demands. And as such, there has been increased research in renewable
alternative energy sources in which hydrogen (as an energy vector) production is strongly and
largely considered. The primary objective of this Ph.D. thesis project was to develop NiCo-oxide-
based MMO anodes aimed at enhancing the efficiency of the electrolytic production of hydrogen,
achieved through significant improvement of the electrocatalytic activity of the OER and long-
term stability performance of the developed OER anodes. The metal components of the base anode
materials (Ni and Co) were selected due to their low-cost, availability, ease of use, and favourable
research results on the pure components, while the addition of small amounts of Ir and Ru to NiCo-
oxide to form three-metal-oxide MMOs was based on the premise of exceptional OER catalytic
activity of Ir and Ru, and the hypothesis that these new MMOs would offer higher electrocatalytic
activity than pure state-of-the-art Ir-oxide and Ru-oxide. The main goal of the project was
accomplished through the following specific objectives:

e Optimization of a facile method of fabricating thermally-prepared MMO on a flat titanium
substrate for easy electrochemical testing.

e Investigation of various physicochemical properties (chemical composition, wettability,
surface morphology, crystalline structure) of the MMO coatings and their electronic and
morphological properties on the resulting electrochemical properties as it relates to their OER
electrocatalytic activity.

e Evaluation of the electrochemical stability of the MMO anodes in the OER.

Furthermore, the additional objective of the Ph.D. thesis involved the fabrication of
electrochemically-active MMO anode for the treatment of a wastewater system. This was achieved

through the following specific objectives:



e Evaluation of the least-effective (poorly-performing) OER NiCo-oxide electrocatalyst
composition as a possible anode for the electrochemical treatment (destruction) of
methylene blue dye in an aqueous environment.

e Improvement of the electrochemical degradation process kinetics by formation of chlorine

active species as additional oxidants.

1.3 Thesis organization

This thesis is prepared in a manuscript-based style in accordance with the guidelines and
regulations stipulated by the McGill University Graduate and Postdoctoral Studies (GPS) so as to
fulfill the requirements for a doctorate degree. Each of the eight chapters are written coherently so
the reader can follow the aim of the research work, the development of the objectives, reported
results, corresponding discussions and the achieved outcome of the research.

Chapter 1 contains the introductory part of the thesis. It outlines the consequences of
overdependence on fossil fuel as the primary source of energy and the importance of developing
an alternative renewable energy vector, hydrogen. The objectives of this thesis are also presented
in this chapter to elucidate the relevance and contribution of the novel MMO anodes towards the
actualization of a futuristic hydrogen economy and the possible application of these anodes in the
wastewater treatment technologies. In chapter 2, the theoretical background and relative concepts
in electrochemistry that are utilized for the development of these new anode materials for the
advancement of the future energy carrier and their use in wastewater application are explained.

The next four chapters are written in a manuscript-based format as scientific papers either
published, or currently going through a review process, or prepared for submission to peer-
reviewed journals to address the objectives of this Ph.D. research. The systematic development of
NiCo-oxide anodes and the influence of its Ni/Co ratio on the OER electrocatalytic activity in a
harsh acidic environment are discussed in chapter 3. Chapter 4 presents the significant
improvement in the intrinsic OER electrocatalytic activity and stability of NiCo-oxide anodes by
adding a small amount of Ir. The resulting Ni-Co-Ir could effectively replace the current state-of-
the-art 1rO, electrode. In Chapter 5, the effect of calcination temperature on the OER
electrocatalytic activity of the thermally-formed Ni-Co-Ir/Ru-oxides in an alkaline condition is
studied. Chapter 6 addresses the use of high OER overpotential Ni-Co-oxide anode in the

electrochemical oxidative removal of methylene blue towards wastewater purification.



Chapter 7 sums up the thesis in such a way to delineate the key conclusions of the study.
Finally, Chapter 8 highlights the original fundamental scientific contributions of the thesis and

recommends future research work that could be done.



Chapter 2 Background and Literature Review

This section presents background information and essential scientific concepts associated
with the development of efficient oxygen evolution reaction electrocatalyst. Also, the current state-
of-the-art research on OER anodes for hydrogen production technology and its use in wastewater

treatment applications are discussed.
2.1 Hydrogen economy

The hydrogen economy entails the utilization of hydrogen as a low carbon energy fuel for
heating, transportation fuel, and energy storage. The rationale behind the development of this
concept is to limit the usage of fossil fuels and minimize global warming since hydrogen is seen
as a potential alternative fuel source (vector). It can be combusted to produce heat or reacted with
oxygen in a fuel cell to generate electricity with clean water as the only by-product. Another
equally important factor is the fact that hydrogen is the simplest and lightest earth-abundant non-
toxic molecule known [29, 30]. Also, H: has the highest specific energy content (142 kJ/g) when
compared to other energy vectors and fuels other than nuclear energy. These properties indeed
make hydrogen a promising alternative secondary source of energy. It must be noted that hydrogen
is not a primary energy source, but an energy carrier (vector) because it is not found in naturally-
occurring reservoirs. Thus, it has to be extracted from other molecules like water, ammonia and

most often hydrocarbons.

For the world economy to utilize hydrogen as the major energy carrier, the volume of
hydrogen produced has to be enormously increased. The current production of hydrogen is not
enough compared to what is required to create a hydrogen economy, which is an energy system
whereby hydrogen is used to deliver energy (see Figure 2.1).
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Figure 2.1: Schematic representation of the hydrogen economy (Angstrom Advance Inc.)

In 1977, the Hydrogen Implementing Agreement (HIA) was established to harness this
system [31], and for over four decades now, the World's attention has been focused on developing
ways of producing this promising green fuel. Countries and companies alike have already made
huge capital investments on the futuristic hydrogen economy. For instance, Honda and Toyota
have started selling hydrogen-fuel-cell-powered vehicles, and there are increasing numbers of
hydrogen-refueling stations being built in Europe, Japan and the USA. Furthermore, portable
hydrogen-fuel-cell-powered battery chargers for small-scale consumer appliances, such as laptop
computers and cellular phones, are already in the market. Nevertheless, there is still a long way to
go before the broad-scale commercialization of the hydrogen technology. Notwithstanding, the
global initiatives and commitments from car manufacturers, for example, are significant as the

World makes in-road towards an economy driven by hydrogen energy.

The major demerit of the future hydrogen-based energy system is in the high cost of
producing hydrogen. However, when the life cycle assessment of the environmental impact of the
present-day hydrocarbon system is made, it can be seen that hydrogen becomes a viable alternative
as an environmentally-friendly energy source[32]. Therefore, reducing costs while paying close
attention to environmental and safety concerns is the most pressing task currently addressed by
research and development programs on hydrogen energy. One of the key findings today shows
that the technology faces a difficult challenge in terms of improving the energy efficiency of the

employed hydrogen production method. This is because the current method of generating



hydrogen of which ca. 96% [9] are sourced from fossil fuels, is not close to a 90 % efficiency [33,
34].

2.1.1 Hydrogen Production Technology

The methods of producing hydrogen are well-known. Although hydrogen is majorly
generated by steam reforming of natural gas (methane), there are three other main hydrogen
production methods, namely: partial oxidation of hydrocarbons, coal gasification and water
electrolysis [30, 33, 35]. These industrial methods will be briefly explained in the following

sections.

2.1.1.1 Steam Reforming of Natural Gas

This process involves the heating of natural gas in the temperature range of 700 — 1100°C
in the presence of steam and a nickel catalyst resulting in an exothermic reaction that breaks up
the gas (methane) molecules into carbon monoxide and hydrogen. The produced CO is typically
passed over an oxide layer catalyst (at about 300 — 400°C), thereby undergoing an endothermic
water gas shift reaction in which more hydrogen is generated. The overall process is ca. 80%

efficient [33, 34]. The typical simplified reactions are given below:
CHs+HO0 <« CO+3H; 2.1
CO+H,O <« CO2+H:> 2.2

Although hydrogen produced from natural gas is currently the cheapest, the problem with
the steam reforming process is that its main by-product is CO2, a greenhouse gas. From equations
(2.1) and (2.2), it implies that 5.5 kg of stoichiometric COz is emitted per kg of hydrogen produced,
which has a deleterious effect on our environment and the climate including, global warming. In

addition, this process is not sustainable over a long term as CH4 deposits are limited.

2.1.1.2 Partial Oxidation of Hydrocarbons

Here, a fuel-air or fuel-oxygen mixture is burnt in a partial oxidation reactor leading to the
formation of hydrogen-rich syngas. The process could be either a thermal partial oxidation or

catalytic partial oxidation as given in the general equation (2.3).

CiHp+1/2,02, > aCO+b/loH2 2.3



In the catalytic oxidation, the presence of CO is even more undesirable since CO can easily
poison the catalyst. Although CO can be removed by the water shift reaction as in the steam
reforming method, the CO> by-product is inimical to the environment. Another disadvantage of
the partial oxidation method is that it involves a higher investment cost with accompanying overall

process efficiency [35].

2.1.1.3 Gasification of Coal

Hydrogen is produced by coal gasification when steam and a requisite amount of gases are
utilized to break molecular bonds in coal, thereby forming gaseous mixture of hydrogen and carbon
monoxide. Producing hydrogen via coal gasification is quite advantageous because the gaseous
by-products from the gasification process can serve as fuel to generate electricity [34]. Hence,
gasification is an attractive option for the production of hydrogen. On the other hand, coal
gasification leads to the emission of a large amount of CO; that is environmentally unfriendly.
Furthermore, the yield of this hydrogen production method is relatively low, and the coal deposits

are limited, making this process also unsustainable over a longer period.

2.1.1.4 Electrolysis of Water

In water electrolysis, direct current is used to split water into component oxygen and
hydrogen gases. Interestingly, the produced high-purity hydrogen could be both sustainable and
environmentally friendly when renewable energy sources like solar/hydro/wind are employed as
the primary energy source in the water-splitting process. In view of this, water electrolysis is
considered the most environmentally viable option for the production of hydrogen. However, this
process lacks a competitive advantage over the other main methods of hydrogen production
outlined above because of its high-cost with regards to both the input energy demands and the
current electrode materials utilized. Consequently, there are a good number of research and

development programs driven towards making the process more cost-competitive.

This Ph.D. thesis primarily presents results on the studies of the water splitting, more
specifically on the oxygen evolution reaction (OER) electrocatalysis in alkaline and acidic media,
with the aim of contributing to the actualization of commercial-scale production of hydrogen by

water electrolysis.
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2.1.2 Hydrogen Storage

For the realization of the hydrogen economy, it is relevant to consider ways of storing the
produced hydrogen for easy access and utilization in the future. Consequently, several methods of
hydrogen storage have been researched, raging from high-pressure storage tanks to conversion of
hydrogen to hydrides that regenerates H> when needed. It should be noted that high-pressure-stored
hydrogen is a convenient source of fuel required for transportation. Also, stored hydrogen can be
used as a grid energy power bank for intermittent energy sources such as wind and solar power to
compensate for extended period of fluctuations in these renewable energy sources in times of
seasonal variations. Furthermore, small amounts of hydrogen can be stored in pressurized vessels
at 100 ~ 300 bar or liquefied at 20.3K (-253°C) for easy transportation and retail consumption
[36].

On the other hand, large amounts of hydrogen can be stored in artificial underground salt
caverns of up to 500,000 m? at 200 bar, corresponding to a storage capacity of 100 GWh electricity
[37]. One might wonder why such a huge storage volume is required to generate similar energy
output in comparison to smaller volumes requirements of its hydrocarbon counterparts? The reason
lies in the fact that though molecular hydrogen has very high energy density, however as a gas at
ambient conditions, it has a very low energy density by volume. As a result, pure hydrogen gas
has to be stored in an energy-dense form to provide sufficient driving range when used as onboard
vehicle fuel, for example.

Subsequently, there is intense research into other less voluminous storage options such as
chemical hydride or other hydrogen-containing compounds like ammonia. Hydrogen can react
with specific materials to yield hydrogen storage materials for easy transportation and then
decompose at the point of use under favorable temperature and pressure conditions to regenerate
hydrogen gas. Metal hydrides have proven to be an attractive alternative for hydrogen storage
systems because of their beneficial properties, such as high volumetric and gravimetric density.
Nonetheless, more research is needed in order to meet the United States Department of Energy’s
requirements for storage capacity, Kinetics, cost, and release temperature [36, 38]. Another
approach involves the employment of lighter low-cost materials (relative to hydrides) such as
activated carbon or nano-based carbon materials. Carbon-based materials can adsorb molecular

hydrogen by way of electrochemical storage [39, 40] that can offer good reversibility, fast kinetics,
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and high capacities [41]. The latter method is expected to advance research into hydrogen storage
focused on storing hydrogen as a lightweight, compact energy carrier, especially for mobile

applications.

2.1.3 Hydrogen Conversion to Energy

The development of affordable material systems for the efficient conversion of hydrogen
energy to electrical/heat energy is equally essential for the implementation of the low-carbon
economy. Hydrogen can be re-electrified in the fuel cells with moderate efficiencies, or by
combustion in combined cycle gas power plants [37]. The hydrogen fuel cells (HFCs) are expected
to play a pivotal role in the futuristic hydrogen economy, and they are already primarily being used
as backup power for commercial and residential buildings and in areas of remote access.
Coincidentally, the emergence of proton exchange membrane HFCs (the most researched fuel cell)
has led to the development of a variety of hydrogen energy applications ranging from small
portable electronic devices to cars and to medium-sized stationary power generators [42].

Although hydrogen fuel cells are electrochemical devices with superior theoretical
combined efficiency over the heat engine (83% in comparison to 35 — 45% for internal combustion
engines (ICE) [43]), according to the World Energy Council, however, they are still more
expensive to produce than the ICE. This is mainly due to the costly noble metals like platinum
used at the electrodes and the polymer electrolyte / proton-exchange membrane (PEM). Besides,
the purity requirement of the hydrogen utilized in fuel cells, at current technology, is needed to be
close to 100% pure to minimize the poisoning of the electrocatalyst. Hence, the foregoing issues
associated with the HFCs make a strong case for the development of low-cost and effective
electrode materials for the efficient production of extra-pure hydrogen by water electrolysis.
Water-splitting, when combined with water/solar/hydro energy, is the most realistic method of
producing pristinely clean hydrogen with zero-emission of greenhouse gasses, including CO
(which is produced in large quantities when hydrogen is produced from hydrocarbons or coal) that

poisons the platinum anode in a fuel cell.
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2.2. Water Electrolysis and Oxygen Evolution Reaction

Electrolysis of water is an efficient method of producing high-quality hydrogen that can
serve as the energy carrier of the future [30]. However, the tremendous benefit of utilizing
electrolytic hydrogen as a clean, abundant fuel can only be realized if the water-splitting process
is coupled with renewable energy sources like wind, hydro, or solar. The water-splitting process
depicted in Figure 2.2 involves the evolution of hydrogen as well as oxygen. Recently, liquid
oxygen was utilized as the fuel oxidant of a Space X rocket ship, the first human-crewed
commercial flight, to space. Therefore, electrolysis could have a pivotal role to play not only in
the production of future energy carrier like hydrogen, but also in the generation of liquid oxygen

to propel spaceships to Mars.

There are three main electrolysers for the large-scale production of hydrogen: solid oxide,
alkaline and acidic (the latter also known as polymer-electrolyte membrane (PEM)) electrolyser
cells. The solid oxide electrolysers operate at temperatures ca. 800°C and are consequently termed
high-temperature electrolysis. PEM electrolysers which in recent times are increasingly being used
for commercial applications typically operate below 100°C. However, the commercial alkaline
electrolysers which typically operate between 80 to 90°C are most commonly used because they
have a competitive advantage over the PEM cells as their electrodes are usually non-precious
metals. Hence, the alkaline cells are cheaper and easier to fabricate, leading to relatively substantial

cost savings [44].
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Figure 2.2: Electrochemical cell for splitting of water with electricity to generate hydrogen and
oxygen [45].

The core of an electrolyser is an electrochemical cell that contains an aqueous electrolyte
solution and two electrodes connected to an external power supply. At a specific potential
difference, which should be, under standard conditions, larger than the water-splitting equilibrium
potential (1.23 V vs. RHE), the electrodes begin to produce oxygen gas at the positively-biased
electrode (anode) and hydrogen gas at the negatively-biased electrode (cathode). The volume of
gases produced per unit time is directly related to the current that passes through the

electrochemical cell, according to Faraday's law of electrolysis.

In alkaline electrolyte, the corresponding simplified partial electrode reactions are:

Anode:

40H (aq) <> 2H20() + Oz(g) + 4e~ (2.4a)
and

Cathode:

4H20ag) + 46~ <> 2Ha(g) + 40H (ag) (2.4b)
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whereas, in an acidic environment, the reactions are:

Anode:

2H20(q) <> Oa(g) + 4H* + 4e” (2.5a)
and

Cathode:

AH*(ag) + 4™ <> 2H2(g) (2.5b)

The overall reaction in both cases is then:
2H20() <> Oz(g) + 2Hz(g) (2.6)

When current i (A), is supplied by a direct current power source and passed through the
electrodes/electrolyte system (Figure 2.2), water is split into Hz and O once the cell potential is
greater than the reversible water electrolysis potential (1.23V vs. RHE, at standard conditions).
The consumption of electric power is proportional to AVxi, where AV (in volts) is the voltage
(potential difference) applied to the cell, and i is the current flowing through the cell, as mentioned
above. For a given i, it is necessary to minimize AV. Note that AV consists of several components
[22]:

AV =AE + Ay +AVa+ AV 2.7)

where AE is the thermodynamic (equilibrium) potential difference for the electrode
reactions; Ay is the sum of the overpotentials (activation overpotential at the two electrodes under
Kinetic limitations, and the concentration overpotential due to the mass transport of the gaseous
products away from the anode and cathode surfaces) [8, 22]; AVathe ohmic drop (iR) due to the
inter-electrode gap of the connected electrodes; AV:is the so-called ‘stability’, i.e. the drift of AV
with time due to degradation of the electrode performance. For fresh electrodes AV: = 0 [22]. All

the parameters in Eq. (2.7) are in volts.

The activation overpotential increases with rising current density and can be lowered by
using precious metal electrodes of significant electrocatalytic action, such as platinum, ruthenium,
and iridium. In practice, the iR drop may be ca. 0.25V [8]. Nevertheless, the effect of the iR drop
can be negligible when a high concentration of electrolyte is used, or when a PEM-type cell is
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employed due to the high conductivity of the hydrogen ion in the acidic medium. Furthermore, it
is best to keep overpotential Ay as low as possible in order to maximize cell efficiency and to
minimize the production of heat. On the other hand, if the overpotential (which is primarily
dependent on the OER kinetics) is decreased, the electrode reactions slow down. Thus, there is a
need for a trade-off. Nonetheless, one popular way in the literature to increase current without
necessarily increasing the overpotential is to accentuate the area of contact between the electrodes
and the electrolyte [8, 46].

This Ph.D. thesis focuses on the oxygen evolution reaction side of the water-splitting
process. This is the more ‘problematic’ reaction in the electrolytic production of hydrogen. Anodes
are typically beset by the significantly large OER overpotential and stability issues, especially in
acidic (aggressive) PEM cells. Therefore, comprehending and enhancing the oxygen evolution

reaction is an enormous research challenge in hydrogen energy science and technology.

The OER may appear to be a simple reaction, however, it does not proceed in one reaction
step. The detailed OER reaction mechanism is, in fact, quite complex. This is because the OER
mechanism is sensitive to the structure of electrode surface; different materials or one material
with different facets can exhibit various reaction mechanisms [47, 48]. However, the generally
accepted overall reaction pathways for the OER involves four discrete electron-transfer steps [48-
51] involving the formation of OER intermediates M—OH, M—O, and M-OOH associated with the
potential determining step (PDS). However, the alternative mechanistic pathway has been
proposed as shown in Table 2.1 which is useful in describing the OER mechanism without altering
the PDS [52, 53].

16



Table 2.1: Overall reaction mechanism for the OER in acidic and alkaline solutions. M
represents one electrocatalytic active site on the electrode surface [52, 54].

Overall reaction (condition) Reaction pathway 'I;zr;\nfslllsélgge
(Acidic solution) M+ H,O—> M-OH+H*+e 120
2H,O0 — O, + 4H* + 4e- M—OH — M—-O + H* + & 40
2M-0 — 2M + O, 30
M + H20 — M-OHags + H + e 60
M-OHags — M-OH 60
(Alkaline solution) M+ OH — M-OH + e 120
40H — 0, + 2H0 +4e- M-OH + OH — M-O + H,0 + ¢ 40
M-O + OH  — M-OOH + e- 60
M-OOH + OH- — M-00- + H.0 30
M-O0 - M+ O,+e 15

This universally-accepted mechanisms [51, 52, 55], predicts the difference between the
adsorption free energy states of two intermediates (AG%u.0 — AGPw.on) @S @ unique descriptor for
the catalytic activity of several different metal oxide materials towards OER. The material surfaces
that bind oxygen too weakly, give intermediates that cannot easily react, and the potential is limited
by the oxidation of M—OH. Whereas for surfaces that bind oxygen too strongly, the potential is
limited by the formation of M-OOH species and their intermediate states and the adsorbed
products are quite stable [51]. The optimum case, is therefore, an intermediate binding strength,
such as is found in transition metal oxides of RuO,, Co;0., NiO, PtO,, SrCoO;, LaNiO; just to
name a few [56] as this gives a good balance between the reaction free energy steps of M—OH
oxidation and M—OOH formation [51]. This will be further explained in the proceeding section.

Another factor that is expected to influence the OER mechanism is the density of state of
the electron at the Fermi level and the degree of overlapping between the orbitals of the active site
and the adsorbed species on the anode surfaces that determines the rate of electron transfer [57].

The active sites, which are typically the transition metal cations at anode surface, are expected to
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electrocatalytically decrease the activation energy of the rate-determining step in the oxygen
evolution reaction [57].

The Tafel slope is equally an important empirical parameter that helps with the
determination of the mechanistic pathway of the oxygen evolution reaction. Figure 2.3 shows a
typical Tafel graph, in the oxygen evolution region, which is a semi-log plot of the anodic current

density (mA/cm?) versus the overpotential, i (volt).
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Figure 2.3: Tafel plot for the oxygen evolution reaction (OER) over the Pd-80 at% Ni electrode
in 30 wt% KOH electrolyte at 298 K [58].

By analyzing the above presented Tafel plot around the low-overpotential linear region, the
Tafel slope b (mV/dec) can be directly obtained as the slope of the curve in Figure 2.3. The linear

section of the graph is described by Eq.(2.8):

b = 2.303RT (2.8)

anF

where R is the molar gas constant (8.314 J/mol/K)., T is the temperature (K), F is the Faraday
constant (96,486.3 C/mol), n is the number of electrons participating in the oxygen evolution rate
determining step, and o which can easily be evaluated from Eq.(2.8), represents the electron

transfer coefficient that is related to the energy input required to lower the activation barrier for
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the anodic reaction[59]. Typically, larger values of a, which range from 0 to 1, are more desirable.
Conversely, a smaller b value indicates that a small increase in overpotential leads to a larger
increase in current density. Therefore, the best electrocatalysts should have a low Tafel slope and
high exchange current density (intercept on the current density axis, extrapolated from the linear
Tafel region to overpotential of zero). In addition, as stated above, the observed Tafel slope is
descriptive of which step in Table 2.1 is rate determining [52, 54]. Hence, b can be useful in

identifying the possible OER rate determining step.

2.3. Electrocatalysis of the Oxygen Evolution Reaction

Electrocatalysis is simply a catalytic process at the electrode surface. Therefore, an
electrocatalyst speeds up the rate of an electrochemical reaction without undergoing self-
degradation. These effects can be primary or secondary [60]. The interactions of reactants,
products and/or intermediates with the electrode surface are referred to as the primary effects. In
the primary effects, bonds are made and broken with a direct effect on the activation energy of the
rate-determining step [22]. On the other hand, secondary effects are related only to the diverse
structure of electrical double layer. Electrocatalytic studies are aimed at identifying the primary
variable which influences electrochemical reaction rate. Fundamentally, overpotential Ay is the
term which most directly measures electrocatalysis [22]. Consequently, the reduction in Ay implies

improvement in electrocatalytic activity for a given material.

Two key factors determine the electrocatalytic activity of an electrode material:
electronic/surface-energy (intrinsic) and geometric (extrinsic) factors. The intrinsic characteristics,
which depend on the microstructure and chemical composition of the material, influence the
surface-intermediate bond strength and electron-transfer rate, while the extrinsic quality relates
specifically to the apparent surface area of the material and is not directly relate to its
electrocatalytic properties since it does no influence on the activation energy of the reaction [22].
In as much as it is pertinent to study the intrinsic quality of catalyst materials for better catalyst
design, it should be noted that for practical applications, the catalysts’ extrinsic property is

paramount as this influences the effective overall performance of the material.

The oxygen evolution reaction is generally catalyzed by highly active but expensive noble

metals like iridium and ruthenium, to counter the slow-kinetics associated with OER due to large
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anodic overpotential. However, the comparatively high-cost and shortage of these precious
materials precludes their availability for commercial usage in wide-spread hydrogen energy
production. As a result, many research works on the development of novel low-cost
electrocatalysts of high catalytic activity and long-term stability are ongoing, to facilitate the

actualization of commercially-available clean hydrogen energy.

2.3.1. Metal Oxide Electrocatalysts and the Volcano plot
Recently, OER electrocatalysts of transition metal oxides have been studied in comparison
to their pure metal counterparts because the oxides of these metals are considered to be more stable
[17, 61-65]. Also, in an attempt to improve both stability and activity of anode materials, novel
nanomaterial alloys, based on low precious metal oxide content and high inexpensive transition
metal oxides, have been explored as alternatives to precious (noble) electrocatalysts for OER [66-
68]. The choice of metal oxides to select and synergistically combine, is made easier by
considering the so-called Volcano plot. This plot (Figure 2.4) correlates the intrinsic surface
adsorption properties and electronic structure of an electrocatalyst with its catalytic activity. The
correlation successfully explains the observed trend in the catalytic activity for different surfaces
and provides a guide for the development of catalysts with substantial catalytic activity [48, 51,
56].
0.0
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Figure 2.4: Activity Volcano plot for selected metal oxides towards OER [51]
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Since the OER overpotential is a key parameter in determining the activity of anodic
oxygen evolving catalyst, Man et al [51] calculated the theoretical overpotential of a wide range
of oxide surfaces by applying standard density functional theory in combination with the
computational standard hydrogen electrode model. The resulting theoretical overpotential values
showed good agreement with empirical data from the literature. Thus, having elucidated the origin
of the OER overpotential, the authors were able to introduce the difference in adsorption free
energy of M-O and M-OH (AG°w.0 — AG°w.on) as a unique descriptor for the oxygen evolution
activity that gave rise to the activity volcano plot (Figure 2.4). The curve suggests a fundamental
limitation on the maximum oxygen evolution activity of planar oxide catalysts. Consequently,
oxide surfaces with intermediate binding energies are most desirable in comparison to those at the

two extreme (AG°m-0 — AG°m-on) values since they correspond to the lowest overpotential.

2.3.2. Requirements for OER Electrocatalysts

A high-quality electrocatalyst material must primarily possess high electrocatalytic activity
and electrochemical stability. Also, it should have a large specific surface area (m?/m?® or m?/g) as
this increases the number of active sites. Particularly, this yields beneficial cost-savings especially
when noble metal-based catalysts are employed. Furthermore, high electrical conductivity is also
required to minimize the ohmic drop (iR) in the material [69].

In addition to the aforementioned requirements is the catalyst current selectivity. The latter
is vital to the development of advanced OER electrocatalyst materials. For example, certain
catalysts might oxidize water via 2 e~ transfer rather than 4 e transfer, leading to the production
of peroxide species instead of oxygen. Subsequently, the catalyst current selectivity can be
determined by differentiating and measuring the anodic current that contributes to oxygen
evolution. Fortunately, certain known techniques such as the rotating ring-disk electrode [56]
and in situ mass spectroscopy [70] can be used to monitor the different contributions.

Furthermore, wettability of electrodes is another prevalent factor that can influence the
catalytic performance of an electrocatalyst. When oxygen is formed at the electrodes during
electrolysis, the gas bubbles remain attached to the electrode surfaces until they have grown to
some size. However, these bubbles can detach more easily if the surfaces are more hydrophilic
because the electrolyte can flow easily over the surface and replace evolving gas bubbles, thereby

freeing the catalyst surface area and improving the catalyst utilization [56, 71].
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Also, the raw materials involved in the development of the electrocatalyst should be
environmentally safe. In addition to this, the materials have to be readily available and inexpensive
enough for an economical large-scale production [69]. Nevertheless, corrosion stability is a
mandatory requirement for OER catalysts. During water-splitting operation, the anodic side
experiences severe oxidative conditions. For example, in PEM units, the anode is exposed to an
acidic environment. Therefore, the electrode material should be able to withstand the corrosive

environment associated with the PEM units.

2.4. Development of Active OER Anodes

The oxygen evolution reaction is the foremost and most important reaction in the water
electrolysis process as it is the prerequisite for hydrogen generation via water splitting. However,
it poses a major obstacle to the development of sustainable large-scale hydrogen production
technology due to the large anodic overpotentials of known anode materials deployed, thereby
resulting in the slow-kinetics of the OER. As a result, a number of metals and alloys have been
tested as electrocatalysts to optimize the kinetics of the OER [48, 52]. This sub-section gives a
brief description on the work that has been done in the development of active oxygen evolving
electrocatalyst as it relates to the advancement of the electrolytic production of hydrogen towards

the actualization of the hydrogen economy.

2.4.1. Pure Metal Electrocatalysts

A quality OER electrocatalyst must possess characteristics such as low overpotential, large
active specific surface area, physical and electrochemical stability, low cost, ease of use, and good
electrical conductivity. Therefore, from the onset, researchers sought to develop materials that are
capable of meeting these properties. The initial studies on the development of active oxygen-
evolving catalysts in the water electrolysis process were done majorly on pure metal electrodes in
acidic solution. Iridium and ruthenium were found to be the best oxygen-evolving electrocatalysts
[72, 73] as most of the other metals underwent anodic corrosion (dissolution) [73].

However, for these active metal OER electrocatalysts, their metal oxide properties were
observed to be the dominant factor affecting their electrocatalytic activities [73]. This is due to the

oxide layer that forms on the surface of the pure metal in the potential region where oxygen is
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evolved. Subsequently, the oxide layer on the metal typically affects the reaction mechanism and
ultimately the OER electrocatalysis. As a result, researchers tend to favor the use of metal oxides

in their studies rather than pure metal electrodes.

2.4.2. Metal Oxides (MO)

Generally, metal oxides are used as OER anodes in comparison to their pure metal
counterparts because they are believed to be more stable (most naturally occurring metals are
present in ores as oxides, in their most thermodynamically-stable state). Among the many metal
oxides investigated, transition metal oxides have shown to be excellent OER active electrocatalysts
with good electrochemical stability in acidic and basic conditions. Recently published studies have
shown that these transition metal oxide materials have been utilized in a number of other
electrochemistry-based applications, besides water electrolysis, such as: material corrosion
protection, electrodes for organic synthesis and wastewater treatment (which will be presented in
the later section) [74-77].

Also, MO have been studied for their electrocatalytic activity for the hydrogen evolution
and oxygen reduction reactions. However, not much literature has been published on the study of
OER on metal oxide surfaces [11, 17, 23, 78-80]. The main reason for the insufficient literature on
MO as anode materials for OER is attributed to MO semiconducting nature which makes them
less attractive [81]. However, metal oxides can behave as good conductors depending on the

potential window of investigation.

Notwithstanding the foregoing, an electrode system of metal oxide surface typically
provides improved electrocatalytic activities, long-term service life, and optimum operating
voltages for specific applications [82], thereby improving the surface and electrochemical
properties of the system. Moreover, certain anode metal oxides like IrO2 have shown to be stable
across all pH, therefore making them potentially promising materials for the oxygen evolution
reaction. In the literature, a number of metal oxides have been reported as suitable anodes for OER
such as 1rO2 [83], RuO2 [84], PtOx [85], Co304[86], NiO [87], FeOx [88], MnOx [89], just to name
a few. However, in most cases, the costly noble metal oxides are used because of their superior

electrocatalytic OER activity.
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2.4.3. Transition Metal Oxide Anodes

The precious metal oxides of ruthenium oxide and iridium oxide are considered as the
benchmark for the OER electrocatalysts because they exhibit high activity in a wide range of pH
values. Subsequently, 1IrO2 and RuO: based nanomaterials with high surface area-to-mass ratio
have been researched a lot [66, 90-92]. However, not only does their high cost and scarcity limit
their usage for commercial applications in electrochemical energy devices, but these state-of-the-
art anode materials are also beset with corrosion stability issues. For example, RuOz has significant
high initial electrocatalytic OER activity in acidic environment but it deteriorates after a short
while, thereby making it not suitable for PEM electrolysers [93]. On the other hand, IrO; is less

active and stable in an alkaline medium.

In an attempt to address the challenges posed due to their high cost and scarcity, non-noble
earth abundant metal oxides are actively studied as a possible cost-efficient replacement solution.
Non-precious transition metal oxides that contain Mn, Fe, Co, Ni, Zn or the mixed oxides of these
have been reported as suitable alternative electrocatalyst materials for water electrolysis [94].
Moreover, these low-cost earth-abundant transition metal oxides whose OER activities are not

optimum also suffer fouling and have long-term stability issues.

2.4.4. Mixed Metal Oxides (MMO)

To improve the electrocatalytic performance and stability of metal oxide anodes,
researchers have tried to investigate the effect of mixed (multi-) metal oxide films towards the
oxygen evolution reaction. Through this approach, earth-abundant catalysts like MnO> that are
generally not stable enough in acidic environment were stabilized by doping their near-surface
oxide layers with Ti [95], for example. In another case, it was reported that fluorine-doped Cu-Mn
mixed oxide constituted a stable OER electrocatalyst under harsh acidic condition. The improved
stability was attributed to the introduction of the fluorine anions with a high oxidation potential
that stabilized the OER catalyst [96]. In another study using Ni-Fe binary oxide, remarkable
improvement in electrocatalytic performance coupled with outstanding stability was noted [97, 98]
partly due to iron incorporation into the Ni-oxide. Further, a ternary mixed oxide of
SnosRuo.2slr. 2502 characterized under an accelerated stress test showed significantly improved
electrochemical stability (although with slightly decreased initial activity relative to the reference

IrO2). The improved stability was associated with the formation of a thermodynamically
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metastable phase of rutile Sn-Ir-Ru-oxide structure resulting from the incorporation of Sn into the

binary Ir-Ru oxide mix [93].

2.5. Ni-Co-based Mixed Metal Oxides (MMO)

Although ruthenium, iridium, and platinum oxide catalysts have shown high activities for
the OER (see Figure 2.4), their scarcity, high cost, and instability in acidic environments, in the
case of ruthenium and platinum, limit these noble metal oxide anodes usage in commercial
applications for hydrogen generation. PtO: is sensitive to poisoning due to the deposition of trace-
metals from the electrolyte onto the PtO. surface at open circuit [99, 100]. Although, it has been
demonstrated that poisoning by foreign ions is negligible on IrO, [101] and RuO: surfaces [102],
iridium oxide is not highly active in the alkaline medium [103] while ruthenium oxide exhibits
stability issues in acids [100]. In order to overcome these highlighted significant barriers without
sacrificing catalytic performance, numerous research efforts are dedicated to reducing their

consumption or replacing them with other materials [104].

Several studies have been done to investigate materials with lower overpotential for the
oxygen evolution reactions [20, 22, 24, 25, 99, 105-110]. Particularly, Ni, Fe, or Co alloys are all
good candidates for lowering the overpotential of the OER [109]. Nickel is a very attractive metal
for hydrogen production by water electrolysis as it is relatively electrocatalytically active, cheap,
and largely abundant [111]. In Figure 2.4, NiO can be found up the Volcano curve, and it is
competitive with the best catalysts (the expensive noble metals). For this reason, Ni is an
acceptable and interesting alternative anode material [112] together with its transition metal alloys
such as Co. Although NiO is stable in the alkaline environment, this material cannot be used in the
PEM electrolysers due to its poor stability at low pH [113]. On the other hand, Co-oxide is a stable

electrode in the acidic environment with a relatively good OER electrocatalytic performance.

Hence, the objective is to increase the electrocatalytic activity and stability of Ni in the
OER by alloying Ni with other metal oxides, including Co. This is expected to modify the
electronic structure of the material, thus, significantly improving the OER performance [106, 114].
For example, the incorporation of cobalt oxide has shown to boost mass current density of RuO2
[115]. More recently, Halck et al. [116] demonstrated that the incorporation of Co or Ni into
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RuO; structure significantly improved the OER activity of the material by activating the proton
donor-acceptor functionality on the inactive surface sites of a conventional RuO..

Cheng et al. [117] showed that the formation of NiO nanosheets array on carbon cloth (NiO
NA/CC) exhibited an OER overpotential of 422 mV to drive a current density of 10 mA/cm?. This
result was ascribed to the high synergistic effect between Ni and neighboring heteroatoms leading
to better surface adsorption properties and subsequently to the observed enhancement in the
electrocatalytic properties of the material [45]. Similarly, Ng et al. [82] examined the combined
effects of cerium dopant and gold substrate on the OER activity of electrodeposited NiOx film.
They found that the as-synthesized NiCeOx—Au catalyst demonstrated high OER activity in
alkaline solution. In another study, Koza et al. [86] electrodeposited CozO4 film on a gold substrate
and tested it in 1M KOH: the catalyst exhibited an overpotential of 400 mV at a current density of
10 mA/cm?. Nickolov et al. [118] also found that the OER activity on a binary oxide, LixC03xOs,
increased significantly relative to pure Co3z0a.

Therefore, the fundamental basis of this thesis is to conduct a systematic study to establish
the possible OER synergistic compositional relationship between Ni and Co in the mixed-metal
oxide using predominantly a harsh acidic environment as the test medium. The best composition
would serve as a basis to develop active cost-effective alternative replacement to expensive state-

of-the-art pure IrOa.

2.6. Electrochemical Wastewater Treatment Anodes

The utilization of metal oxides as electrochemical anodes in the treatment of organic
contaminants in wastewater treatment systems have become popular in recent years [119-123].
This is accentuated by the high operational costs associated with conventional treatment methods
applied in sewage plants such as biological, physical and chemical processes, as well as the
possibility of forming toxic sludge that requires further treatment via the latter method [119, 124].
Moreover, the conventional methods are typically ineffective for the removal of recalcitrant
organic pollutants due to the high biochemical stability, relatively high molecular weight, and the
presence of aromatic rings in organic pollutants [119]. Hence, there is a drive to develop efficient
treatment technologies for the effective removal of these contaminants and their potentially

hazardous transformation products [125].
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Thus, electrochemical oxidation has gained relevance as a potential alternative to
conventional methods due to its environmental compatibility, ease of installation and use, its
modularity, small foot-print, and effectiveness for breaking down high molecular weight pollutants
such as dye effluents [119-121]. It has also been demonstrated that the electrochemical oxidation
technology can provide clean water for both domestic and industrial consumptions [120]. Although
this technology was reported as far back as the nineteenth century, it was not until recently that it
gained practical application [120, 126].

Electrochemical oxidation of wastewater is an environmentally-friendly process that
consists of two different mechanistic actions. Namely, the direct oxidation of contaminants on the
surface of the electrocatalyst, and the indirect oxidation of the pollutants in the electrolyte by
reactive species such as hydroxyl radical (OHe¢), atomic oxygen (O), hydrogen peroxide (H202),
and ozone (Og3) [119, 120, 127] generated during the water oxidation process. If the electrolyte
contains chloride ions, the reactive species could also be hypochlorous acid (HCIO), hypochlorite
ion (CIO ), and evolved-chlorine gas. Thus, wastewater electrochemical oxidation is considered a
heterogeneous advanced oxidation process (hAOP) because when the electrocatalyst anode surface
(solid phase) is polarized, it generates radicals that act as powerful oxidizing agents that
subsequently degrade the pollutants present in the electrolyte (aqueous phase), and transform them

to less and even non-toxic products [127].

2.6.1 Direct Oxidation

The direct oxidation of wastewater contaminants by electrocatalysts consists of two key
steps, namely, the diffusion of pollutants from the bulk solution to the anode surface and the
subsequent oxidation of the pollutants at the anode surface. Hence, the overall efficiency of the
electrochemical oxidation is dependent on the relationship between mass transport of the
contaminant and electron transfer at the electrocatalyst surface, which is a function of the electrode
activity [121]. The anodic oxidation of the organic pollutants could either be partial oxidation to
less toxic transformation products that could require further treatment, or the complete
mineralization of the organic materials into inorganic compounds such as water and carbon dioxide

[121]. In a very simplified way, the process can schematically be presented as:
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R+ A < A-Rags (29)
A-Rags—> A + R’ (or H20 + COy) + Xe (2.10)

where R is the pollutant molecule, A is the anode surface, and R’ is the oxidized pollutant

molecule.

2.6.2 Indirect Oxidation

In general, the indirect electrochemical oxidation entails the electrogeneration of a
powerful oxidizing agent(s) at the surface of the anode that subsequently degrades the organic
contaminants in the bulk electrolyte solution. In a very simplified way, the process can

schematically be presented as:
A+H0 - (A-OH)+H" +¢e" (2.11)
R + (A-OH:) > A + R’ (or H20 + COy) (2.12)

where the first step involves the anodic formation of hydroxyl radicals (OH-), which then

oxidize the pollutant molecule, R, in the second step.

Some of the typically generated oxidants are hydroxyl radicals, hydrogen peroxide, ozone,
and sometimes peroxodisulfuric acid (H.S:Os) [121]. Also, the employment of metal catalytic
mediators (such as Fe?*, Co%") as in Fenton-like oxidation reaction in acidic solutions to generate
hydroxyl radicals that are capable of detoxifying several organic pollutants constitutes another
form of indirect oxidation of wastewater. However, the use of metal ions can lead to the production
of sludge that may be more toxic than the original effluent resulting in further costly treatment
[121, 124]. Instead of these problematic catalytic mediators, it is much more convenient to utilize
active chlorine species as oxidants. In any case, chloride ions are practically present in a number
of wastewater systems originating from daily nutritional salt consumption habits. The dissolved
chloride ions can be easily oxidized to gaseous chlorine, hypochlorous acid or hypochlorite ions,
which then oxidize the pollutant molecules [121, 124].

28



2.7. Selection of Efficient Wastewater Treatment MMO Anode

The high overall efficiency of electrochemical oxidation of contaminants in a wastewater
setup using metal oxide anodes has been ascribed to the synergistic effect of the combined direct
and indirect oxidation of the organic pollutants on the electrode surface [120]. Consequently, the
selection of the appropriate anode material is of high importance for the electrocatalytic oxidation
process as it affects not just the overall efficiency of the process, but equally its selectivity [120-
122]. It is reported in the literature that the oxidation of organics and the oxygen evolution are
competitive reactions during water electrolysis on the surface of the anode [121, 128, 129]. As a
result, materials with low OER overpotentials are typically of high electroactivity towards the
oxygen evolution reaction, and thus they are not suitable as wastewater treatment anodes. In
contrast, high OER overpotential anodes are better suited for the oxidation of organics because
they exhibit minimal selective oxygen evolution reaction [129]. Previous research works have
studied the suitability of high OER overpotential anodes such as boron-doped diamond (BDD)
[123], TiO2 [130], PbO2 [131], SnO2 [132], SnO2-Sh.03/PhO:> [74] as effective electrochemical

anode materials for treatment of organic pollutants in wastewater systems.

In this Ph.D. research work, the mixed metal oxide anode that showed the highest OER
overpotential during the MMO screening process (i.e. the poorest OER electrocatalytic activity)
was tested as a potential anode in the electrochemical oxidation of wastewater. Methylene blue, a

common wastewater contaminant, was employed in the wastewater treatment process.
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3.1. Preface

As already stated, one of the aims of this PhD project was to investigate the possibility of
using mixed bimetal NiCo-oxides as potential OER electrocatalysts in an acidic environment. The
main goal of this part of the research project was to investigate the influence of Ni/Co ratio in the
oxide on the resulting OER electrocatalytic performance. To do this, various NixCoix-0xide
anodes were produced and then characterized in terms of their physicochemical, surface and
structural properties. The work has been published as a peer-reviewed manuscript, and the
corresponding reference is: E. O. Nwanebu and S. Omanovic, "The influence of NixCoi-x-0xide
composition on its electrocatalytic activity in the oxygen evolution reaction,” Materials Chemistry
and Physics, vol. 228, pp. 80-88, 2019.

Highlights
e NixCoi-x-oxides are good potential candidates for anodes in acidic water electrolysers.
¢ NiosCoos-0xide exhibits the highest extrinsic and intrinsic electrocatalytic activity in acid.
e The variation in electroactivity was related to the anode intrinsic, rather than extrinsic
properties.

e NixCoi-x-0xides are potential economic substitute for Ir-oxide.

Abstract

The influence of NixCoi.x-oxide composition (0 <x<1) on the material’s electrocatalytic
activity in the oxygen evolution reaction (OER) was studied in the acidic medium. The
electroactive oxide was formed by thermal decomposition of corresponding metal salt solutions

on a titanium substrate. The surface of NixCoix-oxide coatings was found to be composed of

30



crystalline NiO, Co0304 and CoO, and the surface morphology/roughness was found to be
composition-dependant. The electrocatalytic activity of the oxides in the OER was determined to
be highly dependent on their relative metal ratio in the oxide, with Nio4Coos-0xide offering the
highest intrinsic activity and good stability. Although still inferior to state-of-the-art 1rO-,
Nio4Cooe-0xide was deemed as a potentially good replacement anode material in the acidic

medium due to its significantly lower cost.

Keywords

Hydrogen; Oxygen evolution; Water electrolysis; Metal oxides; NiCo-oxide

3.2. Introduction

One of the major global challenges is to secure sufficient energy that is environmentally
clean since traditional energy sources like fossil fuels are not only diminishing constantly but also
continue to constitute an environmental hazard. Hydrogen production as an alternative source of
energy storage has been touted as the solution to meeting clean energy need. Hydrogen is
recyclable and practically unlimited in supply, and it is considered as a future clean energy carrier
in the transition from the existing hydrocarbon economy [2, 4, 5]. Indeed, the commercialization
of hydrogen “fuel” technology is already being exploited by, for example, auto-industry giants like
Toyota, Honda and Hyundai in the manufacture of hydrogen fuel-cell consumer cars. Nevertheless,
about 95 % of currently-produced hydrogen is obtained from the environmentally-unfriendly and
unsustainable hydrogen reforming process, and the rest is produced mainly by water electrolysis
— by splitting water directly into hydrogen and oxygen gas by means of electricity.

Water electrolysis is considered to be the cleanest way to produce hydrogen when the
required electricity is derived from renewable energy sources [8]. Unfortunately, this method is
presently not cost-effective in comparison to methods used to produce hydrogen from fossil fuels.
This is largely due to energy efficiency losses in the water-splitting process for hydrogen
production [133]. In practice, the efficiency of water electrolysis is largely limited by the slow

kinetics of the oxygen evolution reaction (OER), requiring large anodic overpotential [10, 133]. In
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addition, the durability of water electrolyser anodes is lower than that of cathodes. Hence, further

research to address these drawbacks is required [11].

A good electro-catalyst for the OER should have characteristics such as low overpotential,
large active specific surface area, physical and electrochemical stability (including the corrosion
stability), selectivity, low cost, ease of use, and good electrical conductivity [12]. Among the most
electrocatalytically-active OER anode materials are expensive noble metal oxides like Ru- and Ir-
oxides, which are considered state-of-the-art OER electrocatalysts. The latter is currently used as
an anode material in a polymer-electrolyte-membrane (PEM) water electrolysers [134].
Nevertheless, these precious oxides are very expensive. Hence, there is a need to develop relatively
cheap and stable anode materials with high activity towards OER. Some transition metals have
been identified as good candidates that could meet these needs [135-137].

Nickel, an inexpensive non-noble transition metal, together with its transition metal alloys
(including Fe, Co, Mn) have shown high intrinsic electrocatalytic activity towards OER because
of a modified d-shell electronic configuration [17, 20, 107, 138]. However, these materials lack
long-term stability, especially when used in the PEM water electrolyser. On the other hand, their
metal oxides have gained reputation as stable electrodes in certain applications [21, 22] with
desirable performance. For example, photochemically prepared amorphous NiCoFe-oxides
displayed excellent OER performance in an alkaline medium. In another case, low-cost Co-based
spinel and perovskite structures such as Coz0s and (Lno.sBaos)Co0Os-5 (Ln = Pr, Sm, Gd and Ho)
have shown to be alternative, stable, efficient OER electrocatalysts [69, 139]. Likewise, Mn-oxide
modified surfaces [23, 26] have demonstrated satisfactory OER activity in both acidic and basic
media. In the literature, there have also been claims of certain metal-oxide anodes that were quite
stable across the entire pH scale [41, 69, 140]. Moreover, reduced and Ag-doped CozO4 nano-
based materials have shown enhanced OER activity and good stability in basic [141] and acidic
media [142].

This work reports results on the investigation of the applicability of low-cost mixed metal
oxides (MMO) of nickel and cobalt, produced by thermal decomposition on a titanium substrate,
as OER anodes in the acidic environment. The aim of the work was not to produce a long-term
stable anode, but rather to investigate the influence of relative oxide composition on the resulting

OER electrocatalytic activity, i.e. to do initial screening of NixCo1-x-oxide compositions as possible
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candidates for water electrolyser anode materials, and set the ground for further research and
possible development of these electrodes. Although there are a few recent works on Ni/Co-based
OER electrocatalyst [75, 142], to the best of the authors’ knowledge, no systematic work on the
influence of Ni/Co ratio in a metal oxide on the resulting electrocatalytic activity for the OER in

an acidic medium has been reported in the literature.

3.3. Experimental Procedure!

3.3.1. Electrode preparation

NixCoix-oxide (x = 0, 0.2, 0.25, 0.3, 0.4, 0.43, 0.5, 0.6, 0.7, 0.75, 0.8, 1) and Ir-oxide
coatings were formed on titanium coin-shaped substrates (Grade 2, 99% pure, McMaster Carr)
employing a thermal decomposition method. Stock 0.5 M solutions of nickel, cobalt and iridium
salts were prepared by dissolving NiCl2-6HO (ReagentPlus, 100%, Sigma Aldrich),
Co(NO3)2:6H20 (Pure, 99%, ACROS Organics), and IrClz-3H2O (53 to 56% (Ir), ACROS
Organics) in a 50vol.% isopropanol (Fisher) and 50vol.% water mixture. All solutions were
prepared using deionized water (resistivity: 18.2 MQ c¢cm). For each coating composition, the
precursor solution was prepared by mixing the appropriate amounts of the corresponding stock

solutions.

The titanium substrates were coins of 1.21 cm in diameter and 0.2 cm in thickness. These
coins were pretreated before the deposition of coatings: they were wet-polished using 600-grit SiC
sandpaper, then rinsed thoroughly and sonicated for 30 min in deionized water to remove polishing
residues, after which they were etched in boiling solution of hydrochloric acid (33wt.%, Fisher)
and deionized water (1:1, v/v) for 30 min. Finally, the substrates were thoroughly rinsed with

deionized water and dried with argon gas.

The metal precursor solutions were applied evenly on the pretreated sides of titanium
substrates by brushing. The prepared samples were first placed in an oven at 383 K for 5 min in
order to vaporize the solvent and then annealed at 773 K in a furnace for 15 min. These samples
were then removed from the furnace and allowed to cool in air for 10 minutes before the

subsequent coating layers were applied. The coating application procedure was repeated another

1 All the measurements were done in multiplets and the presented data are the average values plus the
corresponding errors.
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five times to form a six-layered coating on the titanium substrates. Lastly, the samples were
annealed in the furnace at 773 K under air for one hour to complete the formation of NixCo1.x-
oxides [143].

3.3.2. Coating Characterization

All electrochemical measurements were done in a three-electrode / two-compartment cell
employing a computer-controlled combination potentiostat/galvanostat/frequency response
analyzer (Autolab PGSTAT30, Metrohm, NL) using NOVA software package (v. 2.1; Metrohm,
NL). NixCo1x-oxide samples were used as a working electrode. These samples were mounted in a
special holder which exposed a total geometric surface area of 0.43 cm? of the coated side to the
electrolyte. Graphite electrode (cathode) was used as a counter electrode and it was separated from
the working electrode compartment by a glass frit (Ace Glass, Inc., USA), which precluded
hydrogen evolved at the cathode from coming in contact with the anode and interfering with the
oxygen evolution reaction. All potentials were measured versus the Ag/AgCl (Fisher Scientific,

product no. 1362053, sat.KCI) reference electrode.

The electrochemical surface area (EASA) of as-synthesized electrode coatings was
determined by cyclic voltammetry (CV) measurements recorded in 1 mM
hexaammineruthenium(l11) chloride (98%, Sigma Aldrich) in 0.1 M KNO3 (>99%, Sigma Aldrich)
as a redox probe?. This solution was deoxygenated by purging with argon (99.998wt% pure,
MEGS Specialty Gases Inc., Canada) for 40 min before the start of experiments. At the end of the
purging process, the deoxygenated solution was left unperturbed during the CV measurement in
order to ensure that the redox species were transported by diffusion only. A detailed description of
this EASA determination procedure can be found in the literature [144-146].

Investigation of the electrocatalytic activity of the produced anodes was done in 0.5 M
H2S04 (made from 95wit% H>SOs, Fisher Scientific) at 296 + 2 K. This solution was purged by
argon before (for 40 min) and throughout the electrochemical measurements. The electrocatalytic
activity of the oxides was investigated by linear polarization measurements recorded in a potential

window between 0.7 VV to 1.5 V at 1 mV/s scan rate.

Z See the detailed description for the EASA determination procedure in appendix 3.6
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The surface roughness of coating samples was studied employing the DektakXT surface
profiler from Bruker, using a diamond tip of equivalent stylus force of 6 mg. The surface roughness
(Ra) data was extracted by Bruker’s Vision64 software. Furthermore, the surface morphologies
and surface chemical compositions of the coatings were studied by scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX), respectively, using a Hitachi SU3500
scanning electron microscope. The crystalline structure of the oxides was analyzed by X-ray
diffraction (XRD) performed using a Bruker Discover D8-2D diffractometer with a 0.5 mm dia.
collimated Cu Ka (1.54 A) radiation at room temperature in a standard g—260 mode. X-ray
photoelectron spectroscopy (XPS) measurements were performed using a ThermoScientific K-
Alpha spectrometer equipped with an Ar ion gun. The X-ray non-monochromatic source was Al
Ka (1486.6 eV photon energy, 400 um spot size). The XPS spectra were recorded to reveal the
chemical compositions of the as-synthesized metal oxides. These spectra were analysed using

ThermoScientific Avantage 5.932 software.

The energy band-gaps of coating compositions were measured by photoluminescence
spectroscopy utilizing a 266-nm excitation laser and a UV/Vis spectrometry (ThermoScientific

Evolution 300) using green light to generate diffused reflectance.
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3.4. Results and Discussion

3.4.1. Scanning electron microscopy (SEM)

The SEM images depicting the surface microstructures of the as-synthesized NixCoix-
oxide and reference Ir-oxide (control) coatings are shown in Figure 3.1. The surface morphology
of the samples resembles features similar to those of thermally-formed metal-oxide coatings [77].
The control Ir-oxide coating (Figure 3.1(A)) appears to be the most compact coating at the scale
presented, while the Ni-oxide coating (Figure 3.1(B)) displays a dual morphology characterized
by larger agglomerates and smaller <1 um size particles. However, with the addition of Co to the
Ni-oxide coating (Figs. 1(C-H), the morphology of the coating changes significantly, adopting a
sponge-like structure and yielding micro-pores, which remained present even on the pure Co-oxide
(Figure 3.1(1)). However, the latter coating is also characterized by micron-sized particles buried
deeper into the coating pores. Figures 3.2(A and B) show the distribution of Ni and Co on
Nio.4Coo6-0xide surface, evidencing that both metals are uniformly distributed on the surface,
rendering the surface uniform from the chemical point of view. Figures 3.2(C and D) show that
the morphology of this surface did not change significantly after 7h of electrolysis at 10 mA/cm?

(and the inset to Figure 3.5 evidences high stability of this electrode surface).

EDX analysis was performed to determine the actual metal surface composition of

coatings, and the results are presented in Table 3.1.

Table 3.1: Relative percentage atomic composition of Ni in NixCo1x-oxide coatings. Nominal
values refer to the Ni content in the metal precursor solution while EDX values represent the
measured surface composition of Ni in the coatings.

Actual composition

Nominal Compositions of Ni (%)

EDX
80 80.3+0.3
70 69.6 +0.2
60 60.8 + 0.8
50 52.1+0.5
43 43.1+0.3
40 39.5+04
30 30,004
20 182+0.4
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The data show a very good agreement between the true average metal surface composition of
coatings and the nominal composition. Further in the text, the nominal composition values will be

used to denote the coatings.
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Figure 3.1: SEM images showing surface morphology of: (A) Ir-oxide; (B) Ni-oxide: (C)
Nio.gC0o.2-0xide; (D) Nio.7Coo.3-0xide; (E) NiosC0o.4-0xide; (F) Nio.sCoos-0xide; (G) Nio.3Coo.7-
oxide; (H) Nio.2Coo.s-oxide; (I) Co-oxide coating.
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Figure 3.2: Distribution of (A) Ni and (B) Co on the Nio4Coos-0xide surface and its morphology
(C) before and (D) after 7 h of electrolysis at 10 mA/cm?.

3.4.2. X-ray diffraction

The X-ray diffraction measurements reveal the successful formation of desired metal oxide
samples and their relatively high degree of crystallinity (Figure 3.3). Common to all of the metal-
oxide samples are the distinct diffraction peaks at 34.9°, 39.9°, 62.8°, 76.1° and 77.2°, attributed
to metallic titanium (JCPDS, 44-1294) [77, 147] originating from the Ti substrate. This is a
consequence of the coating preparation procedure whereby some Ti from the substrate dissolved
into the surface-applied precursor solution layer during the first coating layer application and the
annealing process. Due to the high oxygen affinity of Ti, which is greater than that of Ni and Co,
it diffused towards the outer coating surface, where it was detected by XRD and EDX [148].
However, the top-most oxide surface layer did not contain Ti, as evidenced by the XPS results
discussed in the next section. Diffraction peaks at 27.2° and 44.3° indicate rutile TiO. of
corresponding (110) & (210) planes while peaks at 62.75° and 70.5° indexed to the (118) & (220)
reflection of anatase TiO> (JCPDS no.: 88-1175 and 84-1286) [149] are seen. Further analysis of
the XRD spectra showed that NixCoix-oxide samples with Ni content above 60% and 40%
displayed peaks at 37.1° and 43.4°, respectively, indexed to (111) and (200) planes of rock salt
structure NiO (JCPDS no. 78-0643) [150, 151]. The diffraction pattern of NixCo1-x-oxide samples
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with the Co content above 50% exhibited characteristic peaks of spinel Co3O4 at 18.9°, 31.2°,
36.7°, 44.5°, and 65.3° (JCPDS no. 42-1467) [152] and rock salt CoO at 36.5° and 58.9° (JCPDF
75-0533) [153]. Interestingly, the lattice fringes of the as-synthesized NixCo1-x-oxides (for 0 <x <
0.4) can be assigned to NiCo204 spinel (JCPDF 73-1702) [154] which is similar to the Co3O4. This
is reasonable as more of the trivalent Co®" is available compared to the divalent Co?" at the
annealing temperature (773 K) [155]. However, for 0.5 > x < 1 the fringes displayed a rock salt
structure since the metal oxide coating was predominantly NiO because less of the trivalent Co**
is available during the oxidative annealing process. Only pure Ni-oxide coating reveals the
presence of metallic Ni at 51.8° (JCPDS no. 4-0835) [144, 156]. At 28.7° for the pure Ir-oxide
sample, there is a peak indexed to the (110) reflection of rutile IrO2 (JCPDS no. 15-870) [91].
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Figure 3.3: X-ray diffraction (XRD) patterns of NixCo1.x-oxide coatings deposited on Ti substrate.
Result for reference Ir-oxide sample is presented for comparison.
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3.4.3. X-ray photoelectron spectroscopy (XPS)

To further determine the chemical surface composition of the as-synthesized metal oxides,
XPS analysis was performed on NiogCoo2-0xide and Nig.sCogs-0xide (one of the least and the
most OER active binary oxide composition, respectively — see Figure 3.6). The surface of each

sample was examined at three different locations to ensure the reliability of results. A general
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survey® scan was first made, followed by recording high-resolution binding energy spectra for C
1s, O 1s, Ni 2p, Ti 2p and Co 2p regions. The binding energy spectra of samples were referenced
to the C 1s peak of adventitious carbon at 284.8 eV [157, 158]. As expected, no spectrum was
recorded for Ti* as the XPS rays penetrate only up to 10 nm below the surface, unlike in EDX and
XRD where Ti was detected (the depth of penetration in EDX and XRD is significantly larger).
Figure 3.4(A) reveals a typical doublet of Ni 2p peaks [159]. On the NiggCoo.2-0xide surface, the
Ni 2p3/. doublet photoelectron peaks are visible at 853.8 and 855.4 eV and a satellite peak at 861.0
eV. Ni 2pu2 doublet photoelectron peaks at 871.3 and 873.1 eV and a satellite peak at 879.1 eV
are also visible on the spectrum. On the Nio.4Coo6-0xide surface, Ni 2ps; doublet peaks at 853.7
and 855.3 eV and a satellite peak at 861.0 eV are shown, together with Ni 2p1 doublet peaks at
871.2 and 872.9 eV and a satellite peak at 879.3 eV. This confirms the formation of NiO on the
Nio.4Coo.6-0xide and NiogCoo2-0xide surfaces [159-161], which cannot be seen from XRD results

due to the poorer detection limit of XRD relative to XPS.

The XPS spectra for Nio.gCoo.2-oxide in the Co 2p region (Figure 3.4(B)) show binding
energies of Co 2ps2 and Co 2py2 at 779.7 and 794.9 eV respectively, corresponding to the spectra
of Co 2p electrons in rock salt Co?*, while binding energy values of Co 2ps2 and 2p12 at 781.2 and
796.5 eV for the Co®" spinel are also visible [162, 163]. Apart from the main peaks, there were
observable satellite peaks at 785.5 and 803.6 eV for Co?* and a lone satellite peak at 789.1 eV for
Co®* [161, 164]. Similar peaks were also recorded for Nio4Coos-0Xide, Figure 3.4(B).
Consequently, the XPS spectra of cobalt revealed that the ratio of CoO to Co304 in the outermost
layer of NigsCoo2-oxide is 1:2 while the ratio is 7:13 in Nio4Coos-0xide which is close to the
former. Therefore, the observed trend in activity (see Figure 3.6) with varying NixCoix-0oxide
composition is not due to the variation of CoO:Co0304 ratio in each composition. Furthermore, both
Co oxides are known to have similar OER performance in acid [165]. The XRD spectra in Figure
3.3 did not reveal appreciable Co-oxides peaks in the Nio.sCoo.2-0xide. This is due to the poorer
sensitivity of XRD relative to XPS. The spectra in Figure 3.4(B) evidence that Co3O;4 is the
predominant cobalt oxide on the topmost surface of the two thermally-formed binary oxide
coatings [155].

3 The survey scan is shown in figure 3.9(A) in Appendix 3.6.
4 See Figure 3.9 (B) in Appendix 3.6.
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Figure 3.4(C) shows that by etching (depth-profiling) the surface of Nio.4Coos-0xide (best-
performing OER electrocatalyst), the CoO:Co30x4 ratio increased up to a maximum (3:2), and CoO
became the predominant chemical state of Co beneath the outermost oxide surface layer [45]. This
could possibly be explained by the lack of oxygen below the coating surface during the annealing
process, thus hindering the oxidation of cobalt to the higher oxidation state. The Ni depth profile
(inset to Figure 3.4(C)) remained relatively constant, demonstrating only a slight relative increase,

while the Co profile depicts the CoO:Co304 ratio change.

In Figure 3.4(D), the O 1s spectra for Nio.4Coo.6-0xide is presented (the other surface had a
similar result). The high-resolution binding energy spectra can be deconvoluted into two
components. The deconvoluted peak at 529.6 + 0.2 eV represents oxygen in a crystal lattice (0%),
while the peak at 530.8 = 0.3 eV represents oxygen in hydroxyl group (OH) [161]. Therefore,
Figure 3.4(D) shows that oxygen is prevalent at the top-most surface of the metal oxide coatings
predominantly as oxygen in crystal lattice. Hence, the coating compounds are metal oxides and

metal hydroxides existing in a ratio of 4:1.

XPS analysis of Nio.sC0o.2-0xide and Nio.4Coo.6-0xide samples also confirmed that the top-
most surface compositions of the two coatings, Nio.74Coo26-0xide and Nio.34C0o.66-OXide
respectively, are very similar to their nominal compositions, which is corroborated by the EDX
results (Table 3.1). The slight discrepancy between the XPS and EDX data is acommon occurrence

due to the difference in beam-penetration depth and has been reported in literature [77].
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Figure 3.4: XPS spectra of NixCo1-x-oxide samples of (A) Ni 2p and (B) Co 2p, and of (C) Co 2p
in Nio4Coos-0xide recorded at different depths after etching. The inset in (C) shows the
corresponding atomic % profile for Ni, Co and O. (D) represents the O 1s XPS spectrum.
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3.4.4. Surface roughness and area determination

As seen in Figure 3.1, the surfaces of the mixed metal oxide coatings are porous and rough
to a certain extent, indicating that the surface roughness factor is greater than one. However, for
electrochemical applications, it is crucial to determine the “electrochemically-active surface area”
(EASA), rather than the total surface area. In this work, the EASA was determined by cyclic
voltammetry employing the well-established hexaammineruthenium I1I/11 chloride reversible
redox reaction [144, 145], and the results are presented in Table 3.2. Although the SEM images in
Figure 3.1 show that the coatings are rough, the EASA values obtained are rather low (smaller
than the geometric area of the electrodes), indicating that only part of the total surface is
electrochemically active (or electronically conductive). Nevertheless, the determination of EASA
in this work is important for the comparison of intrinsic electrocatalytic activity of the coatings,
which will be discussed further in the text.

In addition to determining EASA values, surface proliferometry was done and the
corresponding surface roughness (Ra) values are presented in Table 3.2. Excluding the Ni-oxide
coating, the trend in the Ra and EASA values is very similar validating both sets of measurements
(the Ra/EASA ratio is 1.6 £ 0.1, yielding only a 6.5% relative deviation from the average). The
deviation of Ni-oxide from the trend (much smaller EASA) might be due to poor electrochemical
activity [166] and low stability [113] of pure nickel oxide in acid.

Table 3.2: The data show a very good agreement between the true average metal surface

composition of coatings and the nominal composition. Further in the text, the nominal
composition values will be used to denote the coatings.

Nominal Electrochemically-active Surface
composition surface area (cmz) Roughness, Ra
(mol%) (pm)
Ir-Ox 0.373 £ 0.005 0.56 + 0.02
Ni-Ox 0.131 +0.003 0.43+0.01
N, 70C0y 3p-Ox 0.218 + 0.001 0.39 + 0.04
Ni 69C0g 49-Ox 0.272 +0.008 0.44 +0.02
Ni 5,C0, 55-Ox 0.280 + 0.014 0.45 + 0.02
Ni 49C0p 6p-Ox 0.313 +0.005 0.47 +0.01
Ni, 3,C0; ,5-Ox 0.351 + 0.003 0.53 + 0.04
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3.4.5. Electrocatalytic activity in OER

To study the electrocatalytic activity of the as-synthesized NixCo1-x-oxide coatings in the
oxygen evolution reaction (OER), slow-scan linear polarization (Tafel) measurements were
performed on the binary oxides and on Ir-oxide anode as the control sample (this electrode is the
state-of-the-art OER material in PEM-type water electrolysers). The Ir-oxide surface showed
comparable activity to those reported in the literature [78, 91, 167, 168]. The insert in Figure 3.5
shows that the variation of potential during electrolysis at 10 mA/cm? on the surface of Nig.4Coo.6-
oxide anode is indicative of good stability of the anode; the potential remained constant during the
measurement at 1.624 +0.009 V vs. Ag/AgCIl. This corresponds to OER overpotential of 559 +9
mV. Charles et al. [169] investigated OER activity in 1M H>SO4 on a range of mono- and binary-
metal oxides, among which NiCoOyx (the actual composition was not specified) offered OER
overpotential, at the beginning of electrolysis, close to what we measured for our electrode;
however, after two hours of electrolysis, the overpotential increased to above 900 mV. Similarly,
in the work of Abidat et al. [170], the NiC0204-s electrode tested in 0.1 M KOH offered OER
overpotential of 422 mV, but at a lower current density (1 mA/cm?); assuming the behaviour of
the electrode is characterized by a constant Tafel slope calculated from the plot (78.8 mV/dec),
extrapolation to 10 mA/cm? gives overpotential of ca. 500 mV, which is close to the value in the

inset to Figure 3.5.
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Figure 3.5: Tafel polarization curves recorded on selected NixCoix-0oxide and Ir-oxide coatings in

0.5 M HSOs. Sweep rate: 1 mV/s. The inset shows a variation in potential during 7 h of
electrolysis at 10 mA/cm? on Nig.4Coo6-0xide catalyst.

From the curves in Figure 3.5 (and the associate replicates), a set of OER kinetic parameters
were determined and presented in Table 3.3 [52, 59].
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Table 3.3: Tafel slope and electron-transfer-coefficient values for the OER obtained from the
Tafel curves in Figure 3.5.

Sample ba (MV/dec) da

IrOx 59.8+1.2 0.982 + 0.020
Nio.8C00.20x 109.0£0.2 0.539 £ 0.001
Nio.7C00.30x 181.8 £ 6.6 0.323 £ 0.012
Nio.6C00.40x 1247 £0.1 0.471 £0.001
Nio55C00.450% 854+14 0.688 £ 0.011
Nio5C0050x 90.6 £ 0.5 0.649 £ 0.004
Nio.4C00.60x 81.0+0.4 0.725 + 0.003
Nio.3C00.70x 75.1+£0.7 0.783 + 0.008
Nio.2C00.80x 97.9+45 0.601 + 0.028
CoOx 204.3+0.9 0.288 + 0.001

The OER is a complex reaction and various possible mechanistic pathways have been
proposed [52, 56, 90, 171-176]. In an acidic medium, the steps listed below are proposed [90, 176].
The reaction is initiated by the adsorption of hydroxyl species on the catalyst surface, M:

M + H20 — M-OHags + H" + &~ (3.1)

which is characterized by a Tafel slope of 120 mV/dec. The second step can go through two

possible paths; the “electrochemical oxide path”:

M-OHags — M-QOads + H" + &~ (3.2)
or the “oxide path”

2M-OHads — M-Oggs + M + H20 (3.3)
characterized by a Tafel slope of 40 mV /dec (for Step (3.3), the value can slightly differ).
The last step involves the formation of Ox:

2M-Oags — O2 + 2M (3.4)

yielding a Tafel slope value of 30 mV /dec.
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The data in Table 3.3 show that the values of ba range from ca. 60 to 204 mV/dec for different
compositions of the oxides. For pure Ir-oxide (control), a value of ca. 60 mV /dec was obtained,
which is similar to the values reported in the literature [167, 176]. Slightly higher values are
obtained on the binary NiCo-oxide surfaces with Ni content ranging from 30 to 55%; for these
compositions, the deviation of the Tafel slope from 60 mV/dec might be due to the occurrence of
parallel surface process (i.e. oxidation of metal constituents to a higher oxidative state). It has been
shown in literature that a Tafel slope of 60 mV/dec is obtained when a slow step in the OER is the
formation of M-OHags according to the following path [176]:

M + H20 — M-OH*ys + H" + &~ (3.5)
M-OH*ads — M-OHoags (3-6)

where the two adsorbed species have the same chemical structure but their energy states are
different due to the difference in bond strength with the catalyst [176]. Hence, the results in Table
3.3 indicate that path (3.5 — 3.6) in the OER is rds on pure Ir-oxide and on NiCo-oxides with Ni
content ranging from 30 to 55%. On the other hand, for NiCo-oxide surfaces containing 20, 60 and
80% of Ni, the Tafel slope values are closer to the value that indicates that path (3.1) is rds. The
high Tafel slope values on Nio7Co0o3-0xide and pure Co-oxide are indicative of additional
contributions arising from surface processes. Contrary to Tafel slope values, a larger value of the
electron transfer coefficient, aa, is desirable since this value is related to the amount of energy
input, i.e. overpotential needed to lower the activation barrier for the anodic reaction [59, 177].
This value normally ranges from 0 to 1. Table 3.3 shows that Nio3Coo.7-0xide has the highest

transfer coefficient value among all the NiCo-oxide compositions investigated.

Although the kinetic parameters in Table 3.3 are useful in extracting the OER kinetic data,
for practical purposes it is more convenient to compare the behaviour OER electrodes in terms of
the rate of oxygen evolution at a constant (specific) overpotential. For this purpose, current density
values recorded at electrode potential of 1.5 V for various electrode compositions (excluding the
Ir-oxide) are presented in Figure 3.6 as blue bars. The trend is similar to that seen in the electron
transfer coefficient and the inverse of Tafel slope presented in Table 3.3. Namely, as the fraction
of cobalt in the coating increases, the corresponding OER electrocatalytic activity also increases,
reaching a maximum for the Nio4Cooe-0xide. With a further increase in cobalt fraction in the

coating, the OER electrocatalytic activity of the electrode decreases.
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Figure 3.6: Relative extrinsic and intrinsic electrocatalytic activity of NixCo1.x-oxides in OER
measured at 1.5 V vs. Ag/AgCI (corrected for iR-drop®) in 0.5 M H2S04, obtained from Tafel
measurements.

The aforementioned trend may be explained by the stabilization of cobalt active centres
with the addition of Ni [170]. This leads to the improved electrocatalytic performance in the OER
up to the optimum Nio.4Co0o.6-0xide composition, after which the electrocatalytic activity decreased
with further increase of Ni, particularly since NiO is known to possess poor electrochemical
activity in acid [166]. This intrinsically leads to a decrease in the number of OER-active sites on

5 The iR-drop was determined by electrochemical impedance spectroscopy
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the surface. Another explanation can be related to semiconducting properties of the oxides, i.e. to
the narrowing of band gap and consequential improvement of electrocatalytic activity [17, 20, 178,
179]. In order to see if this could, at least partially, explain the origin of the trend in Figure 3.6,
the direct band gap values for the investigated compositions were determined (see Figure 3.7). The
values obtained are similar to literature values [180]. The minimum is indeed obtained for the
Nio.4Coo.6-0xide electrode, which shows the highest OER activity (Figure 3.6). Nevertheless, it
should be noted that a number of other parameters may be responsible for the trend in Figure 3.6
(surface-charge distribution, distribution of Ni and Co on the surface and their various oxides,

electronic structure, to name a few).
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Figure 3.7: Variation of band-gap of as-synthesized metal oxides with composition.
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It is also known that the metal-oxide coating thickness can influence its electrocatalytic activity.
The thickness of coatings produced in this work was determined and it was noted that all the
coatings are of a very similar thickness (3 = 0.3 um by EDX and 3.1 £ 0.3 um by surface profiling),
thus excluding the coating thickness as the origin of the trend in Figure 3.6.

However, it should be noted that the electrocatalytic activity of Nio.4Cooe-0xide is still
inferior to the Ir-oxide benchmark, by ca. one order of magnitude (Figure 3.5). Nevertheless, in
practical applications, this would be compensated by increasing the electroactive area, i.e. by
increasing the loading of Nio4Coo¢-0xide. Employing this approach, significant savings would be

achieved, considering the difference in cost of Ni+Co to Ir (ca. 1:4000) [181].

The blue bars in Figure 3.6 show the ‘extrinsic’ OER electrocatalytic activity of the
materials investigated, which could be influenced by both the intrinsic activity of the material and
by the surface-area effect. In order to eliminate the latter and investigate the intrinsic activity of
the electrodes, current density values were normalized with respect to the EASA values from Table
3.2 and are presented as red bars in Figure 3.6. Comparing the trend in the intrinsic to the extrinsic
behaviour, it can be seen that there is no significant difference between the two; the Nio.4Co0o.6-
oxide electrode still shows the highest electrocatalytic activity, and it could be deemed that this
composition (along with the Nio3Coo 7-oxide electrode, whose activity is not statistically different
from that of Nio.4Cooe-0xide) represents the best intrinsically-electroactive Ni/Co-oxide-based

anode investigated here, for OER in the acidic medium.

Given the complexity of the electrode compositions investigated (bi-component materials,
different oxides and surface morphologies), neither the origin of the trend seen in Figure 3.6, nor
that of the improved OER electrocatalytic activity of most of the binary Ni/Co-oxide composition
relative to pure Co-oxide (which is known to be a good OER electrocatalyst) can be fully and
reliably explained by the results gathered/presented. As discussed above, the semiconducting
properties of the investigated oxides could, at least to a certain extent, be responsible for the trend
observed [17, 20, 178, 179]. Likewise, it could be as a result of the effect of Ni on cobalt active
centres [170]. Another alternative explanation could be that mixing transition metal oxides with
opposite reactivity can lead to improved catalytic performance [182-184]. In addition, the spillover
process has been used to highlight the synergistic interaction of transition metal alloys which is

also taken to be the same for their corresponding oxides.
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3.5. Conclusion

NixCo1-x-oxide coatings were successfully produced on flat titanium substrates by thermal
decomposition of metal precursor solutions and their electrocatalytic performance towards oxygen
evolution in acidic media was studied in order to obtain initial information to be used for further

possible development of NixCo1.x-oxide-based anodes for PEM water electrolysers.

SEM results showed that the surface morphology of the coatings was composition-
dependent. Likewise, the true electrochemically active surface area and surface roughness of the
oxide coatings were dependent on their chemical composition, but not to a large extent. XRD and
XPS analysis confirmed that NixCoix-oxide coatings contained NiO, CosO4 and CoO on their

surfaces.

Electrochemical measurements showed that the relative electrocatalytic activity of the
NixCoix-oxide coatings was related predominantly to the coatings’ intrinsic electrocatalytic

properties, rather than to the extrinsic (surface area) effects.

Although the current state-of-the-art anode, Ir-oxide, offers one order of magnitude better
electrocatalytic activity in the OER, this can conveniently be compensated (and even exceeded)
by a larger loading of the best binary composition, Nio.4Coo¢-0xide, while still lowering the anode
cost.

Acknowledgement: This paper was supported by the Nigerian Petroleum Technology

Development Fund (PTDF), Natural Sciences and Engineering Research Council of Canada
(NSERC), and the McGill Engineering Doctoral Award (MEDA).
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3.6. Appendix A. Supplementary material

This section contains the supplemental information to the article in this chapter. Namely, it
describes the procedure used to determine the electrochemically active surface area (EASA) of the
metal-oxide coatings. The procedure is based on determining the reduction current of the
hexaammineruthenium [11/11 (HexRu(I11)|HexRu(Il)) chloride couple:

[Ru(NH3)e]*" + & <> [Ru(NH3)e]** (3.7)

which showcases a reasonably reversible cyclic voltammetric (CV) response (see Figure 3.8(A))
[145]. Consequently, cathodic peak current Iy is extracted from CV curve recorded on oxide
surfaces in the range of scan rates (v =15, 10, 20, 30, 40, 50, 100, 200, 300 mV/s) ina 0.1 M KNOs
(purity 99wt.%, Fisher Scientific, Canada) electrolyte containing 1 mM HexRu(lll) chloride
(purity 98wt.%, Sigma-Aldrich, USA). The slope of I, vs v*’2 shown in Figure 3.8(B) is employed
in the Randles-Sevcik equation to obtain the EASA:

1
1 RT)2
A= slopex( 3)2 . (3.8)

(0.4463)%x(Fn)2xD2xC

In the above equation, n represents the number of electrons in the half equation (one in this case),
‘A> gives the electroactive surface area (cm?), D is the diffusion coefficient of the
hexaammineruthenium(111) cation in 0.1 M KNO3 electrolyte (8.03x10°° cm?/s) [145], C is the
concentration of the analyte in mol/dm?, F is the Faraday constant (96,486.3 C/mol) and R is the

molar gas constant (8.314 J/mol/K).
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Chapter 4 - The Influence of Ir Content in (Nio.4Coos¢)1-xIrx-0Xide Anodes on
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4.1. Preface

The results on the impact of the relative Ni to Co ratio on the OER electrocatalytic activity
of NiCo-oxide in an acidic medium was presented and discussed in the preceding chapter. It was
found that the relative electrocatalytic activity of the NixCoix-oxide coatings was intrinsic in
nature, and the best binary composition is Nio.4Coos-0xide. Though this NiCo-oxide composition
was inferior to the state-of-the-art IrO2 anode by one order of magnitude, it could, however, serve
as a base to develop alternative effective OER electrocatalysts. Therefore, it was hypothesized that
at this best intrinsic composition, it was possible to further improve its specific OER performance
of NiCo-oxide by incorporating a small amount of a highly electroactive precious metal such as Ir
into the binary oxide base.

In this present chapter, results on the influence of Ir content on the OER electrocatalytic
performance of Nio4Coo6-0xide are reported. It will be shown that the OER electroactivity of Ni-
Co-Ir-oxide of 10 at.% Ir significantly surpassed that of the Nio.4Coos-0xide base and the state-of-
art 1IrO2 anode. Therefore, the enhancement in OER activity was attributed to the intrinsic
synergistic interactions among the constituent oxides which led to the modification of the
electronic structure of the catalyst and a reduction in its band gap energy relative to both Nio.4Coo.6-
oxide and Ir-oxide.

The work has been published as a peer-reviewed manuscript, and the corresponding
reference is: E. O. Nwanebu, Y. Yao, and S. Omanovic, "The Influence of Ir Content in
(Nio.sCoo.6)1-xIrx-oxide Anodes on their Electrocatalytic Activity in Oxygen Evolution by Acidic

and Alkaline Water Electrolysis," Journal of Electroanalytical Chemistry, p. 114122, 2020.

56



Highlights
e Addition of Ir to NiCo-Ox increases its electrocatalytic activity towards OER.

e Activity of (Nio.4C0o.)o9lro.1-Ox surpasses that of pure state-of-the-art Ir-Ox.

e Enhancement in electrocatalytic activity of NiColr-Ox is of an intrinsic nature

Abstract

Hydrogen is envisaged as the future energy fuel vector. Unfortunately, one of the most
environmentally-viable hydrogen production option, water electrolysis (when coupled with
solar/wind/hydro electrical energy) is still not energy efficient, as it requires expensive
electrocatalytically-active noble metal anodes. The authors recently identified Nio.4Coo.6-0xide as
good alternative anode-material candidate, nevertheless, the electrocatalytic activity of this anode
needs further augmentation. Therefore, with the aim of improving the anode’s activity towards
oxygen evolution in both the acidic and alkaline media, the influence of addition of small amounts
(<10%) of Ir to Nig.sCooe-0xide was studied. The investigation showed that the incorporation of
Ir into the Nio4Coos-0xide matrix yielded a synergetic effect, resulting in a significant
improvement of the anode’s intrinsic electrocatalytic activity relative to both Nio4Co0os-0xide and
pure Ir-oxide. This was ascribed to the change in the electronic structure of the catalyst and to the
reduction in band gap energy relative to NiosCooe-0xide and Ir-oxide. The as-made
(Nio.4Coo.6)0.9lr0.10-0xide composition was found to be stable and significantly more active than the
current state-of-the-art IrO. PEM oxygen-evolution anode, while also offering a considerably

higher electrocatalytic activity than nickel anodes used in alkaline electrolysers.

Keywords: Hydrogen; Oxygen evolution; Water electrolysis; Anodes; Nickel-Cobalt-Iridium-
oxides

4.2. Introduction

The world needs sustainable energy sources that are environmentally friendly. Currently,
the global energy demand is met with traditional unsustainable fossil fuel sources, resulting in
global warming and a consequent mondial surface temperature rise. Hydrogen is seen as a viable
practical alternative energy vector especially since it is recyclable and vastly abundant in the

universe. However, hydrogen does not exist in its pure state in nature and it is typically found in
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combination with other elements such as carbon in hydrocarbons and oxygen in water.
Consequently, hydrogen is chiefly generated by an environmentally-unfriendly hydrocarbon
reforming process (ca. 95%) and much less by the cleaner water-splitting process otherwise known
as water electrolysis (ca. 5%), in which electricity is applied to split water into oxygen and
hydrogen gases [185].

When the applied electrical current is derived from renewable energy sources, the water-
splitting process becomes the cleanest method of producing hydrogen. However, this process is
not yet cost-competitive. This s, in part, because the wide-spread commercialization of sustainable
hydrogen production technology via water electrolysis is hindered by the slow kinetics of the
anode oxygen evolution reaction (OER). In addition, when hydrogen production is performed in
acidic polymer electrolyte membrane (PEM) electrolysers, expensive noble metal anodes (usually
made of iridium) need to be used due to stability issues. While inexpensive nickel metal anodes
may be used as a substitute in a milder alkaline environment, nevertheless, their long-term stability

and electrocatalytic activity are still not satisfactory [110].

However, metal oxides of non-noble transition metals of Co, Fe, Mn and Ni [18, 19, 95,
110, 185] have been identified as possible cost-effective substitutes. Nonetheless, the
monometallic oxides of these elements are beset with activity and stability issues [95, 151, 185].
Reports in the literature show that the mixed-metal oxides of the aforementioned metals with Ir or
Ru [63, 66, 79, 186-193] and more recently mixed NiCo-oxide [185] showed improved intrinsic
catalytic OER performance due to their transition metal ions ability to act and stabilize active
centres [170, 185, 194]. In another case, Ti was found to stabilize earth-abundant MnO: in acid
[95].

Our previous study reported results on the investigation of the activity of NixCo1-x-oxide
electrodes in the OER, and Nio.4Coo.6-0xide was identified as the most-active composition [185].
Further, IrO2 has been considered as the current state-of-the-art OER electrocatalyst in the acidic
PEM environment [92], but this anode is rather expensive. Taking into account these two facts,
the hypothesis of the authors was that the intrinsic activity of the NiosCooe-0xide can be
substantially increased by incorporating a small amount of Ir (up to 10at.% relative to the total
metal content) into the oxide structure. Consequently, this investigation entails the systematic work

on the influence of Ir incorporation into the Nio4Coos-0xide matrix on the resulting OER
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electrocatalytic activity in acid and, to the best of the authors' knowledge, for the first time in the
alkaline medium. The observed enhancement of the activity of the trimetal oxide anode is
attributed to the modification of the material’s electronic structure. It should be noted that the
current study is of a predominantly fundamental nature. Therefore, the aim was to investigate the
intrinsic properties of the produced materials rather than to produce extrinsically exceptionally-
good OER electrocatalyst of high specific surface area (e.g. nanostructured surfaces). Thus, the
electrodes were prepared as two-dimensional surfaces, instead of nano-structured three-

dimensional surfaces.

4.3. Materials and methods®

4.3.1. Anode material preparation

Anode coatings were formed on titanium button-shaped substrates (Grade 2, 99% pure,
McMaster Carr) by thermal salt decomposition procedure. 0.5M precursor salt solutions of nickel,
cobalt and iridium were made by dissolving NiClz-6H.0O (ReagentPlus, 100%, Sigma Aldrich),
Co(NO3)2:6H20 (Pure, 99%, ACROS Organics), and IrClz-3H20 (53 to 56% (Ir), ACROS
Organics) respectively in a 1:1 volume mixture of isopropanol (Fisher) and nanopure water of
resistivity 18.2 MQ cm. The required coating compositions were made by incorporating a
predetermined quantity of Ir precursor solution into a 40:60 at.% Ni/Co metal-based solution and
the resulting coating solutions were sonicated for 10 min; the as-produced coatings had

compositions that can be presented as (Nio.4C0o.6)1-xIrx-0xide [185].

Titanium substrates of diameter 1.21 cm and thickness 0.2 cm were prepared using the
same procedure as in our previous work [185]. A flat Ni (99.9% pure) plate that underwent a
similar polishing, sonicating and drying preparation procedure, but without etching, was used as a

control anode in the alkaline electrolyte solution.

The pretreated substrates were evenly sprayed with coating solutions using a clean standard
paintbrush. These wet-painted substrates were then dried in an oven at 383 K for 5 min followed

by 15 min calcination at 773 K in a furnace. The calcined samples were air-cooled for 10 min and

6 All the measurements were preformed in triplicates or more, and the presented results are the average
values with corresponding standard errors.
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further five layers of coatings were applied in the same manner. Finally, the six-layered coated
samples were calcined for 1 h at 773 K to form (Nio.4C0o.6)1-xIrx -oxides [185]. The backsides of
the coated samples were dry-polished using 600-grit SiC sandpaper to provide consistent electrical
contact throughout the different coating compositions.

4.3.2. Surface characterization

The surface morphology and surface elemental composition of the anode materials were
investigated by scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX) techniques, with the aid of Hitachi SU3500 scanning electron microscope.

The crystalline structure of the different oxide phases was analyzed by X-ray diffraction
(XRD) employing a Bruker Discover D8-2D diffractometer with a 0.5 mm dia. Collimated Cu Ka
(1.54 A) radiation at room temperature in a standard g—26 mode [185].

Also, X-ray photoelectron spectroscopy (XPS) measurements were done using a
ThermoScientific K-Alpha spectrometer. The X-ray non-monochromatic source was Al Ka
(1486.6 eV photon energy, 400 um spot size). In order to ensure the reliability of results, XPS
spectra were recorded on each sample at three different locations to determine the metal atomic
surface compositions of these as-produced metal oxide anode materials. ThermoScientific

Avantage 5.932 software was used to analyze the resulting XPS spectra [185].

Furthermore, the anode coating thickness was determined with the aid of a DektakXT
stylus (Bruker, USA) surface profilometer, which corroborated the coating thickness analysis

performed by EDX line scan measurements of the side cross-section of coated samples.

Finally, the band-gap energies of the best performing coating composition,
(Nio.sCoo.6)0.9lro.10-0xide, and the reference control samples were obtained by photoluminescence
spectroscopy employing a 266-nm excitation laser coupled with a UV/Vis spectrometer

(ThermoScientific Evolution 300) that generated diffused reflectance by green light [185].
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4.3.3. Electrochemical Characterization

Electrochemical characterization of the anode materials was performed in a three-
electrode/two-compartment  electrochemical  cell ~ setup employing an  Autolab
potentiostat/galvanostat/frequency response analyzer (PGSTAT30/FRA2, Metrohm, NL)
controlled by NOVA software package (v. 2.1.2; Metrohm, NL). The cell configuration comprised
the Ni-Co-Ir-oxide working electrode (WE) coatings with a 0.43 cm? geometric area exposed to
the electrolyte, a graphite counter electrode (CE) separated from the WE compartment by a glass
frit (Ace Glass, Inc., USA), and an Ag/AgCl (Fisher Scientific, product no. 1362053, sat. KCI)
reference electrode (RE) [185]. In control experiments, a flat Ni plate (purity, 99.9%) was used as
the working electrode.

The electrocatalytic activity and stability of the anode materials in acidic and alkaline
media were studied in 0.5 M H2SO4 of pH = 0.4 (made from 95 wt% H2>SQO4, Fisher Scientific) and
in 1 M NaOH of pH = 13.4 (made from 99 wt% NaOH crystals, Sigma-Aldrich) respectively by
employing linear Tafel polarization and chronopotentiometry techniques. The electrochemically-
active surface area (EASA) of as-made materials was investigated by cyclic voltammetric (CV)
measurements recorded at different scan rates in 1 mM hexaammineruthenium(l11) chloride (98%,
Sigma Aldrich) redox probe dissolved in 0.1 M KNO3 (>99%, Sigma Aldrich) supporting solution.
A detailed description of the EASA determination procedure can be found in the literature [145,
146, 185]

All solutions used were deoxygenated by a 40 min argon (99.998% pure, MEGS Specialty
Gases Inc., Canada) purge before the start of each experiment. For EASA determination alone, the
deoxygenated solution was left unperturbed in order to ensure that the redox species were
transported particularly by diffusion, during measurement. All the electrochemical measurements
were performed at 295 * 2 K, and the potentials quoted in this text were corrected for the iR-drop

measured by electrochemical impedance spectroscopy [185].
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4.4. Results and Discussion

4.4.1. Scanning electron microscopy

The surface morphology of as-produced (Nio.4C0o.6)1-xIrx-0Xide coatings was characterized
by SEM analysis while the coating surface composition was evaluated by EDX elemental
mapping. The SEM images shown in Figures 4.1(A-F) depict a fairly homogeneous morphological
distribution of Ni-Co-Ir-oxide coatings with a few agglomerated clusters. The micrographs are
typical of NixCo1.x-oxide and Ir-oxide deposited on Ti substrate by thermal decomposition [77,
185]. The SEM images highlight the existence of granular networks which is the consequence of
the interaction of the Nio4Coo.6-0xide and Ir-oxide in the coatings. It is noted that as the Ir content
increased from 2% to 6%, there is a greater formation of hexagonal granular particles that became
more compact and flattened at 10% Ir content. The morphology of the as-synthesized (Nio.4C00.6)1-
xIrx-oxide is dominated by the microsurface structure of Nio.4Coge-0xide, while the pure Ir-oxide
coating (Figure 4.1(F)) displays a completely different morphology, characterized by a cracked-

mud pattern typical for pure Ir-oxide coatings.

The EDX elemental mapping of the (Nio.4Co0o.6)0.0lr0.10-0Xide coating (Figures 4.2(A-D))
show the uniform dispersion of Ni, Co, and Ir in the coating. The thickness of coatings was
determined by EDX line scan analysis of the side view cross-section of the coated samples by
measuring the Ni/Co/lIr distribution profile in the coating top-layer. The coating thickness was 3 +
0.3 um. A very close value was obtained by using a surface proliferometer (3.1 = 0.3 pm).
Furthermore, the EDX data presented in Table 1 shows a very good agreement between the actual
average surface composition of coatings and their nominal composition. However, for clarity, the

nominal composition value is used throughout the text to denote the coating's composition.
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Figure 4.1: Scanning electron micrographs of: (A) Nio.4Coo.6-0xide; (B) (Nio.4C00.6)0.98r0.02-0Xide;
(C) (Nio.4C00.6)0.96Ir0.04-0xide; (D) (Nio.4C00.6)0.941r0.06-0xide; (E) (Nio.4C0o.6)0.90lr0.10-0xide; (F) Ir-
oxide coating.
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Figure 4.2: Morphological distribution of (A) Ir, (B) Ni, (C) Co, and (D) Ir/Ni/Co on the as-
synthesized (Nio.4C0o0.6)0.90lT0.10-0Xide surface.
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Table 4.1: Relative atomic ratio of Ir, Co and Ni in (Nio.4Coo.6)1-xIrx-oxide coatings (excluding the
contribution of oxygen). EDX and XPS values represent the measured surface composition of Ir,
Co and Ni in the respective coatings employing the two corresponding surface-analysis techniques.

Actual composition

Nominal composition

EDX XPS
Nio.4C00.6-OX Nio.40C00.60-OX Nio.34C00.66-OX
(Ni0.4C00.6)0.981r0.02-OX (Nio.42C00.58)0.981r0.02-OX (Nio.37C00.63)0.981r0.02-OX
(Ni0.4C00.6)0.9610.04-OX (Nio.41C00.59)0.961r0.04-OX (Nio.37C00.63)0.96110.04-OX
(Ni0.4C00.6)0.941r0.06-OX (Ni0.40C00.60)0.94110.06-OX (Nio.38C00.62)0.95110.05-OX
(Ni0.4C00.6)0.90lr0.10-OX (Nio.39C00.61)0.901r0.10-OX (Nio.38C00.62)0.911r0.09-OX
Ir-Ox Ir-Ox Ir-Ox

4.4.2. X-ray diffraction

The X-ray diffraction profiles of Nio.4Coos-0xide, (Nio.4C0o.6)o.90lr0.10-0Xide and pure Ir-
oxide coatings that show the different crystalline phases in the aforementioned oxides are
presented in Figure 4.3. Common to the three diffractograms are the characteristic diffraction
peaks at 20 values of 35.0°, 38.4°, 40.2°, 53.0°, 62.9°, 74.2°, 76.2°, and 77.4° associated with the
metallic Ti (JCPDS, 44-1294) which is due to the underlying Ti substrate [77, 185]. These peaks
are visible because the depth analysis of the X-ray penetration is at least twice more than the
thickness of the oxide coatings.

Similarly, the diffractograms exhibit strong peaks at 62.8° and 70.6° indexed to (118) and
(220) reflections of anatase TiO> (JCPDS, 84-1286), and a diffraction peak at 27.5° ascribed to
rutile TiO2 (110) reflection plane (JCPDS, 88-1175) [149], with the exception of pure Ir-oxide
where this peak was not apparent. The formation of TiO2 could be a consequence of the relative
affinity of Ti for oxygen compared to Ni, Co & Ir and its consequent diffusion towards the oxygen-

rich outer surface where it is oxidized [148, 185].

Further analysis of the crystalline phases in Ir-oxide reveal strong diffraction peaks at
28.0°, 34.4°, and 41.1° attributed to the rutile IrO2 (110), (101), and (200) crystal reflection planes
(JCPDS, 15-870) [91]. However, in the case of (Nio.4Co0o.6)0.00lr0.10-0xide, the overlapping of
reflections centred at 28.0° and 27.5° due to rutile IrO2 (110) and TiO> (110) respectively, resulted

in the broadening of the diffraction peaks in this low 26-angle region. This behaviour is typical of
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overlapping rutile-type oxide phases with strong reflections, as only weak close reflections can be
separated [195]. Furthermore, the XRD pattern of pure Ir-oxide shows the presence of a weak-
intensity peak at 47.6° corresponding to metallic Ir (200) reflection plane. Moreover, this peak was
absent in (Nio.4Coo.6)o.00lr0.10-0Xide coatings. This implies that virtually all of the applied Ir

precursor coating solution was oxidized under the employed calcination condition.

Diffraction peaks at 37.1° and 43.4° indexed to (111) and (200) reflection planes of face-
centred cubic rock-salt NiO (JCPDS, 78-0643) [48, 185] are visible on the two spectra containing
nickel. The XRD spectra of all the trimetal (Nio.4Coo.6)1-xIrx-0xide coatings have revealed the
existence of six distinct peaks at 18.9°, 31.1°, 36.7°, 44.6°, 59.2°, and 64.9° assigned to (111),
(220), (311)), (400), (511), and (440) reflection planes of spinel Co304 (JCPDS, 42-1467) [152]
and a peak at 36.5° of rock salt CoO (111) phase (JCPDS, 75-0533) [27] (note that for the purpose
of presentation, the diffractograms of (Nio.4C0o.6)0.90r0.10-0Xide alone is shown in Figure 4.3; the
remaining Ni-Co-Ir-oxides have similar XRD profile but with less peak intensity at 28.0°).
Furthermore, the presence of NiO (111) reflection at 37.1° which appears as a discernible shoulder
at Co304 (311) and CoO (111) phase reflections suggests that a single mixed oxide phase could be
present instead of a discrete phase mixtures of Ni and Co oxides in the Nig4Coog-0xide [151].
Upon incorporation of Ir into the Nio.4Cooe-0Xide structure, the peaks at 36.7°, 44.6°, 59.2°, and
64.9° shifted to lower values, which is expected due to the change in the unit crystal structure as a
result of the incorporation of a larger-size species, iridium [196]. Finally, it is noted that the
addition of Ir into the Nio.4Coo.6-0xide matrix resulted in the broadening of strong diffraction peaks
of the as-made trimetal oxides. This suggests that the crystallite sizes of oxide phases decreased
with increasing Ir content. Consequently, this might, to a certain extent, explain the improvement
of coating materials intrinsic electrocatalytic activity, as discussed further in the text.
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Figure 4.3: Diffraction patterns of (Nio.4Coo.6)1-xIrx-0Xxide coatings deposited on Ti substrate.

4.4.3. X-ray photoelectron spectroscopy

The chemical state of the top-most species of the as-synthesized (Nio.4C0o.6)1-xIrx-0xide was
further investigated by X-ray photoelectron spectroscopy and the resulting deconvolution spectra
are shown in Figure 4.4. The XPS survey scan revealed strong binding energy peaks of O 1s, Ni
2p, Co 2p, Ir 4f and a detectable quantity of C 1s of adventitious carbon. Hence, for convenience,
the spectra of all high-resolution scans of detected chemical species are charge corrected to C 1s
(C-C peak of adventitious carbon) set at 284.8 eV [161]. The data from the XPS survey analysis
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of the topmost layer of the coating surface (< 10nm) is presented in Table 4.1, and these data

corroborate the results obtained by EDX analysis.

Figure 4.4(A) showcases the multiplet splitting and satellite structure of the Ni 2p envelope.
The high-resolution scan of (Nio.4C0o.6)0.90lr0.10-0xide reveals Ni 2pz/. doublet photoelectron peaks
at 853.7 and 855.4 eV and a satellite peak at 860.9 eV [161]. The higher binding energy Ni 2p1.2
area shows multiplet-split peaks at 871.4 and 872.9 eV and a satellite peak at 879.3 eV due to
shake processes [160]. Similar results were obtained on other (Nio.4C00.6)1-xIrx-0Xide compositions
(not shown), and also on Nio.4Coos-0xide reported in our previous work [185]. The binding energy
separation between the Ni 2ps;2 and Ni 2py. satellite peaks gives a split spin-orbit value of 18.3
eV associated with stoichiometric NiO [197]. This confirms the presence of NiO in all relevant

coatings.

The surface-sensitive XPS high-resolution analysis on (Nio.4C0o.6)0.90lr0.10-0xide in the Co
2p region shows a mixture of core-level and satellite features due to Co?* and Co®* (see Figure
4.4(B)). The core-level Co 2p spectrum section (Co 2pasr and Co 2p12) has main peaks at 779.6
and 796.3 eV attributed to Co 2p electrons in rock salt Co?*, while binding energy values of 780.9
and 794.7 eV centred at Co 2ps/2 and Co 2pa/, primary peak positions correspond to the spinel Co®*
[163]. It is also possible to distinguish Co oxidation states via the satellite features of the Co 2p
spectrum. Co?* has observable Co 2ps2 and Co 2p1. satellite peaks at 785.1 and 802.6 eV [141],
whereas Co®* has Co 2ps2 and Co 2pa. satellite peaks at 789.1 and 805.0 eV [185]. The overall
outlook of the Co 2p XPS profile is resemblance of a typical X-ray photoelectron spectrum
ascribed to Cos0a. This suggests that CosOg is present in the top-oxide (outer-most) layer of the
(Ni0.4C00.6)0.901r0.10-0xide coating (the same was obtained for other (Nio.4C0o.6)1-xIrx-0xide coating
compositions). However, a closer look at the profile indicates that the known broad satellite peak
feature of C0z04 around binding energy of 786 — 789.5 eV [162] is further stretched towards the
lower binding energy. Hence, the presence of additional Co-oxide species can be elicited.
Interestingly, the deconvolution fitting lines of the peaks are perfectly analogous to typical Co3O4
and CoO spectra, thereby confirming that both types of cobalt oxides were formed on the surface
of the as-prepared oxide coatings. The surface CoO:Co030s4 ratio in all the (Nio.4Co0o.6)1-xIrx-0xide

coatings was found to be ca. 1:1. Therefore, the observed trend in electrocatalytic activity

67



discussed later in the text (see Figure 4.6) is not due to the variation of CoO:Co304 ratio in each

composition [185].

Figure 4.4(C) shows the photoelectron spectra of Ir 4f region. The high-resolution scan for
pure Ir-oxide indicates an asymmetrical peak profile characteristic of rutile type IrO2 [198]. The Ir
4f core-level has primary peaks centred at 61.8 and 64.8 eV for 4f7;; and 4fs;> peak positions
respectively with a split spin-orbit value of 3 eV [67]. These peaks correspond to the Ir** oxidation
state. In addition to this main spin-orbit doublet, two broader peaks observed at 62.9 and 66.1 eV
are visible; these are considered to be due to the final-state screening effect by virtue of
intermediate species (probably Ir3* oxidation state of IrOOH [67, 90]). In the (Nio.4C00.6)0.90Ir0.10-
oxide (Figure 4.4(C)), the 4f7,> peak position shifted to a higher binding energy, from 61.8 to 62.2
eV, and the 4fs;; peak from 64.8 to 65.8 eV, while the peak positions due to the intermediates are
centred at 59.9 and 68.5 eV. This modification in the electronic structure results in the spread-out
of the electron cloud. It can further be seen in Figure 4.4(C) that the 4f;, and 4fs;; peaks for
(Nio.4C0o.6)0.90lr0.10-0Xide are broader and more asymmetric in comparison to those of pure Ir-Ox,
indicating a difference in the local surrounding Ir atoms and enhancement in the metallic character
of (Nio.4C0o.6)0.90lr0.10-0xide [199]. All the (Nio.4Coo.6)1-xIrx-0Xide coatings had similar Ir 4f spectra,

but with slight shifts in the peak positions.

For further understanding of the surface characteristics of the as-made oxides, the high-
resolution O 1s spectra are analyzed. Figure 4.4(D) shows the core-level peaks in the O 1s
envelope. In pure Ir-oxide, the O 1s spectrum has photoelectron peaks located at 529.8, 530.8, and
532.4 eV attributed to oxygen in the crystal lattice, hydroxyl group and adsorbed oxygen,
respectively. Meanwhile, in the trimetal (Nio.4Coos)1-xIrx-oxides, the aforementioned peaks are
centred at 529.4, 530.9 and 532.4 eV, respectively [195]. Therefore the presence of the binding
energy peak at ca. 532.4 eV, due to surface adsorbed oxygen, can be said to emanate from the IrO;
in the trimetal oxide mixture since this peak was absent in the O 1s spectrum of pure Nio.4Coo.6-
oxide [185]. Further, upon the incorporation of Ir into the Nig4Cooe-0xide structure, the peak
related to the oxygen in the crystal lattice shifted to a higher energy by ca. 0.2 eV (from 529.2 to
529.4 eV), suggesting a slight polarization of metal-oxygen shared electrons away from the oxygen
atom [200]. Finally, the ratio of (0%):(OH):(O)aas is calculated as ca. 8:7:5 and 4:3:1 in the pure

68



Ir-oxide and in all the investigated trimetal (Nio.sCoo.6)1-xIrx-0xides, respectively. Therefore, there

is twice as much adsorbed oxygen in the former oxide than in the latter oxides.
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Figure 4.4: XPS spectra of (Nio.4C0o.6)1-xIrx-0xide samples of (A) Ni 2p (B) Co 2p (C) Ir 4f and of
(D) O 1s.

4.4.4. OER Electrocatalytic activity

In order to investigate the electrocatalytic activity of (NiosCoos)1-xIrx-0xide coatings
towards OER in the acidic and alkaline electrolyte, linear sweep voltammetric (LSV)
measurements were recorded in 0.5 M H>SO4 and 1 M NaOH, respectively. The corresponding
Tafel polarization curves, corrected for iR-drop, are presented in Figure 4.5 (the equivalent LSV
curves are shown in Figure 4.9 of the supporting information). Pure Ir-oxide is presented as the
control sample in the acidic medium (IrO; is considered to be the state-of-the-art OER
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electrocatalyst in the acidic medium), while in addition, pure Ni is presented as the control anode

in the alkaline medium (also, Ni is the current state-of-the-art OER anode in this medium).

Taking into account that the ordinate is on the logarithmic scale, the Figures 4.5(A and B)
demonstrate that the composition of the electrodes has a marked influence on the electrocatalytic
activity of the coatings, in both electrolytes. In general, as the content of Ir in the oxide increases,
the current at a fixed overpotential also increases. The curves could be divided into two regions,

the linear Tafel region at low/mid overpotentials, and the ‘plateau’ region at higher overpotentials.
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Figure 4.5: Tafel polarization curves recorded on (Nio.4Co0o.6)1-xIrx-oxide samples in (a) 0.5 M
H2S04 and (b) 1M NaOH, including Ni control. Sweep rate: 1 mV/s.

At higher overpotentials, the curves start to level off into a plateau, and this effect was
more pronounced in the basic medium. This could be due to decrease in surface area of the
electrode in contact with the electrolyte as bigger oxygen bubbles are formed, which are harder to
detach from the anode surface, thereby decreasing the effective surface area of the anode.
However, at lower overpotentials, the curves exhibit the typical linear Tafelian behaviour. The

Tafel slope values extracted from these linear sections are presented in Table 4.2.
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Table 4.2: Tafel slope values for the OER obtained from the Tafel curves in Figure 4.5.

Sample Tafel slope (mV/dec)

Acid Base
Nio.40C00.60-OX 81.0+0.4 80.8+0.8
(Nio.2C00.6)0.98110.02-OX 588+1.2 73.5+5.1
(Ni0.4C00.6)0.96110.04-Ox 455+15 67.4+5.4
(Ni0.4C00.6)0.94110.06-OX 46.7+1.2 64.3+0.7
(Nio.2C00.6)0.90110.10-OX 43.6 £0.9 62.1+2.7
Ir-Ox 508+12 108.8 £4.2
Ni metal - 85.2 + 3.8

It has been demonstrated in the literature that Tafel slope is an important Kinetic parameter
observed in OER electrocatalytic measurement and it is given by a rate-determining step (rds)

within the pertaining OER reaction mechanism [79, 201].

In the 0.5 M H2SOs solution, this slope decreases from ca. 81 to 44 mV/dec, as the Ir
content in the (Nio4Coos)1-xIrx-oxide surfaces increases, indicating an improvement in
electrocatalytic activity in comparison to the binary Nio.4Coos-0xide and IrO2. These values are
close to those reported for other Ir-based oxides [68, 176, 185]. Hence, for (Nio.4Co0o.6)1-xIrx-0Xide
coatings with 0< x<0.04 and for pure Ir-oxide, with Tafel slope around and slightly different from
60 mV/dec, the rate-determining step in the mechanistic pathway for the OER is the formation
step of M-OHags, as shown in previous work [185]. On the other hand, for 0.04>x<0.1, the Tafel
slope values are suggestive that the oxide path is the rds [90, 185].

In another case, the Tafel slopes derived from the LSV measurements in 1M NaOH
electrolyte ranged from ca. 62 to 109 mV/dec, decreasing with increase in Ir content in
(Nio.sCoo.6)1-xIrx-oxide, from 81 to 62 mV/dec. The result in Table 4.2 affirms that pure Ir-oxide
tends to have a high OER Tafel slope value in alkaline solution [92, 202] in comparison to acidic
solution [176]. On the other hand, the Tafel slopes for all (Nio.sCoos)1xIrx-0xide coatings are
around 65 mV/dec, and that of Nio4Cooe-0xide is 81 mV/dec, suggesting that the OER might be

following the same mechanism on these surfaces.
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However, it must be noted that literature has suggested that a rds cannot be determined
solely on the basis of Tafel slope, since different rds in different reaction mechanisms can yield

similar Tafel slope values [79].

In order to more clearly compare the electrocatalytic behaviour of the anodes presented in
Figures 4.5(A and B), the current density at three selected overpotentials is presented as a function
of electrode composition, Figure 4.6. As it can be seen, the behaviour is linear in the acidic
electrolyte; with an increase in Ir content in the oxide, the corresponding OER current increases
linearly at all three overpotential values. This indicates that the OER activity of the (Nio.4Coos)1-
xIrx-oxides in the acidic medium is directly proportional to the amount of Ir in the oxide in this
composition range; however, it should be noted that the reference 100% Ir-oxide yielded OER
activity that is only slightly higher than that of (Nio.4C0o.6)o0.08lr0.02-0xide, but significantly lower
than that of (Nio.4Coo.e)oolro.1-0xide. This suggests that there is synergy in the OER activity of
(Nio.4Coo.6)1-xIrx-oxides due to the mutual actions of Ir-oxide and Nio.4Coos-0xide. Furthermore,
the fact that the activity of pure NiosCoos-0xide (0% Ir) is significantly lower than
(Nio.4Coo.6)0.98lr0.02-0xide activity (Figure 4.5(A)) further justifies the previous statement.

The same conclusions presented above can also be applied for the performance of
(Nio.4Coo.)1xIrx-oxides in the alkaline electrolyte (Figure 4.6(B)); however, the increase in OER
activity with Ir content is not linear. Nevertheless, the existence of synergy in the (Nio.4C00.6)1-xIrx-
oxides is also, here, quite clearly evident. In addition, one can see that the (Nio.4Co0o.6)1-xIrx-0Xide
anodes yield much higher OER activity not only in comparison to pure Ir-oxide, but also with
respect to the state-of-the-art anode commonly used in commercial alkaline electrolysers - nickel.
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Figure 4.6: Variation of oxygen evolution current density at fixed overpotential, as a function of
Ir content in the (Nio.4Coo.)1-xIrx-oxide in (A) 0.5 M H2SO4 and in (B) 1M NaOH. Note that the
dashed horizontal line in (B) represents the OER current recorded on nickel at an overpotential
of 400 mV.

As seen in Figure 4.6, the (Nio.4Coo.6)1-xIrx-0xide with only 10 at.% Ir offers a significantly
higher OER activity than the corresponding state-of-the-art control samples — pure IrO. and
metallic Ni. This is also true when comparing the performance of (Nio.4Coo.6)1-xIrx-0xides to the
performance of IrO2 and Ni anodes studied by other groups, in the corresponding electrolytes [44,
202, 203]. Moreover, the (Nio.4Co00.6)0.0lr0.1-0xide anode yields an OER overpotential of 320 mV
at 10 mA/cm? in H2SO4, which is lower than values reported for some other metal-oxide anodes
with even higher Ir content, such as 330 mV for Iro.7C00.30x [204], 335 mV for Iro.7Nio302.y [205],
365 mV for Bi2lr207 [206], and 394 mV for RulrCoOx [207].

Although for practical purpose, it is useful to compare catalytic activities based on
geometric surface area, the main goal of this work was to investigate the intrinsic effect of Ir
addition to Nio.4Cooe-0xide on the resulting performance of the material in the OER. In order to
do this, the effect of surface area needs to be subtracted from the overall performance of the anode
materials. For this purpose, the electrochemically-active surface area (EASA) of all the electrodes
was determined by employing the well-established hexaammineruthenium [11/II chloride

reversible redox probe [145, 185], and the obtained EASA values are presented in Table 4.3.
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Table 4.3: The electrochemically-active surface area (EASA) obtained from cyclic voltammetry
data. The geometric area of electrolyte-exposed electrodes is 0.43 cm?.

Sample EASA (cm?) Ref
Ni0.4C00.6-Ox 0.313 £ 0.005 [1]
(Nio.4C00.6)0.98110.02-OX 0.354 +£0.013 This work
(Ni0.4C00.6)0.96110.04-OX 0.338 £ 0.008 This work
(Ni0.4C00.6)0.941r0.06-OX 0.348 £ 0.003 This work
(Ni0.4C00.6)0.90110.10-OX 0.362 £ 0.004 This work

Ir-Ox 0.373 + 0.005 [1]

Considering the SEM images in Figures 4.1(A — F), which show that the electrode surfaces
are rather rough, it can be deduced from Table 4.3 that part of the total geometric surface (0.43
cm?) is not electrochemically active. The possible explanations for part of the surface being
electrochemically inactive could be due to the lack of accessibility of the electrolyte to the entire
coating surface as a result of coating pore size distribution and also because parts of the surface
are electrically non-conducting. Further, except for 2% Ir, the dependence of EASA on Ir content
is highly linear (R?=0.9987). Taking the values in Table 4.3 into account, the data from Figure
4.6 were normalized with respect to the EASA and the corresponding trends (Figure 4.10 —
supplementary data) are very similar to the trends for the extrinsic behaviour of the coatings shown
in Figure 4.6. Hence, the observed differences in OER performance are of intrinsic nature.
Therefore, these results evidence that (Nio.4Coos)oolro.1-oxide is the best anode material
investigated in this work, showing a much higher intrinsic OER electrocatalytic activity in the
acidic and alkaline medium than the current state-of-the-art, IrO2 and Ni, respectively. Notably,
this material has an analogous activity to some of the best OER electrocatalyst reported in the
literature [63, 66, 79, 186, 192, 193].

One possible explanation for the observable improvement in the OER activity of the
Nio.4Cog6-0xide coating by incorporating iridium into its structure may be related to the synergistic
interaction among the three metals in the oxide, as already mentioned before, leading to the
modification of the f-shell electronic structure of Ir, as shown by the XPS result (Figure 4.4(C)).
Consequently, Ir not only increases the number of active sites [192] but also stabilizes the Co

active sites in the base material. A further contribution to the increased OER activity of
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(Ni0.4C00.6)0.901r0.10-0xide could come from the narrowing of the band gap [185]. As shown in Table
4.4, the band gap in (Nio.4C0o.6)o0.9lro.1-0xide is narrower than those of Nio.4Coos-0xide [180, 185]
and IrOz [208], which is also related to the change in the electronic structure of the materials
(Figure 4.4) and has been discussed in detail by Ryang et al. [209].

Table 4.4: Measured energy band gap of Ni, Co, Ni-Co and Ni-Co-Ir oxide coatings.

Sample Band gap (eV) Ref
Ni-Ox 2.15+0.01 This work

Co-Ox 2.09 £ 0.02 [1]

Nio.4C00.6-OX 1.59 + 0.07 [1]
(Ni0.4C00.6)0.901r0.10-OX 1.46 +£0.03 This work
Ir-Ox 2.38 +0.21 This work

The observed difference in intrinsic electrocatalytic activity could also be related to the
contribution of “adsorbed oxygen” on the ternary oxide, which emanates from the iridium oxide
as shown in Figure 4.4(D). This adsorbed nonstoichiometric near-surface oxygen can cause partial
polarization of cobalt [208] from Co?* to Co** leading to oxygen vacancies known to influence
OER activity [141, 164]. Moreover, the high-resolution O 1s spectra of the (Nio.4Coo.6)1-xIrx-oxides
indicate that the surfaces exist partly in a hydrous state. The increased presence of hydroxide
surface species, evident from the O?:OH ratio change from 4:1 in the Nio4Coos-oxide [185] to 4:3
in the (Nio.4Coo.6)1-xIrx-oxides may significantly contribute to the enhancement in OER activity
[198].

4.4.5. Electrocatalytic stability in OER

The OER electrocatalytic stability of a catalyst is as important as its activity since an active
anode is expected to function over a long-term service period. Therefore, the stability of the best
performing electrocatalyst, (Nio.4C0o.6)o.9lro.1-0xide, was investigated in 0.5 M H2SO4 and in 1 M
NaOH via chronopotentiometric measurements at a current density of 10 mA cm over a period
of 24 h The results depicted in Figure 4.7 show that the electrocatalyst is stable over the
investigation time span. However, it can be observed that, initially, the overpotential slightly
increased and later stabilised. This minor increase in overpotential can be attributed to the decrease
in the available surface area of the electrode due to the blockage of narrow pores by produced

oxygen bubbles. This was verified by performing subsequent experiments using the same
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electrodes after the 24 h of electrolysis and after shaking off (detaching) oxygen bubbles; the

recorded curves were superimposed onto the curves from the preceding experiments.

04 -
1M NaOH
05 LghtiAALE .u.m'- At
S W Nt 0.5M H,S0,
[y
02 -
01 T T T T T
0 4 8 12 16 20 24

time (h)

Figure 4.7: Long-term stability test measured galvanostatically at 10 mA/cm? on
(Nio.4Coo.6)0.9lr0.10-0xide electrode in 0.5M H2SO4 and 1M NaOH.

The above-stated observations were corroborated by the SEM images presented in Figure
4.8, which shows that the morphology of the catalyst, after the long-term electrolysis, did not
change significantly in comparison to that of the freshly-prepared surface (Figure 4.1(E)).

500 15.0kV x3.00k SE

Figure 4.8: The SEM images of (Nio.4C0o.6)0.90lr0.10-0xide surface after 24 h of electrolysis at 10
mA/cm?in (A) 0.5 M H,SO. and (B) 1M NaOH.
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Further, at the end of the electrolysis experiment, Tafel polarization curves were recorded
on the sample using fresh electrolytes and then compared with those recorded initially on the
freshly-prepared electrode, prior to the start of the electrolysis so as to study possible changes in
its activity. The activity before and after the 24-hour electrolysis was the same, also evidencing
the good stability of the surface.

4.5. Conclusion

Addition of small amount of Ir to Nio4Cooe-0Xide increases its electrocatalytic activity
towards OER, yielding an efficient material that could be a cost-effective replacement for the
expensive current state-of-the-art 1rO2 anodes in acidic water electrolysis. The electrochemical
tests in this study revealed rising trend in electrocatalytic performance of (Nio.4C0o.6)1-xIrx-0xide
coatings with Ir content, dominated by the intrinsic electrocatalytic properties of the material. The
(Nio.4Co0.6)0.90lr0.10-0xide composition was found to be significantly more active than IrO2, while
also offering a considerably higher OER electrocatalytic activity than Ni anodes used in alkaline

electrolysers.

Results from SEM imaging show that the granular-type morphology of the as-synthesized
coatings is composition-dependent, while the EDX and XPS characterization of the coating surface
confirmed that the actual composition of the top layer of the coating is very close to its targeted
(nominal) composition and the distribution of Ni, Co and Ir in the top layer of the coating is

uniform. The XRD analysis confirmed the crystalline nature of the coatings.

The XPS analysis elicits evidence of a synergistic relationship among crystalline IrO2,
C0304, CoO and NiO in the ternary mixed metal oxide coatings which resulted in the modification

of the Ir f-shell electronic configuration that correlates with increased catalytic activity.
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4.6. Appendix A. Supplementary material

This section contains the supplemental file to the manuscript.

Oxygen evolution current density versus applied voltage on the (Nio.4Co0o.6)1-xIrx-0xide in (A) 0.5
M H>SO4 and in (B) 1M NaOH
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Figure 4.9: LSV curves recorded on (Nio.4Coo.6)1-xIrx-0xide samples in (A) 0.5 M H2SO4 and (B)
1M NaOH, including Ni control. Sweep rate: 1 mV/s.

Variation of oxygen evolution current density at fixed overpotential, as a function of Ir content in
the (Nio.sCoos)1xIrx-oxide in (A) 0.5 M H2SO4 and in (B) 1M NaOH based on the
electrochemically-active surface area
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Figure 4.10: Results from Figure 4.6 normalized with respect to the electrochemically-active
surface area (EASA).
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Chapter 5 - The Effect of Calcination Temperature on the Electrocatalytic
Activity of Ni-Co-Ir-oxide and Ni-Co-Ru-oxide Anodes in the
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5.1. Preface

The previous chapter presented results on the influence of Ir content on the electrocatalytic
properties of Nio.4Coo.6-0xide in the oxygen evolution reaction. It was demonstrated that the OER
activity of the binary oxide was significantly enhanced with the addition of 10 at.%Ir, surpassing
the state-of-the-art IrO> in the acidic electrolyser and the Ni anodes typically used in the alkaline
electrolysers while maintaining good durability. It was found that the oxygen evolution current
density (activity) at fixed overpotentials increased linearly with Ir content (<10%) in the acidic
medium. Though the same linear variation was not observed in the alkaline solution, nevertheless,
the improvement in activity was likewise significant.

In light of the above-stated outcomes and with a view of developing low-cost, active and
stable OER anodes, it was hypothesized that Nio.4Coo.s-0xide could have similar beneficial intrinsic
synergistic interaction with a low content of incorporated Ru especially since RuO2, the best
known OER catalyst in the alkaline medium, is scarce and expensive. Furthermore, it has been
shown in the literature that the charge storage capacity of Ir- and Ru-oxides may vary as a function
of fabrication (calcination) temperature. This prompted us to investigate whether the same would
influence the kinetics of the OER on these surfaces.

This chapter presents the results on the effect of fabrication (calcination/annealing)
temperature on the OER electrocatalytic performance of the thermally-prepared NiCoRu- and
NiColr-oxides. It will be shown that the fabrication temperature had a profound effect on the OER
electroactivity of the trimetal oxides. The improvement in specific OER activity was associated
with the modification of the electronic structure and to the increase in hydroxide content and

oxygen vacancies in the oxides.
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Highlights

e Calcination temperature influences the electrocatalytic activity of NiCoRu/Ir-oxides
e Maximum electrocatalytic activity in oxygen evolution is achieved at 300°C
e NiCoRu/Ir(300°C)-oxides performed better or close to pure Ir- and Ru-oxide

e There exists synergy between NiCo-oxide and Ir/Ru when used as oxygen anodes

Abstract

The influence of calcination temperature on the electrocatalytic properties of thermally-
prepared (Nio.4C0o.6)0.901r0.10-0xide and (Nio.4C0o.6)0.90RUo.10-0Xide in the oxygen evolution reaction
(OER) was investigated in an alkaline medium. It was shown that by lowering the calcination
temperature, the OER activity of the two materials increased significantly, yielding a maximum at
300°C. The increase in electrocatalytic activity of the oxides was related to the change in intrinsic
properties of the anodes, predominantly to the modification of the electronic structure and to the
increase in hydroxide content. Despite the relatively low content of the two noble metals in the
synthesised oxides, (Nio.4Co0o.:6)o.00lr0.10-0xide was found to significantly outperform the current
state-of-the-art OER electrocatalyst, pure Ir-oxide, while the electrocatalytic activity of
(Nio.4Co00.6)0.90RUo.10-0xide was measured to be much higher than that of the Nio.4Coo6-0xide base,
thus demonstrating the synergistic action of Ni/Co/Ir and Ni/Co/Ru in their oxides. These results
suggest that the fabrication of the trimetal oxides at the appropriate temperature can be an approach
for augmenting the OER performance of the anode materials.

Keywords: Hydrogen; Oxygen; Alkaline water electrolysis; Anodes; Metal Oxides;
Temperature; Nickel; Cobalt; Iridium; Ruthenium
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5.2. Introduction

The demand for clean energy continues to be one of the most pressing needs of our society
today. As the population of the world continues to rise, there is an equivalent increase in energy
demand to meet its ever-evolving economic, social and technological development. Hence,
meeting this growing global energy demand in an environmentally-responsible fashion is very
important for the future of our planet. Currently, fossil fuels serve as the primary source of energy.
However, this resource is limited in supply, and its persistent usage is damaging to the
environment. In the past few decades, the aforementioned environmental impact of fossil fuel
usage has become more pronounced due to increased demand for energy. Hence, it is paramount
to develop alternative sustainable energy sources. One promising alternative energy solution that
has gained massive interest over the past few years is the use of hydrogen as an energy carrier
[210]. Hydrogen has very high specific (mass-based) energy density, yet an engine (internal
combustion engine or fuel cell) that uses pure hydrogen produces just water. The National
Aeronautics and Space Administration (NASA) [211] has been using liquid hydrogen as rocket
fuel for decades, to propel space shuttles and other rockets into the orbit. Further, other commercial
applications for hydrogen include fuel cell vehicles (FCV) such as passenger cars and buses which
have been running for several years now, around the world [212, 213].

As of today, most commercially-produced hydrogen emanates from fossil fuel sources
primarily via steam reforming process [34, 214]. This is due to the fact that the technology is cost-
effective since it requires lower fixed and operating costs. However, it does not address the adverse
effects of fossil fuel use. In a future energy scenario based on renewable sources, an
environmentally-friendly way of producing hydrogen is best achieved through water-splitting.
Water electrolysis, when coupled with other sustainable external energy sources like solar and
wind, produces hydrogen that can be deployed as a simple non-toxic way of storing, transporting

and availing energy.

Nevertheless, the main obstacle facing hydrogen production from water electrolysis is the
energy efficiency limitation of the technology. The energy inefficiency is mostly due to the large
overpotential requirement of its anodic oxygen evolution reactions (OER), in comparison to the
cathodic hydrogen evolution reaction (HER) [215, 216]. Thus, to optimise the overall water-

splitting process, considerable research efforts have been devoted, over the years, to the synthesis
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and characterisation of efficient anode materials to achieve useful OER rates. In addition to having
a low overpotential, a commercially-viable anode should possess a large specific surface area,
good electrical conductivity, electrochemical and corrosion stability, low cost, and safe handling
[57, 169, 217].

At practical OER current densities, the lowest known overpotentials are attributed to the
expensive platinum, ruthenium, and iridium oxide anodes [57, 218]. However, besides being very
expensive, these noble metal oxides suffer from poor chemical stability, especially in acidic media
[219, 220]. In order to maximise their performance and minimise cost, previous research works
[220] have focused on creating mixed metal oxides (MMO) composed of precious metal oxides of
faster OER kinetics and other cheaper metal oxides of sufficient OER electrocatalytic activity such
as tin [93], tantalum [221] manganese [222] just to name a few, resulting in MMOs with improved
stability due to the combined effects of the metals acting synergistically together. Another
approach widely employed entails the engineering of nano-based materials with immensely large
specific catalytically-active surface area for enhanced extrinsic properties of the metal oxide
anodes [64, 65, 91]. Moreover, other studies worked on varying the temperature under which the
oxides are formed [69, 223-225]. Interestingly, the investigated materials had better
electrocatalytic activities when thermally-prepared at lower temperatures but showed more inferior

electrochemical stability.

Moreover, the high cost and scarcity of the precious metals make their commercial
utilisation impractical. This has motivated an extensive search for earth-abundant electrocatalysts
with particular emphasis on the various oxides of first-row transition metals, such as nickel [82,
117, 226] and cobalt [86, 118]. These non-noble metals have relatively low cost and long-term
corrosion resistance in alkaline solution, making them attractive, alternative OER anode materials.
In fact, various research studies carried out in several laboratories, including ours, found that Ni-
Co mixed metal oxides offer comparable performance to that of noble metals [185, 227, 228].
Furthermore, the Ni anode is considered the state-of-the-art catalyst in the alkaline electrolyser. In
a previous study investigating the electrocatalytic activity of low-cost mixed metal oxides of nickel
and cobalt, it was found that Nio.4Co0o.6-0xide exhibited the highest activity and reasonable stability
of all the prepared binary oxides of various Ni/Co ratios, in a harsh acidic medium [185]. Hence,

the aforementioned material served as reference material in the current work.
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5.3. Experimental Procedure’

5.3.1. Electrode Synthesis

The coatings of (Nio.4Coos6)1-xRux-oxide and (Nio.sCooe)1-xIrx-oxide were formed on
titanium coins (Grade 2, 99 % pure, McMaster Carr) through a thermal decomposition method.
The titanium substrates of diameter and thickness 1.21 and 0.2 cm, respectively, were first
pretreated by wet-polishing using 600-grit SiC grinding paper. Afterwards, they were rinsed in
nanopure water (resistivity: 18.2 MQ cm) and sonicated in ethanol for 30 min to dislodge polishing
residues. The samples were then etched in a boiling equivolume mixture of HCI and nanopure
water for 30 min and dried with argon gas (purity 99.998 wt.%, MEGS Specialty Gases Inc.,
Canada) [185].

The coating materials were prepared from a 0.5M precursor salt solutions of nickel, cobalt,
ruthenium and iridium made by dissolving NiCl2-6H20 (ReagentPlus, 100%, Sigma Aldrich),
Co(NO3)2:6H20 (99% pure, ACROS Organics), RuClz-3H>O (<100%, Sigma Aldrich), and
IrCl3-3H20 (purity 53-56% Ir, Fisher Scientific Acros), respectively, in an equivolume mixture of
isopropanol (Fisher Scientific) and nanopure water. Desired coating compositions were made by
mixing the corresponding stock solutions, and the resulting 2 mL coating solutions were sonicated

for 10 min in an ice bath to obtain homogeneous intact solutions [185].

Each precursor solution was applied evenly on the pretreated surface of the titanium
substrate with a standard paintbrush. The coated substrate was then placed in an oven at 110 °C
for 5 min to vaporize the solvent and then calcinated for 15 min at the predetermined temperature
in a furnace to obtain the first oxide layer. The calcinated sample was left to cool to ambient
temperature. Afterwards, further five oxide layers were applied in a similar fashion. After applying
the last layer, the coating was calcined (annealed) for one hour to produce a coating material. In
order to investigate the effect of annealing temperature on the catalytic performance of the
coatings, the requisite samples were prepared at the following temperatures: 250°C, 300°C, 400°C,
500°C and 700°C.

7 The measurements were done in multiplets and the presented data are the average values including the
corresponding standard errors.
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5.3.2. Surface Characterization

A scanning electron microscope (Hitachi SU3500) was used to study the surface
morphology of the oxide coatings while their surface chemical compositions were determined
through energy-dispersive X-ray spectroscopy (EDX).

Further, a Bruker Discover D8-2D diffractometer with a collimated Cu Ko radiation source
(L=1.5406 A, 40kV, 40mA) was used to characterize the crystalline structure of the various oxide
phases via grazing incidence X-ray diffraction (GIXRD). The instrument was operated in a step
scanning mode with step size of 0.005° 26. The monochromatic X-ray beam grazed the surfaces

at a fixed, low glancing angle, a = 2°.

X-ray photoelectron spectroscopy (XPS) was used to determine the surface chemical
composition and state of the oxides by using a K-Alpha X-ray photoelectron spectrometer (Thermo

Fisher Scientific, USA) of Al Ka radiation source (1486.6 eV photon energy, 400 um spot size).

Finally, a goniometer model OCA 15EC high precision device equipped with a CCD
camera (Data Physics, USA) was employed to record the contact angle of the surfaces using the
SCA 20 software.

5.3.3. Electrochemical Characterization

Electrochemical tests were carried out in a three-electrode system at the ambient room
temperature (296 £ 2 K) in a 1M NaOH (99wt% purity, Fisher Scientific) of pH = 13.4 as
electrolyte solution, to study the electrochemical behaviour of the anode materials. Polarization
curves for anodes' OER activity were recorded via linear sweep voltammetry (LSV), whereas
chronopotentiometric measurements were done to investigate the stability of the coatings in the
argon-saturated solution. The electrochemical cell setup comprised the fabricated metal-oxide
electrode coatings as the working electrodes (geometric surface area = 0.43 cm?), a graphite
counter electrode, which was separated from the main cell electrolyte compartment using a glass
frit (Ace Glass, Inc., USA) to prevent hydrogen evolved on it from reaching the anode (working
electrode), and of a standard Ag/AgClI (Fisher Scientific, product no. 1362053, sat. KCI) reference
electrode. The ohmic resistance between the reference and working electrodes was determined by
electrochemical impedance spectroscopy, which was used to correct the polarisation curves for the
iR-drop.
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The electrochemically-active surface area (EASA) of the produced metal oxides was
determined by employing the method developed by Trasatti, which is based on the evaluation of
double-layer capacitance via cyclic voltammetry (CV) [229, 230]. These CVs were recorded in
0.17M Na2HPO4 (100wt% purity, Fisher Scientific). All electrochemical tests were performed
using Autolab potentiostat/galvanostat analyser (PGSTAT30, Metrohm, NL) controlled by NOVA

software (version 2.1.3; Metrohm, NL).

5.4. Results and Discussion

5.4.1. Surface Characterization

The SEM micrographs of the (Nio.4Co00.6)0.90RUo.10-0xide and (Nio.4C0o.6)0.90lr0.10-0Xide
coatings presented in Figures 5.1(A-J) reveal the surface morphology and structure of the tri-metal
oxide surfaces produced at different calcination temperatures. It is noted that relatively
homogeneous porous morphologies characterise all the coatings. At 250°C (Figure 5.1(A)),
(Nio.sCoo.6)0.9RU0.10-0xide displayed granular agglomerates of particles buried into the coating's
porous network. The porous structure, composed of granular particles, became more evident with
an increase in temperature, resulting in the formation of larger particles (Figures 5.1(B-E)). This
is because the oxide particles gradually agglomerated with an increase in calcination temperature,
thereby resulting in particle sintering and an increase in particle size [223]. However, it must be
noted that the surface formed at 300°C is largely compact. This less-porous network appears to be
dictated by the Nio.4Coos-0xide since Figure 5.7(E) reveals a compact fibrous network of
Nio4Cooe-0xide synthesized at 300°C relative to a much more extensive granular network of
particles at 500°C. In addition, Figure 5.1(E) reveals that the surface, formed at 700°C, displays
an agglomerated feature of melted particles. This explains the very low electrochemical activity of

(Nio.4Co00.6)0.90Ruo.10-0xide film at this condition discussed later in the manuscript.
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Figure 5.1: SEM images of: (A-E) (Nio.4Coo.6)o.90Ruo.10-0xide and (F-J) (Nio.4C00.6)0.90lr0.10-0Xide
annealed at temperatures between 250°C and 700°C.

The development of the surface microstructure with temperature for the (Nio.4C00.6)0.91r0.10-
oxide (Figure 5.1(F-J)) is similar to that of the (Nio.4C00.6)0.90RUo.10-0Xide, with the exception of
the surfaces annealed at 700°C. Furthermore, for (Nio.4C0o.)o9lro.10-0xide, the film surface is
observed to showcase less deep pores as the size of the granular particles increased with a rise in

temperature.

The elemental composition of the coatings was evaluated via EDX elemental mapping
analysis. The surfaces revealed uniform dispersion of the corresponding elements (the
(Nio.4Co00.6)0.90Ruo.10-0xide surface calcined at 300°C is presented for illustration purpose in
Figures 5.8(A-C)). Nonetheless, the surface is impacted by the Ti substrate (Figure 5.8(D)), as Ti
diffused to the outer surface due to its strong affinity for oxygen [185] and the porous nature of
the surface. Consequently, some part of the oxide surface are expected to be less electrochemically
active in OER due to the semiconductive TiO- areas [231]. The EDX data depicted in Table 5.1
were obtained by analyzing at least five different locations on each material surface. The table
shows a good agreement between the empirical results and the nominal coating compositions. The
thickness of the oxide layers synthesised at the different temperatures was determined as ca. 3.2 +

0.5 pm.
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Table 5.1: Relative percentage atomic composition of Ni, Co and Ru/lr in (Nio.4C0o.6)0.9RUo.10-
oxide and (Nio.4Coo.6)0.9lr0.10-0Xide at varying calcination temperatures, recorded by EDX analysis.
The average standard deviation of the data was ca. 0.3%.

Temp (Nio.2C00.6)0.9RU0.10-0Xide (Nio.2Coo.6)0.9lr0.10-0xide
(°C) %Ni  %Co %Ru % Ni %Co %lr
250 32.9 57.6 9.5 31.9 58.3 9.7
300 30.6 59.1 10.2 30.5 59.1 10.4
400 37.1 54.9 8.0 39.1 50.6 10.3
500 37.9 52.7 9.5 35.3 54.8 9.9
700 32.0 59.5 8.5 31.1 59.1 9.8

5.4.2. X-ray Diffraction

The X-ray diffraction patterns of (Nio.4C0o.6)0.90Ruo.10-0xide and (Nio.4C0o.6)0.901r0.10-0Xide
calcined at different temperatures are depicted in Figure 5.2. The GIXRD technique was employed
in order to minimize the typical strong intensity contribution of the underlying Ti metal substrate,
due to the depth of penetration of the X-ray [231]. However, the diffraction features at the 26
values of 35.0° and 40.2° are still present, indicating the presence of Ti, which might be due to the
porosity of the oxide films and diffusion of Ti to the outside region of the film [185]. It is observed
that the intensity of the 40.2° Ti peak decreased with increasing calcination temperature, which
could be due to the decrease in coating porosity, which is in agreement with the SEM results in
(Figures 5.1(A-J)).

To further substantiate the degree of oxide coating porosity and its influence on the level
of detectable Ti in the outer oxide layer, (Nio.4Co0o.6)o.90RUo.10-0xide calcined at 700°C was
investigated by both conventional XRD and GIXRD (Figure 5.9(A)); the disappearance of the
strong intensity peak of Ti metal at 35.0° and 40.2° in the GIXRD profile is clearly evident,
whereas the Ti peaks are much palpable in the conventional XRD, indicating that Ti is much less
present in the outer oxide layer. In addition, the superimposed peaks due to Ir-oxide, Co-oxide and
Ni-oxide in the 20 ranges of 35 — 37° and 52 — 56° [185, 231] foretells the emergence of single-
composite well-mixed coating layers. On the other hand, the distinct RuO. (Figure 5.9(A)) and
IrO (Figure 5.2(B)) phases centred around 26 value of 28° are evident for oxides formed at 700°C,

unlike at other temperatures.
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Figure 5.2: Diffraction patterns of: A) (Nio.4C00.6)0.90RUo.10-0Xxide and B) (Nio.4C00.6)0.90lr0.10-0Xide
coatings deposited on Ti by thermal decomposition at different calcination temperatures.

The XRD analysis of the metal-oxides coatings revealed crystallographic peaks at 31.0°,
36.6°, 38.2°, 44.3°, 55.4°, and 58.9°, with indices of (220), (311), (322), (400), (422), and (511)
that are ascribed to a spinel-type nickel-cobalt oxide, NiCo.04 (JCPDS, 20-0781) [232, 233]
associated with the diffraction peaks of a mixed oxide film composed of C03z04, CoO, and NiO
[185, 231]. The stoichiometric conformation of the single mixed oxide phase of NiC0204 in the
synthesized coatings was verified by the relative atomic ratio analysis via XPS (Table 5.3), which
affirms the average Co to Ni ratio in the coatings as ca. 2, and this is also corroborated by the EDX

elemental analysis (Table 5.1).

Furthermore, the spinel NiC0204 oxide phase displayed increasing crystallinity with
calcination temperature [231] as highlighted by the strongest crystallographic peak centred at the
(311) reflection, thereby suggesting a corresponding increase in the crystallite size (Figure 5.9(B)).
To further explore this, the mean particle size of the oxide coatings formed at different calcination
temperatures was determined from the (311) facet of NiCo204 using the Scherrer's formula [234].

The results in Table 5.2 corroborate the prior deductions from the SEM images, Figures 5.1(A-J).
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The average crystallite size increases linearly with calcination temperature, for both oxides. This
augmentation in crystallite size with annealing temperature may partly explain the improvement
in OER performance of the catalysts with lowering synthesis temperature, as presented later
(increase in the surface energy and the number of active sites with a decrease in crystallite size).
A similar outcome was observed for pure RuO: synthesized at 500°C and 300°C Figure 5.9(A).
The noticeable broadening and shift of RuO, peaks at 28°, 35°, and 54.2° (ICDD, 43-1027) [203]
ascribed to the (110), (101), and (211) reflection planes to higher 26 values of 28.2°, 35.3°, and
54.4° are the consequence of lattice contraction due to the lowering of the oxide calcination
temperature. This can further explain the reduction in particle size and attenuation of crystallinity
of the Ni-Co-Ru-oxide. Similar results were observed for Nio4Coo6-0xide and Ir-oxide prepared

at these temperatures.

Table 5.2: The average crystallite size of (Nio.4C00.6)09RUo.10-0xide and (Nio.4C0o.6)o.9lro.10-0xide
determined at different calcination temperatures.

Temp Mean crystallite size, d (nm)
(°C) (Nio.2Coo.6)0.9RUo.10-0xide | (Nio.4C0o0.6)0.91r0.10-0Xide
250 124 11.8
300 15.8 13.8
400 19.3 18.8
500 20.4 21.7
700 28.9 29.5

5.4.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy was conducted on the surface of each synthesized oxide
layer at three different spots. This study revealed the top-surface atomic metal compositions of the
materials. Table 5.3 shows the relative atomic percentage of the component elements on both oxide
layers. The presented results are in good agreement with the nominal Ni:Co:Ru and Ni:Co:lr
composition of 36:54:10 in (Nio.4C00.6)0.9RUo.10-0xide and (Nio.4Coo.6)o.9lr0.10-0xide. These results
are also corroborated by the EDX data shown in Table 5.1.
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Table 5.3: Relative percentage atomic composition of Ni, Co, and Ru/Ir in (Nio.4C00.6)0.9RUo.10-
and (Nio.4Coo.6)0.0lr0.10-0Xxides annealed at different temperatures, obtained by X-ray photoelectron
spectroscopic measurements. The average standard deviation of the data was ca. 0.2%.

Temp (Nio.4C00.6)0.9RU0.10-0Xide (Nio.2C00.6)0.9lro.10-0xide
(°C) % Ni % Co % Ru % Ni % Co % Ir
250 33.3 57.1 9.6 34.8 55.1 10.2
300 30.8 59.2 9.9 30.7 59.7 9.6
400 34.1 55.9 10.0 32.8 58.1 9.1
500 36.2 54.1 9.7 34.6 56.2 9.3
700 30.7 59.6 9.6 30.6 59.4 10.0

The X-ray photoelectron spectra characteristics of O-1s, Ni-2p, Co-2p, Ir-4f and Ru-3d
core level peaks of (Nio.4C00.6)0.9RUo.10- and (Nio.4C00.6)0.91r0.10-0Xide samples are shown in Figures
(5.3 and 5.4) [90, 231]. The deconvoluted spectra of the corresponding samples calcined at 300°C
are presented as an example. The obtained XPS profiles were charge-corrected to C 1s (C-C peak
of adventitious carbon) set at 284.8 eV [231].
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Figure 5.3: XPS profile of as-made (A) (Nio.4C00.6)0.9RUo.10-0xide in the Ru 3d region and (B)

(Nio.4Co00.6)0.0lr0.10-0xide in the Ir 4f region, annealed on Ti substrates at 250 — 300°C range of
temperature.
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Figure 5.4: XPS spectra of (A) (Nio.4C0o.6)0.90RUo.10-0xide and (B) (Nio.4C0o.6)o.90lr0.10-0Xide as a
function of calcination temperature showing the binding energies of the deconvoluted O1s peaks
of the samples annealed at 300°C.

Figure 5.3(A) showcases the doublet splitting in the Ru-3d spectrum of
(Nio.4Coo.6)0.9RU0.10-0xide sample, fabricated at 300°C. The photoelectron peaks centred at around
281.5eV and 284.7 eV are attributed to the Ru 3ds> and Ru 3ds2 spin-orbit components of a
hydrated RuO», respectively [90, 235, 236]. The asymmetric Ru-3d spectrum can be deconvoluted
into two core level peaks at 281.3 eV and 284.5 eV and satellite peaks at 282.4 eV and 286.5 eV.
The satellite peaks are attributed to the final-state screening effect [90] due to intermediate species
associated with hydroxyl groups or oxygen vacancies [231, 237]. Further, it is observed that the
3ds,2 peak position of pure Ru-oxide centred at 280.8 eV shifted to higher binding energy by ca.
0.5 eV with the addition of Nio.4Cooe-0xide (see Figure 5.3(A) inset). However, unlike in the pure
Ru-oxide, the 3dasr spin-orbit doublet of (Nio.4Co0o.6)0.9RUo.10-0Xide compound is of a stronger
intensity than the 3ds/2 spin-orbit doublet, except at 250°C. The fractional intensity of the doublets
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(3d3/2:3ds2) decreased with the fabrication temperature of (Nio.4Coo.6)o.9Ruo.10-0Xide. This
evidences a modification of the Ru-3d electronic structure as the satellite peaks (shown in the inset
to Figure 5.3(A)) became broader, shifting slightly to higher binding energy [236]. This implies
that the variation in annealing temperature influenced the spin-orbit interactions of the electrons

in and around the Ru-3d shell.

The XPS spectra on the main plot in Figure 5.3(B) depicts the Ir-4f core level of
(Nio.4Co00.6)0.9lr0.10-0xide annealed at 300°C. The typical Ir 4f doublet photoelectron peaks ascribed
to the primary 4f72 and 4fs/, spin-orbit components are visible at binding energies of 62.5 eV and
65.5 eV, respectively. The split spin-orbit value of 3 eV, which is in agreement with the literature
[67, 231] confirms the presence of rutile IrO in the coating. The high-resolution Ir-4f XPS
response is deconvoluted into two main peaks at 62.6 and 65.5 eV that correspond to the
Ir** oxidation state, and two broad peaks at 60.6 eV and 68.0 eV that are a consequence of the
final-state screening effect by intermediate species [67, 90]. The inset in Figure 5.3(B) is the fitted
empirical XPS profile of the same compound calcined at other temperatures, with pure Ir-oxide
fabricated at 500°C as a reference. The binding energy for (Nio.4C0o.6)o.9lr0.10-0Xide centred around
the dominant 4f7;, peak is close to the 61.8 eV of pure 1IrO,. Nevertheless, a more detailed
examination of these peaks (Figure 5.3(B) inset) reveals a slight shift to higher binding energies
with decreasing calcination temperature of (Nio4Coo.s)oolro.10-0xide. Hence, the decrease in
calcination temperature resulted in the reduced occupation of the low binding energy of state with

a corresponding modulation of the Ir-4f electronic structure.

Further, the high-resolution O-1s spectra of (Nio.4C00.6)0.90RUo.10-0Xide prepared at different
temperatures are presented in Figure 5.4(A). Each XPS envelop was fitted by two deconvoluted
Ols peaks. The fitted experimental and the deconvoluted spectra of the sample annealed at 300°C
is shown as an example. The two peaks centred on the binding energy lines 529.2 eV and 530.8
eV represent oxide species attributed to oxygen in the crystal lattice (0% and a hydroxy!l group
(OH") [236]. From Figure 5.4(A), it is evident that with decreasing annealing temperature, the
relative proportion of OH™ increases, indicating a higher content of hydrated oxide at lower
calcination temperatures. The quantitative analysis of the fraction, (0?):(OH") yielded a rise in

OH™ content by ca. 77% within the investigated temperature range.
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Figure 5.4(B) shows the variation in O-1s spectra of (Nio.4C0o.6)0.90lr0.10-0Xide sample with
calcination temperature. The shown XPS responses indicate the existence of three oxygen species
ascribed to (0%), (OH") and surface-adsorbed oxygen (O°) [185]. The binding energy lines (529.1
eV, 530.8 eV, and 532.3 eV) of the respective oxygen species resulting from the O-1s response of
the sample annealed at 300°C are shown in Figure 5.4(B), for illustration. As was in the case of
(Nio.2Coo.6)0.90Ruo.10-0xide, the amount of OH™ in the (Nio.4Co00.6)o.90lr0.10-0Xide increased with
lowering calcination temperature. Thus, the increase in hydroxide oxygen with decreasing
calcination temperature presumably avails the Ir/Ru-Ni-Co-oxides with more oxygen vacancies
[195, 237]. It has been shown in the literature [193, 238] that the increase in oxygen vacancies
leads to improved electronic conductivity of the electroactive species in mixed metal oxides,
thereby resulting in the augmentation of the OER kinetics of the composite oxides. This was
confirmed by the OER activity data (Figure 5.5) presented in a later section of this report.

In order to elucidate the influence of decreasing annealing temperature on the hydroxide
content of the electroactive species, the O1s spectra of the pure oxides were evaluated (see Figure
5.10). Note that the O1s spectra of Ru-oxide and Ir-oxide are deconvoluted into (O%*), (OH"), and
(O"), whereas that of Nig.4Coo6-0xide consists of two oxygen species (0%, OH"); consequently, it
can be elicited that the O1s response of Ni-Co-Ru-oxide is predominantly influenced by Nio.4Coo 6-
oxide whereas the response of Ni-Co-Ir-oxide sample is dominated by the response from the
electroactive Ir-oxide [185]. In addition, it was found that the OH™ proportion in Ru-oxide, Ir-
oxide, and Nio.4Coos-0xide materials increased by 5%, 77%, and 19%, respectively, for a decrease
in calcination temperature from 500°C to 300°C. This may suggest a corresponding improvement
in the OER electrocatalytic activity of the pure oxides (see Figure 5.13). In addition, the significant
increase in the hydroxide oxygen of Ir-oxide may partly explain why the specific OER activity of
(Nio.4Co00.6)0.90lr0.10-0xide is ca. 20 folds more than that of Nig4Cogs-0xide at the lower fabrication

temperature of 300°C, as discussed later in the text.

The high-resolution Co-2p and Ni-2p responses were found in the range of 779 — 805 eV
and 853 — 879 eV respectively, and were statistically the same on all surfaces as described in a
previous work [231]. Consequently, these results confirm the presence of the familiar CoO, C0304
and NiO chemical species in the calcination temperature-influenced (Nio.4Co0o.6)0.9RUo.10-0Xide,

(Ni0.4C00.6)0.91r0.10-0xide and Nio.4C0o.6-0xide samples.
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5.4.4. Wettability measurement

Wettability test was carried out to investigate the interfacial interaction between the prepared
Ru/Ir-based ternary oxide surfaces and the electrolyte solution. This was done by measuring the
contact angle on the surface of each (Nio.4Co00.6)o.90RUo.10-0xide and (Nio.4C0o.6)o.00lr0.10-0Xide
coatings. Table 5.4 presents the average values of the recorded contact angles. The values for the
(Nio.4Coo.6)oslro10-0xides are lower than those for the (Nio.4Coo6)o9RUo.10-0xide, implying the
better wettability of the former oxide surface. However, it can be seen that the contact angles for

both oxides decrease with lowering annealing temperatures.

Table 5.4: The average contact angle of (Nio.4C0o.6)09Ruo.10-0xide and (Nio.4C0o.6)o.91r0.10-0Xide
coatings calcined at different temperature.

Temp Average contact angle (0)
(°C) (Nio.4C00.6)0.9RUo.10-0Xide (Nio.4Coo.6)0.lro.10-0Xide
250 75.2+£3.0 20.1+£0.1
300 81.6+29 59.5+0.9
400 90.1+£25 65.3+0.4
500 954+16 705+ 3.7
700 98.5+2.1 83.7+1.1

This can be explained by the increasing proportion of hydroxide present in the oxide
coatings, consequently increasing the cohesive force of attraction between the surface and the
water droplet [239]. This intrinsic characteristic of the oxide is important in order to allow for
better interaction with the aqueous electrolyte, thereby contributing to the improvement of the
electrocatalytic properties of the surface towards oxygen evolution.

5.4.5. Electrochemical characterization

The electrocatalytic activity of the synthesized coatings towards OER was measured by
linear sweep voltammetry (LSV) in 1 M NaOH (pH = 13.4). Figure 5.5 presents the iR-drop-
corrected LSV curves that illustrate the electrocatalytic performance of (Nio.4C00.6)0.90RUo.10-0Xide
and (Nio.4Coo.6)o.90lr0.10-0Xide samples as a function of calcination temperature. The equivalent
Tafel plots are shown in Figure 5.11, and the corresponding Tafel slopes obtained from the linear
Tafel regions of these plots are presented in Table 5.5. It is observed from Figure 5.5 that both

oxides, when synthesized at 700°C, exhibited an insignificant OER response (red curves).
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However, the OER current density within the OER regions increased significantly as the
calcination temperature of the oxides decreased from 700°C to 300°C, but at 250°C (black curves)
the performance again decreased. This decrease could be explained by the fact that the oxides
annealed at 250°C were unstable, as they were observed to degrade slightly after each linear

polarisation measurement, whereas the oxide surfaces annealed between 300°C and 700°C

remained intact.
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Figure 5.5: LSV curves recorded on (A) (Nio.4Co00.6)0.90RUo.10-0Xide and (B) (Nio.4C0o.6)0.90lr0.10-
oxide samples fabricated at different calcination temperatures. The curves were recorded in 1M
NaOH. Sweep rate: 1 mV/s. The insets in (A) and (B) show the variation of OER current density
with calcination temperature of (Nio4Co0o06)o.90RuUo.10-0xide and (Nio.4Co0o.6)o.00lr0.10-0Xide,
determined at a fixed overpotential of 240 mV and 280 mV, respectively.

Table 5.5: The Tafel slope data for the formed oxides, and their corresponding electrochemically-
active surface area (EASA). Geometric surface area of the electrodes = 0.43 cm?.

- (Ni0.4C00.6)0.9RU0.10-0Xide (Ni0.4C00.6)0.9lr0.10-0xide

emp
(°C) Tafel slope (mV/dec) EASA /cm? Tafel slope (mV/dec) EASA /cm?
250 117.8+1.6 455+3.1 114.2+£29 446 £2.4
300 65.3+ 3.6 483+14 58.8+0.3 449272
400 65.6 + 0.5 48.1+£0.7 57.1+£0.2 493+ 3.8
500 71.3+0.5 474+ 05 62.1+2.7 48614
700 483.9+17.4 0.58 +0.19 599.2 + 8.4 0.44 +0.05

95



The variation in OER electrocatalytic activity with temperature is more clearly illustrated in the
insets to Figure 5.5, which show the variation in OER current density at fixed overpotential for the
respective (Nig.4Co0o.6)0.90Ruo.10-0xide and (Nio.4Co0o.6)0.90lr0.10-0xide samples as a function of their
calcination temperature. The data show that the oxides produced at 300°C yield a significantly
higher OER electrocatalytic activity, with a ca. 45 and ca. 20 folds increase, respectively, in
comparison to when the same samples were fabricated at 500°C. Common to all the oxides is the
observed plateauing in current density at higher overpotential, which is clearly shown by the
corresponding Tafel curves in Figure 5.11. This behaviour can be explained by the reduction in
surface area of the anode in contact with the electrolyte as oxygen bubbles, which are more difficult

to detach are formed, thereby decreasing the effective surface area of the anode [185].

Figures 5.5(A and B) also show that at a current density of 10 mA/cm? and calcination
temperature of 300°C (most active surfaces), (Nio.4C00.6)0.90Ruo.10-0xide and (Nio.4C00.6)0.901r0.10-
oxide yielded OER overpotential of 268+2 mV and 265+3 mV, respectively. These values are
lower (better) than OER overpotentials recorded in electrolytes of similar or higher conductivity
on some excellent OER anodes of a higher content of expensive noble metals [91, 204, 227, 240-
243]. Further, the overpotential values displayed by both oxides are statistically the same;
however, (Nio.4C0o.6)0.90lr0.10-0xide showcases a better OER kinetics than (Nio.4C0o0.6)0.90RUo.10-
oxide, as evidenced by its relatively lower Tafel slope values at each fabrication temperature,
except at 700°C (see Table 5.5); note that a lower Tafel slope value is desirable as this indicates

that a smaller change in overpotential is required to increase the OER current density.

It has been shown in the literature that the Tafel slope is a kinetic parameter that can
potentially be used to elucidate the OER mechanism [231]. In an alkaline medium, several OER
mechanistic pathways have been proposed [52, 172, 244, 245]. However, the Bockris
electrochemical oxide reaction pathway is generally accepted. The first step of this mechanistic
scheme involves the discharge of hydroxide ions at the active catalyst surface, M resulting in the
formation of adsorbed hydroxide intermediate species:

M+OH — M-OH+e (5.1)

characterized by a Tafel slope of 120 mV/dec. The next path is the reaction between the litigated
hydroxide intermediate and hydroxide ions in the bulk solution via a proton-coupled electron

transfer step:
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M-OH +OH" — M-O+H0 + ¢ (5.2)

The theoretical Tafel slope of this step is dependent on the M-OH fractional coverage, and the
slope ranges from 40 to 120 mV/dec for a transition from low to high M—OH surface coverage
[52, 245].

The final step is a reaction that involves the formation of oxygen:
2M-0 — 02+2M (5.3)

which is theorized to have a very low Tafel slope value of 15 mV/dec. The above three steps are
based on the assumption that the slow electron-transfer determines the overall kinetics of the OER.
However, the step described by Eq.(5.2) can also proceed through two sub-steps, which first

involves a chemical reaction:

M-OH+OH " — M-O +H:0 (5.4)
followed by an electron-transfer step:
M-OO — M-O+e (5.5)

termed as the "Krasil' shchikov's Path"[52]. If the step in Eq.(5.4) is rds, the corresponding Tafel
slope would be 60 mV/dec, while the step in Eq.(5.5) is characterized by a Tafel slope of 40
mV/dec.

The higher Tafel slope values of the oxides annealed at 250°C (as shown in Table 5.5)
could be a result of surface processes [185] emanating from the fact that these surfaces have higher
proportion of hydroxide thereby leading to a higher M-OH coverage. Further, with an increase in
hydroxide content in the oxides (Figure 5.4), the number of oxygen vacancies also increased [195,
237]. Considering these two facts, it is more likely that Step (5.2) is rds at 250°C, rather than Step
(5.1). Further, for the oxides fabricated in the temperature range from 300°C to 500°C, the values
of the Tafel slopes indicate that either Step (5.2) or Step (5.4) is the rds in the OER. Thus, taking
the above two observations into account, it is more likely that the OER on the investigated surfaces
proceeds through the Bockris electrochemical oxide reaction pathway, with the moderate surface

coverage by OH and Step (5.2) as rds. The very high Tafel slope values recorded on the surfaces
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synthesised at 700°C is due to the fact that these oxides are very poor OER catalysts, as evidenced

in Figure 5.5.

The data on the OER electrocatalytic activity of the two oxides produced at different
temperatures (presented in Figure 5.5) refers to the materials’ extrinsic electrocatalytic activity,
which includes the effect of surface area. Thus, the real, intrinsic activity of the OER
electrocatalysts was determined next, based on their actual electrochemically-active surface area
(EASA) estimated employing the Trasatti method [229, 230]. In essence, a set of cyclic
voltammograms were recorded in the double-layer region of the oxides at different scan rates
(Figure 5.12(A)) and the corresponding capacitance values were determined. These values
correspond both to the capacitance of the electrochemical double-layer (electrostatic charging) and
the pseudo-capacitance due to the fast reversible redox transitions in the oxide phase. Then, by
extrapolating these values to infinite scan rate (Figure 5.12(B)), only the corresponding double-
layer capacitance was determined, and from those values and taking the theoretical double-layer
capacitance as 25uF/cm? [246, 247], the corresponding EASA values were determined (see Table
5.5). The data in the table show that the EASA is not significantly influenced in the range 250 —
500°C, while the values at 700°C are significantly lower. The results are well-supported by the
SEM images depicted in Figures 5.1(A-J), which show rougher morphologies for samples

annealed between 250 — 500°C compared to the flatter surfaces at 700°C.

Taking into account the EASA values®, the polarization curves presented in Figure 5.5 were
normalized to evaluate the relative intrinsic (true) activity of the produced electrocatalysts, and the
results for both (Nio.4C00.6)0.90RUo.10-0xide and (Nio.4C0o.6)0.90lr0.10-0Xide materials are presented in
Figure 5.13. The trend in OER activity with calcination temperature is similar to the one presented
in Figure 5.5, showing that the improved OER performance with decreasing fabrication
temperature manifested by these oxides is indeed due to their intrinsic properties, not due to the

surface area effect.

It is well known that pure Ir- and Ru-oxides are the two best OER electrocatalysts, with
the latter one being more active but less stable. Thus, it would be of interest to compare the

8 Note that the EASA values are different from the results obtained by the HexRu(IIl) redox probe in chapters
3 and 4. See detail explanation in Appendix 5.6.
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behaviour of (Nio.4C0o.6)0.90RUo.10-0xide and (Nio.sC0o.6)o.00lf0.10-0Xide catalysts presented in this
work to the behaviour of the pure Ir- and Ru-oxides, and also the base Nio.4Coge-0xide, under the
same fabrication and utilisation conditions. For this purpose, the performance of all the oxides
produced at two temperatures, 300°C (best-performing oxides in this work) and 500°C in the OER
was investigated, and the results are presented in Figure 5.14 (the results for the two oxides
discussed in this work are shown in Figure 5.5). First, it is evident from Figures (5.5 and 5.14(A-
C)) that each metal oxide exhibited an improvement in its specific OER activity as the calcination
temperature decreased from 500°C to 300°C. Next, Figure 5.14(D) evidences that the best OER
electrocatalyst is (Nio.4C0o.6)0.90lr0.10-0Xide, with the activity at 300 mV of ca. 20 folds higher than
that of pure Ir-oxide and the Nio.4Coo6-0Xide base, indicating synergistic interactions between Ir-
oxide and Nig.4Coo.6-0xide. Also, the electrocatalytic activity of (Nio.4C00.6)0.90RUo.10-0Xide is ca.10
folds higher than that of Nio.4Coo6-0xide.

The enhancement in the OER intrinsic behaviour of the trimetal oxides due to the observed
synergistic interactions that exist among the constituent oxides can be partly explained by the XPS
results (in Figure 5.3) which reveal the favourable modification of the 3d and 4f electronic
configurations of (Nio.4C0o0.6)0.90RUo.10-0xide and (Nio.4Coo.6)0.90lr0.10-0Xide, respectively, with
decreasing calcination temperature. Also, the results from the O1s high-resolution spectra and the
contact angle measurements indicate that at reduced calcination temperature, there is an increase
in both the hydroxide content in the anodes and oxygen vacancies [193]. The increase in oxygen
vacancies is substantiated by the XRD result (see Figure 5.9(B)) that depicts a reduction in the
crystallinity of the NiCo.04 phase with lowering calcination temperature [238]. Consequently, this
suggests an improvement in the electronic conductivity due to more available oxygen vacancies
[193, 238] and increased electrode/electrolyte contact interfacial area (better wetting of the
electrocatalyst) as a result of increased hydrophilicity, thereby augmenting the catalytic activities
of the oxides towards OER [239].

Chronopotentiometric measurements were also conducted to study the durability of the
best-performing oxides (synthesized at 300°C) at a current density of 10 mA/cm? (this is the value
typically used in the literature to examine the performance of alkaline water-electrolysis
electrodes). The samples were utilized as anodes for a period of 24 hours of electrolysis in 1 M
NaOH [231], and the resulting overpotential versus time behaviour is shown in Figure 5.6. Also,
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the LSV curves recorded on (Nio.sC0o.6)o.90lr0.10-0Xide and Nio.4Cooe-0xide before and after the
durability tests showed no statistical difference in the OER activity of the oxides, thus indicating
that the anodes did not change, from the OER-activity point of view, during the durability test.
Figure 5.6 shows that the overpotential remained stable for all the materials, except for Ir-oxide,
evidencing that the OER activity of the anodes remained stable (pure Ir-oxide proved to be unstable
in the alkaline medium at the investigated conditions). Considering the durability of the
(Nio.sCoos)oglro.1-oxide during the investigation span, and the relatively better stability of
(Nio.sCoo.6)0.9RUo.1-0xide over Ru-oxide, it can be inferred that under alkaline electrolysis, the
Nio.4Coo.6-0xide matrix helped stabilize 1rO2 and RuOz in the trimetal oxides. The best-performing
material was pure Ru-oxide, which showed the smallest overpotential, followed by
(Nio.4Coo.6)0.0lr0.1-0xide and then (Nio.4C0o.6)0.9RU0.1-0Xide. However, as shown in Figure 5.14(D),
the latter electrode performed very closely to pure Ru-oxide, despite the fact that it only contained
10% of Ru. The results in Figure 5.6 further evidence the synergistic action between the Nio.4C0o.6-

oxide matrix and Ir and Ru “dopants”.
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Figure 5.6: Long-term stability test in 1M NaOH measured at 10 mA/cm? on (Nio.4C00.6)1-xRUx-
oxide, (Nio.4Coo.6)1-xIrx-oxide, Nig.4Coo.6-0xide, Ir-oxide and Ru-oxide anodes thermally prepared
at 300°C.
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5.5. Conclusion

The OER electrocatalytic  performance of  (Nio.4Co0o6)o90RUo10-0xide  and
(Nio.4Co0o.6)0.901r0.10-0xide are profoundly affected by the calcination temperature employed during
their synthesis. It was found that fabricating the trimetal oxide materials at 300°C, produces stable
OER electrocatalysts of high activity, either surpassing that of state-of-the-art pure Ir-oxide, or
very close to the best anode OER catalyst, pure Ru-oxide. This makes them interesting as potential

commercial anode candidates in the alkaline electrolytic hydrogen production.

The SEM micrographs showed that the granular, porous morphologies of the synthesized
coatings were temperature dependent. The porous network of granular particles became more
evident with the increasing calcination temperature as a result of increased particle size. The
analysis of the EDX and XPS results revealed the actual atomic compositions of the oxide samples
and the preferential distribution of Ni/Co in the Nio.4Coo.6-0xide core matrix. The X-ray diffraction
studies elucidated changes in the crystallinity of the oxide phases with varying calcination
temperature. The contact angle measurements revealed an increase in the oxide surface wettability
with reducing calcination temperature, which may be due to an increase in hydroxide content as
reported in literature.

The evolution of oxygen on the synthesized electrocatalysts was deduced to follow the
Bockris electrochemical oxide reaction pathway, with the proton-coupled electron transfer step
being the rate determining step. Furthermore, the XPS results showed that the improvement in the
OER Kinetics of the anodes might be due to the increased hydroxide content and a higher number
of oxygen vacancies. The results indicated the synergistic action of the three metals in the
corresponding (Nio.4C00.6)0.90RU0.10-0xide and (Nio.4Coo.6)0.90lr0.10-0Xide. The intrinsic synergistic
enhancement of activity may be due to the modification in the Ir-4f and Ru-3d electronic structures
in the respective ternary oxides and in part due to the increased oxygen vacancies in the trimetal

oxides at the lower fabrication temperature.
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Engineering Research Council of Canada (NSERC), and the McGill Engineering Doctoral Award
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5.6. Appendix A. Supplementary material

This section contains the supplemental information to the manuscript.

Figure 5.7: SEM images of (A) & (B) Ru-oxide; (C) & (D) Ir-oxide; (E) & (F) (Nio.4Coo.6)-0xide
coatings annealed at 300°C and 500°C respectively.
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Figure 5.8: Morphological distribution of (A) Ni, (B) Co, (C) Ru, and (D) Ni/Co/Ru/O including
the Ti substrate as-synthesized (Nio.4C0o.6)0.90RUo.10-0Xide surface calcined at 300°C.
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Figure 5.9: Diffraction patterns of: A) (Nio.4C00.6)0.900RU0.10-0Xide synthesised at 700°C and Ru-
oxide prepared at 300°C and 500°C temperatures; and B) (Nio.4C00.6)0.90lr0.10-0xide to magnify the
(311) reflection of the spinel NiC0204 oxide phase formed at different calcination temperatures.
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Figure 5.10: High-resolution O1s XPS spectra of (A) Ru-oxide, (B) Ir-oxide and (C) Nio.4Coo.-

oxide samples fabricated at 500°C (top) and 300°C (bottom).
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Figure 5.11: Tafel curves recorded on (A) (Nio.4C00.6)0.90RUo.10-0xide and (B) (Nio.4C00.6)0.901r0.10-

oxide fabricated at different calcination temperatures. The curves were recorded in 1M NaOH.

Sweep rate: 1 mV/s.
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Figure 5.12: (A) CV curves of (Nio.4C0o.6)0.90lr0.10-0Xide annealed at 500°C recorded in 0.17M
NaHPO4 at scan rates of 5, 10, 15, 20, 30, 50, 80, 100, 150, 200 mV/s (the area under the CV
curves increases with scan rate); (B) The variation of capacitance with the inverse of scan rate for
(Nio.2Coo.6)0.90lr0.10-0Xide electrodes annealed at 500°C. The red line indicates the linear fit of
equation: y = 0.0425x + 1.214.

Note that the electrochemically active surface area (EASA) of the samples obtained via the
Trasatti method is about one order of magnitude larger than that presented in chapter 3 and 4
determined via the redox probe procedure (see Table 5.6). Therefore, it was necessary to compare
the results from both methods by normalizing the absolute EASA values with respect to the EASA
of Nio.4Coo6-0xide (the minimum EASA). Table 5.6 shows that for each sample, the relative EASA
obtained from the two area determination methods are statistically similar. This implies that
regardless of either technique used, the trend in the intrinsic OER activity of the oxide samples
will be the same. Moreover, it is the relative EASA and not the absolute EASA value that is
important since the goal was to compare the oxide materials' relative OER performance. Further,
the discrepancy in the absolute EASAs from the two procedures may be explained by the fact that
the coatings are porous, and the redox probe procedure is more suitable for a 2D diffusion plane.

Table 5.6: The electrochemically active surface area of (Nio.4Coo.6)1-xIrx-0xide coatings annealed
at 500°C obtained via the HexRu(l11) redox probe and the Trasatti area determination methods.

EASA by redox probe EASA by Trasatti
Sample : -
P EASARedox (sz) NOgRE;“A%ed EASATrasatti (sz) NOgRZIKEd
Ir-oxide 522+1.1 1.202 £ 0.013 0.373 £ 0.005 1.193 + 0.003
Nio.4Coo6-0xide 43.4+1.6 1 0.313 £ 0.005 1
(Nio.4Coo.6)o.9lro1-oxide 486114 1.121 £ 0.002 0.362 + 0.004 1.157 £ 0.005

105




0.15 A
006 (A) ~0.12
e e
0.04 0.08
2 044 2
E 002 E 004
.00 " 0.00
0.101 200 400 600 200 400
' Temp (°C) 0.3 Temp (°C)
§ ——250°C § — 250°C
Z —e—1300°C % ——300°C
= —+—400°C =024 —*400°C
0.05q —*—500°C —+—500°C
—s—700°C —a—700°C
0.1+
0.00 T T T 0.0 ===

0.15 0.20

5 0
n (V)

.30 0.35 0.40

0.5

(B)

600

T
020 0.24

32
n (V)

Figure 5.13: Results from Figure 5.5 normalised based on the electrochemically active surface
area of (A) (Nio.4C00.6)0.901r0.10-0Xide and (B) (Nio.sC0o.6)0.90RUo.10-0Xide.
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Figure 5.14: The intrinsic electrocatalytic activity of (A) Ru-oxide (B) Ir-oxide (C) Nio.4Coo.6-
oxide calcined at 300°C & 500°C. (D) compares the OER activity of (Nio.4C00.6)0.90lr0.10-0Xide,
(Nio.2Coo.6)0.90RUuo.10-0xide to that of pure Ru-oxide, Ir-oxide and base Nio.4Coge-0xide matrix,
synthesized at 300°C. The EASA data for the pure oxides are given in Table 5.7.
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Table 5.7: The Tafel slope data for the pure oxides fabricated at 300°C & 500°C, and their
corresponding electrochemically-active surface area (EASA) obtained from cyclic voltammetry

data. Geometric surface area of the electrodes = 0.43 cm?.

Sample 300 (°C) 500 (°C)

Tafel slope (mV/dec) | EASA/cm? | Tafel slope (mV/dec) | EASA/cm?
Ru-Ox 51239 77.3x4.2 1065+1.1 43.1+28
Ir-Ox 38.9x+0.3 96.4x+5.0 108.8 4.2 51211
Nio.4C00.6-OX 83.3x1.7 45.1+0.9 80.8+0.8 43.4+16
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Novel Ni-Co-oxide Anode
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Quebec, H3A 0C5, Canada
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6.1. Preface

The potential of using NiCo-oxide-based coatings as commercial anodes in the oxygen
evolution reaction for the electrolytic production of hydrogen was discussed in the preceding
chapters. However, during the screening for the best intrinsic NiCo-oxide composition, it was
found that the Nio.sCoo.4-0xide composition is the least OER electroactive composition. Hence, it
was hypothesized that this oxide could serve as a good electrochemical anode for the degradation
of organic pollutants in wastewater owing to its high OER overpotential. The rationale behind this
is given by the fact that reports in the literature have shown that electrode materials of slow OER
kinetics are potentially good for the anodic oxidation of wastewater contaminants.

The current chapter presents the results on the investigation of NigsC0o.4-0xide as an
effective electrochemical anode for the destruction of organic pollutants in wastewater. It will be
demonstrated that Nio.sCoo4-0xide is an effective and highly energy-efficient anode in the
electrochemical degradation of methylene blue dye, a common (and model) wastewater
contaminant. The electrocatalytic performance of the oxide was tremendously accentuated in the
presence of small amount of chloride ions in the aqueous solution. The catalytic performance of
the oxide was ascribed to the in-situ electrogeneration of strong oxidizing hydroxyl intermediates
and active chlorine species.

The results presented in this thesis constitute part of the sub-project related to the
employment of the NioeCoo4-0xide anode for wastewater treatment. Additional experiments
related to the identification of methylene blue degradation products are currently being performed

in collaboration with Prof. Yargeau’s research group (Chemical Engineering, McGill). After
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completion of these experiments, the work will be formulated into a publication and it will be

submitted to a peer-reviewed journal.

Highlights
e Low-cost Nio.sCoo.4-0xide is an effective electrochemical anode for degradation of aqueous
methylene blue dye solution
¢ NiosCoo.4-0xide showed good durability and low-energy consumption in the destruction of
methylene blue
e The electrochemical activity of NiosCoos-0xide is significantly influenced by
electrogenerated active chlorine species

Abstract

The potential of using thermally-prepared Nio.sC0o.4-0xide in the facile electrochemical
degradation of methylene blue (MB) in an aqueous solution was investigated. The anode
demonstrated good electrocatalytic activity towards the destruction of the methylene blue dye
solution and the incineration of its intermediates to carbon dioxide. It was found that the
electrocatalytic performance of the electrode in the anodic degradation of the organic pollutant
was significantly enhanced by the presence of chloride ions in the solution. The improvement in
the degradation rate of MB was attributed to the in-situ electrogeneration of chlorine active species.
The results show that NiosCoo4-0xide anode can be employed as a durable energy-efficient

electrocatalyst in the electrochemical purification of wastewater.

Keywords: Electrochemical Anode; Wastewater; Nickel; Cobalt; Metal-oxide; Methylene blue
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6.2. Introduction

Safe drinking water may be taken for granted in advanced countries of the World simply
because potable water is considered to be always within reach. However, according to the World
Health Organization (WHO), close to 800 million people around the globe lack access to clean
drinking water, including ca.140 million people that are dependent on surface water [248].
Although, majority of the populace deprived of safe drinking water are from Sub-Saharan Africa,
nonetheless, it has been reported that in the developed countries like Canada, access to safely-
managed drinking water services still poses a challenge [249]. For example, in 2015, CBC News
reported that two-thirds of the First Nation communities in Canada have been under at least one
drinking-water advisory for a decade [250]. Therefore, it is clear that access to sustainable, safe,
and affordable drinking water is indeed a mondial problem. Globally, a minimum of 2 billion
people are exposed to contaminated water service [248]. The sources of contamination for
drinking-water supply are primarily due to improperly managed communal, urban, industrial, and
agricultural wastewater, leading to the introduction of chemicals such as pharmaceuticals,
hormones, organic contaminants, etc. into aquatic bodies [77, 248]. These prevalent compounds
in the water supply expose individuals to preventable health risks associated with exposure to

wastewater. Thus, it is essential to employ a wastewater treatment system in the water cycle.

Generally, a conventional wastewater treatment scheme consists of the pre-treatment,
primary, secondary, and tertiary treatment operations that involve physical, chemical, and
biological processes which are determined based on the properties of the targeted-contaminants,
for effective decontamination. However, conventional wastewater treatment methods are
sometimes ineffective or insufficient for the removal of recalcitrant organic compounds with
prevalent aromatic rings or they generate additional problems [119, 126]. In order to address the
issues associated with conventional wastewater treatment plants, a lot of recent research has been
done on the development of advanced oxidation processes (AOPs) [77, 119, 121, 124-127, 251].
These processes are based on the in-situ generation of a sufficient quantity of highly reactive
oxidizing agents such as ozone or hydroxyl radicals that are more efficient in breaking down
persistent organic contaminants. AOPs can be utilized as an effective pre-treatment step to increase
the biodegradability of recalcitrant organic matters that are difficult to breakdown through

biological treatment. Further, the advanced treatment procedures can help reduce the total organic
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concentration to obtain a specific effluent requirement. Among the advanced oxidation
technologies such as ozonation [251], photocatalytic degradation [125], and Fenton Process [124]
just to name a few, the electrochemical oxidation method has received wide recognition for its
effectiveness in the removal of toxic and bio-refractory organic compounds [74, 77, 119, 121].

The electrochemical oxidation of wastewater offers a plethora of advantages, in
comparison to other AOPs such as low-cost, simplicity, versatility, amenability of automation,
environmental compatibility, small foot-print and modularity, handling safety and minimum waste
production [77, 121]. Consequently, there is a greater interest in the utilization of this anodic
oxidization technique for efficient treatment of certain organics-contaminated wastewaters. In
electrochemical oxidation, the choice of anode material is a critical determining factor as this
influences the overall efficiency of the electrocatalytic process and the selectivity of the anodic
reaction [120, 122]. Studies have shown that the anodic oxidation (removal) of pollutants can be
“direct”, whereby the pollutants are electrochemically oxidized directly at the anode surface, or
“indirect” by the electro-generated oxidizing agents such as hydroxyl radicals [122, 252, 253]. In
direct oxidation, there is a possibility of electrode fouling leading to the passivation of the electrode

surface which results in poor chemical decontamination [122, 252, 253].

A number of research works on the use of various electrochemical decontamination of
wastewater by indirect anodic oxidation have been reported, including boron-doped diamond
(BDD) [254-257], metal oxides such as PbO> [258], SnO- [259], Sb-doped SnO- [260], and Sb-
doped SnogWo.2-Ox anodes [77]. BDD has shown to be the best anode material for this purpose,
but its commercial use is prohibited by its very high cost. The main issues with the remaining
anode materials cited above, is their long-term stability and slow Kinetics of the degradation
reaction, depending on the pollutant. Thus, there is a need to develop better anode materials for

wastewater treatment.

One major characteristic of anodes used for the electrochemical wastewater treatment is
that they should offer high overpotential towards the oxygen evolution reaction (OER) which is,
in this case, an unwanted parallel reaction that decreases the efficiency of the wastewater treatment
process [121]. In our research on the influence of Ni-Co-oxide composition on their
electrocatalytic activity in the OER electrocatalytic activity, NiosCoo4-0xide was identified to

exhibit a large OER overpotential [185]. Therefore, this low-cost, durable, non-toxic binary metal-
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oxide anode is well-placed as a promising candidate for the electrochemical degradation of
wastewater contaminants. Consequently, this original and novel work reports the result on the
degradation of methylene blue (MB) dye solution using this NiosC0o.4-0xide anode. The results
are comparable to those reported in the literature for a more expensive TiRuO anode [119].

6.3. Experimental Methodology?®

6.3.1. Anode Preparation

The synthesis of the Nio.sCo0o.4-0xide coating involved several preparation steps that ranged
from the pre-treatment of the underlying 50 mm x 50 mm x 2 mm Ti substrate to the formation of
the Nio.sC0o.4-oxide film on the Ti substrate [185]. First, the titanium substrate support (99 % pure,
McMaster Carr) was pretreated via wet-polishing using a 600-grit SiC sandpaper. Thereafter, the
substrate was rinsed in nanopure water of resistivity 18.2 MQ c¢m and then sonicated in ethanol for
30 min to remove any leftover polishing residues. The polished sample was next etched in a boiling
equivolume mixture of nanopure water and HCI for 30 min and the dried with argon gas (purity
99.998 wt.%, MEGS Specialty Gases Inc., Canada) [231].

The coating precursor solution of 0.5 M concentration was prepared by dissolving the
appropriate amounts NiCl2-6H,0 (ReagentPlus, 100%, Sigma Aldrich) and Co(NO3)2-6H20 (99%
pure, ACROS Organics) in an equivolume mixture of isopropanol (Fisher Scientific) and nanopure
water so as to yield a coating of relative Ni/Co atomic ratio of 3:2. The surface characterization of
the oxide film by energy-dispersive X-ray spectroscopic (EDX) analysis showed that the oxide is
composed of 60.8 £ 0.8 atomic percentage of Ni [185]. The Ni-Co-oxide coating was formed by
brush-painting the precursor salt solution onto one side of the pretreated Ti substrate. This was
followed by a 5 min drying in an oven at 383 K to vaporize the solvent and then calcination for 15
min in a furnace at 773 K. The coated surface was allowed to cool down to room temperature over
a period of 20 min. Subsequently, the coating process was repeated six times to form a seven-
layered coating on the Ti surface. Finally, the sample was annealed for 2 h at 773 K to form a
uniform thick binary metal oxide coating. X-ray diffraction (XRD) analysis was used to

characterize the coatings’ crystalline oxide phases, as presented in a previous work [185]. Before

9 All the measurements were done in multiplets and the presented data are the average values with the
accompanying errors
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using the Nio.sCoo.4-0xide/Ti substrate as the working electrode, the back (uncoated) side of the
sample was covered with a waterproof, electrically insulating film (3M Electrical Tape, Ruban
isolant, USA).

6.3.2. Electrochemical Degradation of Methylene Blue

The methylene blue degradation studies were conducted in a one-compartment, two-
electrode electrochemical cell at atmospheric pressure and ambient temperature (295 + 2 K). The
electrochemical cell comprised of the NiosC0o.4-0xide working electrode, described above, and a
50 mm x 53 mm x 2 mm flat stainless steel (316L) counter electrode. The vertically-suspended
electrodes were kept ca. 1 cm apart and connected to a power supply that operated in a constant
current mode during the degradation investigation. The electrolyte was a 50 mg/L methylene blue
(MB) solution in 0.17 M sodium sulfate (>99% pure, Fisher Scientific) of pH 5.8, prepared from
a stock solution of 500 mg/L MB (Certified biological stain, Fisher Chemical). A total of 25 cm?
geometric area of the working electrode was exposed to the 250-mL electrolyte. The solution was
stirred by a magnetic stir bar at 300 rpm agitation speed to ensure that the solution is adequately
mixed throughout the experiment and aliquots of 500 uLL were taken from the solution at selected
time intervals. At each sampling time, the corresponding potential difference across the electrodes
were noted and the electrolyte temperature at the start and end of the experiment was reported. The
aliquots were then diluted with a solution of 0.17 M sodium sulfate by a requisite factor for

analysis.

The observed electrolyte colour removal, i.e. the MB degradation rate, was monitored over
time by measuring the reduction in the peak absorbance of MB at 660 nhm wavelength employing
UV/Vis spectrophotometry (ThermoScientific Evolution 300) — the scanning range was from 380
— 780 nm. Through the use of a linear calibration curve (R? = 0.996), the measured absorbance
was correlated to the concentration of MB. The electrochemical degradation of the methylene blue
was studied at different constant current densities of 10, 20, 40, and 60 mA/cm?,

The effect of chloride ion concentration on the electrochemical degradation performance
of NiosCoo4-0xide for the decontamination of MB containing water was investigated at
20 mA/cm? and at 0.25, 0.5, 1.0, and 2.0 g/L NaCl concentration in the 50 mg/L MB in 0.17 M

Na>SOs. Also, chemical oxygen demand (COD) and total organic carbon (TOC) measurements
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were performed to elicit the mineralization efficiency of the electrochemical MB degradation
process. The COD investigation was done using a low range (0 — 150 ppm) COD digestion vials
(K-7355, CHEMetrics), COD reactor (HACH, DRB 200) and a HACH spectrophotometer (DR/
2500). The HACH method is based on the ASTM D 1252-95 standard. The TOC test was
performed via a Rosemount DC-80 Total Organic Carbon Analyzer and the EPA Method 415.2.

All experiments were at least duplicated, to ensure the reliability of the data.

6.4. Results and Discussion

6.4.1. Electrochemical Degradation of MB in the Absence of Chlorides

The electrocatalytic performance of NiosCoos-0Oxide was first evaluated by the
electrochemical oxidation of 50 mg/L methylene blue dye in 0.17 M sodium sulfate electrolyte (no
chlorides were present). The mechanism of the MB electrochemical oxidation is well established
in the literature and is based on the action of anodically electrogenerated active species, which are
under these conditions hydroxyl radicals [121, 122]; however, some MB could also be degraded
through its direct electrochemical oxidation at the anode surface. The disappearance of the blue
colour of MB during the electrolysis was used to monitor the Kinetics of the degradation process
by utilizing UV-Vis spectrophotometry. The representative MB absorption spectra depicted in
Figure 6.1 displays two prominent peaks in the visible region at ca. 610 and 660 nm, that
correspond to MB dimer (MB*), and monomer (MB™), respectively [261-263]. However, the
sharper absorption peak at 660 nm was used to correlate MB absorbance with its concentration in

the solution over time.
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Figure 6.1: The variation of UV spectrum of methylene blue during its electrochemical degradation
on NiosCoo.4-0xide anode electrode in 0.17 M Na>SO4 aqueous solution containing 50 mg/L of
MB, at T = 295 + 2 K; current density = 20 mA/cm?. The inset shows the change of 660 nm peak
intensity with time.

As it can be seen, the MB absorption peaks decrease with time, evidencing the decrease in
MB concentration in the electrolyte. It was also visually observed that the intensity of blue colour
of electrolyte diminishes with time. The inset to the figure more clearly depicts the gradual
decrease in MB peak absorbance with time.

The MB oxidation (degradation) rate depends on the concentration of hydroxyl radicals
generated by oxidation of water at the anode surface (indirect oxidation). The kinetics of the
hydroxyl radicals generated, in turn, depends on the current passing through the anode surface.
Further, if MB is partially degraded by direct oxidation at the anode surface, the rate of this process
will also depend on the current passing through the anode surface. Consequently, it was of interest
to investigate the influence of applied current density on the kinetics of MB degradation.
Therefore, MB degradation experiments in the solution containing 50 mg/L of MB in 0.17M of
Na>SO4 were performed at different current densities, and Figure 6.2 shows the corresponding MB

degradation Kinetic curves. It is observed that the methylene blue degradation kinetics increases
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with an increase in current density, as expected. After two hours, 70% of the initially-present MB
was degraded at 10 mA/cm?, while at 60 mA/cm?, all of the MB was degraded. In fact, the
percentage of initially-present MB degraded is directly proportional to the charge passed through
the anode, and Figure 6.2(B) shows that this dependence is linear. This indicates good performance
of the anode in MB degradation. Namely, the anodic MB degradation reaction is always paralleled
by the oxygen evolution reaction (the same is true in case of electrochemical anodic degradation
of any organic compound in an aqueous solution). If the Nio.sC00.4-0xide anode was a poor MB
degradation electrocatalyst, with an increase in current density, the proportion of current that goes
to MB degradation would decrease on the account of OER current increase. However, Figure
6.2(B) shows that the kinetics of MB degradation is proportional to the current density (i.e. charge),
evidencing that the NiosCo0o.4-0xide is indeed a good MB-degradation anode. Further, during the
electrolysis, the solution pH remained stable, at ca. 5.8 + 0.1, also indicating that the predominant

anodic reaction was MB degradation.
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Figure 6.2: (A) Kinetics of electrochemical degradation of methylene blue dye (50 mg/L) at the
Nio.sCoo.4-0xide anode recorded at different current densities; (B) Fraction of the initial MB
degraded as a function of charge passed through the anode after (#) 60, (m) 90 and (¢) 120 minutes
of degradation. Electrolyte: 0.17 M Na>SQO4 aqueous solution.

6.4.2. Influence of chloride ion concentration on the electrocatalytic degradation rate
It is important to note that in every wastewater system, there could be a certain amount of

chloride ion present, which emanates from the ubiquity of common salt, especially in the daily

116



human nutritional habit. The dissolved chloride ion can be, at the anode, converted to strong

oxidants of active chlorine (such as Cl,, HOCI, CIO") during the electrochemical treatment of
wastewater [121]:

2CIF — Cla+2e”

Cl,+H,O — HCIO+H"+CI-

(6.1)
HCIO — HY

(6.2)
+CIO

(6.3)

Therefore, it was pertinent to investigate the influence of chloride ion concentration on the
rate of MB removal employing the NiosCo0o.4-0xide anode, in addition to its removal by hydroxyl
radicals (and potentially by direct oxidation) in the absence of chlorides, as shown in Figure 6.2.
A relatively low concentration of chlorides, in the range of 0.25 to 2 g/L, was selected, which is
comparatively lower than the concentration of chlorides in a sea water (35 g/L). The investigation

was initially done at a current density of 20 mA/cm?, and the results are presented in Figure 6.3.
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Figure 6.3: Influence of NaCl concentration on the electrochemical degradation of methylene blue
dye by NiosC0o.4-0xide at 20 mA/cm? current density in 0.17 M NazSO4 aqueous solution.
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From the result, it is evident that there was a dramatic improvement in the kinetics of MB
degradation as the chloride ion concentration increased, which could be attributed to the strong

oxidative action of electrogenerated chlorine species oxidants.

6.4.3. Influence of current density on active chlorine assisted degradation

Although the degree of MB degradation at the applied current density of 20 mA/cm?
increased significantly with increasing concentration of Cl™ ion (Figure 6.3), the time taken to
completely destroy the methylene blue dye did not change significantly for [NaCl] > 1 g/L.
Consequently, it was of interest to determine the effect of current density on the MB degradation
time at a fixed chloride concentration of 2 g/L, and the results are presented in Figure 6.4. From
the results presented in the figure, it is evident that the MB oxidation rate increased with increasing

current density.
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Figure 6.4: Degree of degradation of methylene blue with varying current density in 0.17 M
Na>SO4 aqueous electrolyte containing 2 g/L NaCl salt.

Thus, it took almost 20 min for the concentration of MB to drop to zero at 10 mA/cm?,
while at 60 mA/cm? this occurred within less than 4 min from the start of the process. When the

charge invested in degrading MB completely was calculated at different current densities, the
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average value was 12.5+0.6 C/cm?; the small standard deviation value (the relative value is 4.6%)
indicates that the current that passed through the cell was predominantly invested in MB
degradation, rather than in oxygen evolution. Further, given the fact that in the presence of chloride
ions, the MB degradation rate is significantly faster (Figure 6.3), owing to the formation of active
chlorine species that are strong oxidants. This small relative standard deviation value also indicates
that most of the chloride ions oxidized at the anode into chlorine (active species) was used to
degrade MB. Otherwise, the charge required to degrade MB to zero concentration would increase
with increased current density. Further, the temperature of the chloride ion-containing electrolyte
was observed to change only slightly, by ca. 1.8 + 0.6K, during the electrochemical degradation.
Hence, the observed improvement in the oxidation rate is negligibly affected by the electrolyte
temperature. Nonetheless, the conductivity of the 0.17 M Na>SO4 aqueous solution is expected to
improve with an increase in the NaCl concentration. However, there is no consensus as to whether
the improved solution conductivity leads to improved oxidation efficiency, but rather it is
indicative of lower overpotential at a given current density, due to the lower jR drop [121]. Further,
the pH of the solution at the start and at the end of the degradation process was observed to change
from 7.6 + 0.2 to 8.3 £ 0.3, for all NaCl concentrations.

Although it is useful to determine the extent of MB removal by measuring the C/Co ratio
via the UV-Vis spectrophotometric measurement, it is also relevant to investigate the chemical
oxygen demand (COD) and the total organic carbon (TOC) of the degrading MB analyte in order
to elicit its degree of mineralization in the solution. Figure 6.5 presents the evolution of removal
efficiency based on the COD and TOC measurements during the electrochemical oxidation of MB
at 20 mA/cm? in 0.17 M Na.SO4 aqueous solution containing 2g/L NaCl (the colour removal, i.e.
MB oxidation efficiency is presented for comparison). Note that the initial COD and TOC values
were ca. 63 mg/L and 26.5 mg/L, respectively. Figure 6.5 shows that the COD and TOC decreased
progressively with time (i.e. the corresponding removal efficiency increased) leading to the
complete mineralisation of the blue dye. Notice that it took ca, 10 min to decolorize the MB-
containing solution, however, only ca. 76% and ca. 58% of the initial COD and TOC were removed
during this time, respectively. The complete abatement of COD and TOC was achieved after 50
and 60 min, respectively. The COD and TOC results are indicative of the formation of intermediate
products that are less rapidly converted to carbon dioxide than the disappearance of the methylene
blue.
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Figure 6.5: The COD, TOC and colour removal efficiency with time of MB on Nio.sC0o.4-0Xide at
20 mA/cm? current density in 0.17 M Na;SO4 aqueous solution containing 2 g/L NaCl salt.

Nevertheless, these results further support that Nio.sCoo.4-0xide is an effective material for
the electrochemical degradation of the MB, organic contaminant. Notably, at similar current
density and chloride ion concentration, the NiCo-oxide material showed comparable performance
to TiRuO2, BDD, PbO./Ti which are among some of the best electrochemical anodes for MB
degradation reported in the literature [119, 264]. However, in terms of cost, the NiCo-oxide anode
is much cheaper than Ti/TiRuO anode [119], and significantly more environmentally-friendly
than PbO>/Ti electrode [264].

6.4.4. Stability of the anode material

In as much as electrochemical anodes are supposed to be effective in treating a given
volume of wastewater system per unit time, it is also necessary for the electrodes to be
electrochemically stable over a longer period of time. One way of estimating the wastewater
treatment anode stability is to monitor its potential (or cell voltage) with time at a constant current
density. Figure 6.6 shows the cell voltage measured when a constant current density of 20 mA/cm?
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was applied between the NiosC0o.4-0xide anode and the stainless steel cathode over a period of 50
hours electrolysis of 1g/L MB in 0.17 M Na2SO4 aqueous solution (pH = 4.2). The lifetime test
result of Figure 6.6 evidences that the anode material is sufficiently stable over the time interval
investigated. Similar stability results were obtained for other sets of conditions already highlighted
above. Furthermore, energy-dispersive X-ray spectroscopic (EDX) analysis of the residual
solutions dried on a filter paper revealed no appreciable dissolution of the active metals during the
electrochemical degradation. Nevertheless, it should be noted that the aim of the research presented
here was not to produce a highly stable Nio.6Coo.4-0xide, but rather to investigate its applicability
in the MB degradation process. For the former, a range of other NioeCoo4-0xide production

methods could be used, which could potentially result in an even more stable oxide layer.
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Figure 6.6: Voltage difference between the Nio.sC0o.4-0Xxide anode and stainless steel cathode
during the electrochemical degradation of methylene blue dye of 1g/L in 0.17 M Na>SOs at a
current density of 20 mA/cm?,

6.4.5. Energy consumption determination

Although it may be beneficial to achieve useful oxidation rate at a higher current density,
however this may lead to increased energy consumption [120]. Consequently, to appreciate the,
cost-effectiveness of the electrochemical oxidation treatment technique, it is important to
determine if the process is energy efficient. Typically, the energy consumption of electrochemical
decontamination is dependent on key parameters such as reactor configuration, concentration of

treated contaminant [125] etc. In this work, the overall energy consumed was primarily estimated
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as the electrical energy consumption per volume of treated solution (in kWh/m?®) as described in
literature [125].

Figure 6.7 showcases the total energy consumption for the complete removal of 50 mg/L
methylene blue in 0.17 M Na»SO4 containing 2 g/L of NaCl (in blue) and that required for 70%
degree of degradation in the absence of chloride ions (in red), here noted as case A and B
respectively. In both cases, a linear relationship was found to exist between the total input energy
and the applied current density. The result indicates that although the degradation process can be
sped up in both cases by operating at higher current densities, this leads to a corresponding increase
in operational cost. However, it was previously determined that the charge required to degrade MB
either in the absence or presence of chloride ions was constant with current density. Thus, the
increase in power consumption comes from the increase in cell potential required to ‘push’ the
required current through the system, which is common in electrochemistry and is predominantly
related to the kinetics of electrochemical reactions, but also to the presence of other resistances in
the system (see Eq.(2.7)).
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Figure 6.7: Energy consumption required for 100% MB degradation in 0.17 M NaxSO4 + 2 g/L
NaCl (EEC_A) and for 70% MB degradation in 0.17 M Na2SOs in the absence of Cl~ions (EEC_B)
in a current density range of 10 — 60 mA/cm?.
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The main observation in Figure 6.7 is that the power needed to completely degrade MB is
significantly lower when chlorides are present in the electrolyte than even the power required for

a non-complete (70%) degradation of MB in the absence of chlorides.

Furthermore, it is useful to determine the specific energy consumption and the
corresponding current efficiency based on COD since this outlines the amount of energy necessary
for the complete mineralisation of the MB. Hence, the instantaneous current efficiency (ICE)
which is the ratio of the charge employed in the anodic oxidation of each MB compound to the
total charge passed during the electrolysis was evaluated from COD values [265, 266]. The specific
energy consumption, in kWh/kgCOD, which is the energy needed to remove one kg of COD from
the wastewater was also calculated from equation 6.5 [119]:

CODi= CODesat 7.,

ICE (%) = 22=C0 (64
SEC = —22° (6.5)
ACOD x v

where COD¢ and CODaxtare the COD at time t and t + At [gO2 /L], respectively. The number “8”
represents the oxygen equivalent mass (g/eq). F is the Faraday constant (96486 C/mol), V is the
potential difference across the electrodes (V), | is the applied current (A), At is the electrolysis
time (in sec for Eq. (6.4) and in hours for Eq. (6.5)). ACOD is the COD reduction in g/L during

the time At and v is the volume of treated wastewater in L.

The complete electrochemical mineralisation of MB at 20mA/cm? in the chloride ion-
influenced anodic oxidation (Figure 6.5) yielded a current efficiency of 26.4% which is similar to
value reported elsewhere in the literature [119]. The results presented in Figure 6.5 also depict that
the SEC needed to completely mineralize MB is 101.6 kwWh/kgCOD whereas to achieve ca.70%
degradation of 50 mg/L MB, a SEC value of 12.9 kWh/kgCOD which is substantially lower than
82.4 kWh/kgCOD needed to remove less MB in another study [266]. It should also be noted that
power requirement can further be decreased by a proper design of the electrochemical treatment

reactor; however, this was not within the scope of this PhD project.
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6.5. Conclusion

The NiosCoos-0xide demonstrated to be an effective anode candidate for the
electrochemical degradation of methylene blue (MB) dye in an aqueous solution. The Kinetics of
MB degradation was found to be largely dependant on the current density that passed through the
cell, and was found to increase with an increase in current density. It was also found that the
increase in current density was invested predominantly in improving the kinetics of the MB
degradation reaction, rather than in the competitive oxygen evaluation reaction, making the
Nio.6Coo.4-0xide a good candidate for degradation of organic compounds in aqueous solutions. The
presence of chloride ions in the electrolyte was found to significantly improve the kinetics of MB

degradation, which was attributed to the formation of electrogenerated active chlorine species.
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Chapter 7 Conclusions

The current practice of meeting global energy demand with limited, unsustainable
hydrocarbon energy sources is inimical to the environment. As a result, significant research efforts
have been made to address this challenge. Consequently, the production of sustainable hydrogen
as an alternative energy source from a seemingly unlimited earth-abundant resource, water, has
been touted as a possible viable solution. However, the production process by water-splitting is
commercially-limited by the slow kinetics of its anodic oxidation process, among other factors. In
light of this, the primary focus of this Ph.D. project work was to develop effective, low-cost
electrochemical anodes for the electrolytic production of hydrogen (water splitting). Taking into
account that poorly-performing OER anodes could be used for oxidation of molecules in aqueous
solution, the project also investigated the applicability of such an anode material produced in
current work as a possible material for the destruction of organics in wastewater treatment, more

specifically, for the oxidation (treatment) of dye-containing wastewater.

This section reports the ensuing main conclusions drawn from the different subprojects
presented in chapters 3 to 6 of this Ph.D. thesis work by summarizing the key project outcomes:

7.1. Investigation of Ni-Co-oxides as a base OER anode material

The electrocatalytic activity of different binary NixCoix-oxide anode compositions
prepared by thermal salt decomposition on titanium substrate was investigated in a harsh acidic
medium to assess the potential of the electrodes as viable alternative catalysts to the exorbitant

state of the art IrO2 anode in PEM electrolysers. The elicited conclusions are given below:

e The durable Ni-Co-oxide films were composed of crystalline oxide phases that are
morphologically characterized by rough microporous surfaces.

e |t was observed that the surface roughness of the oxide coatings was dependent on their
chemical composition.

e Augmentation of Co content in the mixed metal oxide increased the electrochemically-
active surface area of the electrocatalyst.
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e The relative electrocatalytic activity of the NixCoix-0xide coatings was related
predominantly to the intrinsic electrocatalytic properties of the coatings, rather than their
extrinsic nature.

¢ NiosCoos-0xide was identified as the best binary oxide composition of all the investigated
mixed metal oxides both intrinsically and extrinsically.

e Even though the state-of-the-art anode, Ir-oxide, yielded OER activity of one order of
magnitude better than Nio4Coo.6-0Xide, the latter anode is of a significantly lower cost.
Therefore, the discrepancy in activity can easily be compensated by a larger catalyst
loading of Nio4Cooe-0xide. Further, this anode composition can serve as a basis for its

further improvement, as outlined below.

7.2. Influence of Ir content on the activity of Ni-Co-oxide Anode

The relatively good OER activity of Nio.4Coo.6-0xide, which was found to be purely intrinsic,
could be further enhanced by the incorporation of a small amount of a state-of-the-art OER
electrocatalyst material in the binary oxide film - iridium. Consequently, the effect of Ir content
on the catalytic activity of ternary (Nio.4Coo.)1-xIrx-0Xxide coatings towards OER was studied in

acidic and alkaline media. The following specific conclusions were drawn:

e Addition of small amount (<10%) of Ir to Nio4Cooe-0xide increases its electrocatalytic
activity towards OER.

e The enhancement in OER activity of Nio4Coos-0xide by the addition of Ir is attributed to
the synergistic relationship among crystalline oxide phases (IrO2, Coz04, CoO and NiO)
leading to the modification of the Ir f-shell electronic configuration and the reduction in
band gap energy relative to Nio.4Coo6-0xide and Ir-oxide.

e Surface characterization of the coated surfaces showed that the morphology of the
crystalline oxides was composition-dependent.

e The ternary oxides demonstrated significantly higher OER activity in the alkaline medium
than the current state-of-the-art alkaline Ni anode.

e In the acidic media, the electrocatalytic activity of the (Nio4Coos6)1-xIrx-0xide varied
linearly with Ir content at a fixed overpotential (input energy). The (Nio.4C00.6)0.90lr0.10-
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oxide composition was also found to be significantly more active than the state-of-the-art
IrO2 PEM anode.

e A 24-hour long-term stability test performed on (Nio.4Co0o.6)0.90lr0.10-0xide showed both
good electrochemical and structural durability of the material in acidic and basic media.

e (Nio.4Coo.6)o.90lr0.10-0xide is an excellent anode material that can serve as a potential cost-
effective replacement for currently used expensive anodes both in acidic and alkaline

electrolysers.

7.3. Calcination Temperature Effect on Ni-Co-Ir/Ru-oxides OER activity

It was considered that varying the fabrication temperature of the trimetal oxides could be a
useful way to further improve the OER activity of the oxides. Hence, the influence of calcination
temperature on the electrocatalytic properties of (Nio.sC0o.6)o.0lro.1-0xide and (Nio.4C0o.6)0.9RUo.1-0Xide
in the oxygen evolution reaction was studied in alkaline solution of 1 M NaOH. The following

pertinent conclusions are presented:

e The OER electrocatalytic performance of trimetal oxides of (Nio.4Co0o6)o.9lro.1-0xide and
(Nio.4Coo.6)0.9Ruo.1-0xide are significantly influenced by the calcination temperature in the
thermal-preparation of the oxides.

e An optimum synthesis temperature of 300°C was observed for the two different oxides, at
which the electrocatalysts exhibited excellent OER activity far superior to Ni and IrO>
state-of-the-art electrodes and close to RuO, the best OER anode in the alkaline medium.

e The surface morphologies of the coatings and the crystallinity of the coatings’ oxide phases
are calcination temperature-dependent.

e The OER Kkinetics data analysis showed that the oxygen evolution reaction on both trimetal
oxides followed the Bockris electrochemical oxide mechanism with the following step: M—
OH+OH — M-0 + HxO + e, being rate-determining.

e XPS results showed that the improvement in OER performance of the ternary oxides can
be explained predominantly by the modification of the Ir-4f and Ru-3d electronic structures

and in part by increase in the hydroxide content and oxygen vacancies.
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e The long-term durability test of Ni-Co-Ir/Ru-oxides in the alkaline medium revealed that
the trimetal oxides were more stable than the current state-of-the-art Ir- and Ru-oxides due
to the stabilizing effect of Nio.4Cooe-0xide in the medium.

e (Nio.4C0o.6)o.9lro.1-oxide and (Nio.4Coo.6)0.9RuUo.1-0xide have enormous potential to be used

as excellent OER anodes in the commercial production of hydrogen.

7.4. Electrochemical Oxidation of Wastewater by Ni-Co-Oxide

A relatively poor OER anode may be a good candidate for the electrochemical
decontamination of wastewater system because of the large anodic overpotential generally
required for such applications. However, this material is expected to be conductive to facilitate
ease of charge transfer or electron flow through the electrochemical cell. Therefore, NiosC0o.4-
oxide, which was found to be the least intrinsically active OER during the initial screening of
NixCo1.x-0xide compositions, was evaluated for the degradation of a model dye, methylene blue
(MB), in aqueous solution. The main conclusions obtained are outlined below:

e The fabricated Ti/Nio.sCoo4-0xide was found to be an effective electrode in the anodic
oxidation of MB in 0.17 M Na>SOg solution.

e The degradation mechanism is considered to proceed predominantly via indirect oxidation
of MB at the anode surface owing to the electrogeneration of strong oxidant of hydroxyl
radicals.

e Addition of chloride ions into the electrolyte dramatically increased the oxidation rate of
MB. This is due to the in situ electrogeneration of active chlorine species that are strong
oxidants.

e The chronopotentiometric data recorded during the degradation process show that the
Nio.sCoo.4-0xide anode exhibited durable performance for 10 hours of electrolysis.

e NiosCoo4-0xide is a low-cost, effective and highly energy-efficient anode material for MB
degradation. Therefore, it has the potential to be utilized in the industrial treatment of

organic pollutants in a wastewater treatment plant.

In conclusion, this Ph.D. thesis presents Ni-Co-oxide-based electrodes as efficient oxygen-

evolving anodes in the electrolytic production of hydrogen and as good candidates for wastewater
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treatment anodes, depending on their chemical composition. The catalytic activity of the best
performing Nio.4Coo6-0xide was substantially enhanced when doped with small amount of Ir and
Ru. The activities of (Nio.4Co0os6)o.90lro.1-oxide and (Nio.4Co0os6)o9Ruo.1-0xide were further
augmented when annealed at 300°C, outperforming the state-of-the-art IrO> anode. Hence, these
materials are potentially excellent OER catalyst for the commercial production of inexpensive
hydrogen. Also, Nio.sCoo.4-0xide (the least OER active anode) demonstrated good performance in
the electrochemical oxidation of methylene blue (MB). In the presence of low amounts of chloride
ions, the kinetics of electrochemical degradation of MB was enormously improved by the in situ
electrogenerated active chlorine species. Subsequently, the energy consumption for the
degradation process was tremendously lowered, making it more energy-efficient than some other
advanced oxidation processes. Therefore, the developed electrode material could potentially be
considered as a very good anode material in the industrial electrochemical wastewater treatment

of organic pollutants.
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Chapter 8 Original Contributions and Future Work

8.1. Original contributions to knowledge

This Ph.D. project was successful in developing low-cost, active and highly energy-
efficient anode electrocatalysts, which when employed in the anodic oxidation process have
immense potential to contribute to sustainable hydrogen energy production and can also be applied
in the wastewater treatment technology. The following are the key original contributions to

knowledge:

e The developed Ni-Co-oxide-based electrodes are potentially low-cost, effective
replacements for expensive noble metal anodes in water electrolysis.

e Particularly, the addition of Ir to Ni-Co-oxide-based anode yielded excellent OER
electrocatalyst that can easily replace the state-of-the-art IrO> anode thereby making
the electrolytic production of hydrogen more commercially viable.

e It was found that the fabrication of Ni-Co-Ir-oxide and Ni-Co-Ru-oxide at the
appropriate temperature is a beneficial approach to augmenting their OER
performance.

e It was shown that Ni-Co-oxide can be utilized as a low-cost efficient electrochemical

anode for the degradation of organic pollutants in wastewater treatment.

8.2. Recommendations for future work

Despite the fact that progress has been made in the development of electrocatalyst materials
of useful oxygen evolution kinetics and the application of such active anodes in the oxidation of
organic contaminants in wastewater treatment plants, further research work can still be done. The
following research project options can be undertaken to extend the accomplishments of this Ph.D.
thesis:

e It would be interesting to try other combinations of non-noble transition metal oxides
(such as Ni-W, Ni-Mn, Co-Fe) that have shown relatively good electroactivity in order
to see if there exists an intrinsically best composition that can serve as a base to develop

highly electroactive catalysts for the oxygen evolution reaction.
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Electrode preparation techniques namely, sol-gel, electrochemical vapor deposition,
hydrothermal, co-precipitation can be employed to compare the performance of the
electrodes through these synthesis procedures.

Production of nanoparticle-based metal oxides should be explored since OER activity
can be increased substantially due to increased available active surface area and
improved conductivity of the nanomaterials.

Oxygen evolution is more aggressive than the hydrogen evolution reaction (HER),
therefore these OER metal oxides that have shown to be electroactive can be tested in
the HER. In addition, the highly electroactive Ni-Co-Ir-oxide and Ni-Co-Ru-oxide
composites can each be used as a dual electrode for the overall water-splitting process.
Typically, the long-term stability investigations in this research were done over 24-
hour water electrolysis. Hence, it would be pertinent to test the durability of the mixed
metal oxides over an extended period of time (months) in preparation for large-scale
deployment of the anode.

In the electrochemical degradation of methylene blue (MB), it would be useful to
monitor the destruction of MB via other methods such as chemical oxygen demand
(COD) and total organic carbon (TOC) content. Moreover, the electrochemical
degradation should be evaluated for applicability by determining possible

transformation products that might be formed in the course of MB destruction.
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