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Abstract

Rapid industrialization and rising living standards around the world have led to an energy crisis
and sever environmental pollution caused by the excessive use of conventional fossil fuels.
Preventing further climate change and reducing carbon dioxide emissions have become the most
critical challenges confronting modern society. This has sparked an intense interest in discovering
and designing alternative energy sources with affordable, clean, and environmentally benign
features. Hydrogen energy has been recognized as a viable alternative to fossil fuels and is pivotal
in neutralizing carbon emissions. Hx can be obtained using different approaches from different
sources, including water, natural gas, coal, and biomass. The leading pathway for H2 production
remains via steam reforming of fossil fuels. Still, this method cannot achieve the future "carbon-

neutral” energy system due to its reliance on fossil fuels and high CO2 emissions.

H> production through water electrolysis driven by renewable energy is a clean and ultralow-carbon
footprint route and has been regarded as the most promising approach for high-purity
H> production. Two important half-reactions occur in water electrolysis: the Hydrogen evolution
reaction (HER) on the cathode andthe oxygen evolution reaction (OER) on the anode.
Nonetheless, the sluggish kinetics and unfavorable thermodynamics of these reactions lead to
enormous overpotential, which is the main challenge for mass hydrogen production. As a result,
efficient electrocatalysts are required to ease the reaction energy barrier and expedite the reaction.
To date, the most effective electrocatalysts for water electrolysis are primarily based on noble
metals. For example, Pt-based electrocatalysts for HER and Ir- and Ru-derived electrocatalysts for
OER. However, their scarcity and high cost obstruct them from sustainable use in large-scale
applications. To circumvent this problem, in the last few decades, considerable efforts have been
devoted to designing and developing electrocatalysts derived from transition metals combined with
different materials such as carbon and heteroatoms, in which these materials exhibited appealing
features such as good performance and availability, which made them a viable alternative to

replacing the precious metals of Pt, Ir, and Ru.

This Thesis has focused on researching electrocatalysts derived from transition metals for both
HER and OER electrodes. Two spinel oxides (NiFe.O4 and CoFe2O4) were prepared through
hydrothermal methods for oxygen evolution reaction. They were used as precursors for further
modification, in which through in situ polymerization of dopamine on the surface of the as-


https://www.sciencedirect.com/topics/engineering/steam-reforming
https://www.sciencedirect.com/topics/engineering/hydrogen-evolution-reaction
https://www.sciencedirect.com/topics/engineering/hydrogen-evolution-reaction
https://www.sciencedirect.com/topics/engineering/oxygen-evolution-reaction

prepared spinel oxides followed by carbonization have enabled to obtain an optimized property.
The work has emphasized optimizing the electrochemical properties of these oxides by integrating
them with multiple dopamine concentrations. The as-prepared CoFe>O4 powder was combined
with various dopamine content (10, 20, 30, and 40 wt. %) and subjected to polymerization for 24
h and carbonization at 800 °C for 1 h under N, atmosphere. The effect of carbonized polydopamine
on the overall physicochemical properties and electrochemical activity of CoFe,O4 electrocatalysts
was systematically investigated. There was a noticeable change from a CoFe20O4 structure to a CoFe
alloy when the ratio of CoFe2O4 to dopamine was optimized. The same procedure was employed
to modify the NiFe20a.

The morphology, crystalline structure, and chemical composition of the catalysts were
characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM),
X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and inductively coupled
plasma (ICP). The as-prepared electrocatalysts were measured for their electrochemical
performance in a three-electrode system controlled by a potentiostat/galvanostat. In particular,
CoFe/NCaoy (prepared with 30wt.% dopamine) electrocatalyst exhibits excellent catalytic activity
towards OER, in which a small overpotential of 340 mV was required to generate a current density
of 10 mA cm 2 in a 1.0 M KOH accompanied with outstanding durability. In the case of NiFe;O4,
NiFe/NC1o% electrocatalyst that contains 10 wt. % dopamine showed a relatively higher catalytic
activity for OER measured in 1 M KOH aqueous solution. It revealed a low overpotential (350 mV
at 10 mAcm2), a low Tafel slope (56 mVVdec™), a low charge transfer resistance, and a relatively

higher electrochemically active surface area.

Moreover, a carbonaceous substance other than polydopamine was utilized to improve the
electrochemical properties of CoFe. Carbon foam derived from petroleum pitch was synthesized
and used to immobilize the Co and Fe electroactive metals. The bare carbon foam and heteroatom
(P, N) co-doped carbon foam were produced through a simple thermal-chemical and carbonization
process. The resulting composite materials were evaluated for their physical and chemical
properties as well as electrochemical properties. The prepared electrocatalysts showed excellent
electrocatalytic activity, faster reaction kinetics, and stability for OER electrodes, thanks to the
carbon foam support that allowed for the immobilization of the Co and Fe electroactive metals. To

generate a current density of 10 mA cm?, the synthesized CoFe@PN-CF electrocatalyst requires a



low overpotential of 320 mV, a low Tafel slope of 48 mV dec?, a relatively low charge transfer
resistance, and a large electrochemically active surface area. Notably, it maintained stability for at
least 20 hours, suggesting it could be used for large-scale water electrolysis.

In addition to the OER electrode, efforts have been devoted to designing and developing an
electrocatalyst for the HER electrode. In this case, a stainless steel mesh (SSM) with a three-
dimensional network structure was used as a substrate for growing transition metals. The
commercial SSM material was transformed into an active and stable electrocatalyst through a
hydrothermal and phosphorization process. Single and bimetals of Ni and Co were grown on the
SSM substrate using hydrothermal method, and the resulting material was subjected to further
phosphorization. Electrochemical analysis showed that the NiCoP@SSM catalyst has excellent
catalytic activity for HER in 1 M KOH, with a current density of 10 mA cm achieved at a low
overpotential of 138 mV. This synthesis method provides a simple, binder-free, and scalable

fabrication process.

Finally, the as-prepared electrocatalysts were evaluated for their performance in a single-cell anion
exchange membrane water electrolysis. The results showed promising performance, particularly
for the OER electrode. All electrocatalysts demonstrated attractive electroactivity. Among them,
CoFe@PN-CF was found to have the highest activity, producing a current density of 0.45 Acm
at a cell potential of 1.8V when using CoFe@PN-CF in the anode and Pt/C in the cathode electrode.
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Resumen

La répida industrializacion y el aumento de los estdndares de vida en todo el mundo han provocado
una crisis energética y una severa contaminacién ambiental causada por el uso excesivo de
combustibles fosiles convencionales. Prevenir un mayor cambio climatico y reducir las emisiones
de dioxido de carbono se han convertido en los desafios méas criticos que enfrenta la sociedad
moderna. Esto ha provocado un gran interés en descubrir y disefiar fuentes de energia alternativas
con caracteristicas asequibles, limpias y ambientalmente benignas. EIl hidrégeno, como vector
energético, se ha reconocido como una alternativa viable a los combustibles fésiles y juega un
papel fundamental en la neutralizacion de las emisiones de carbono. El hidr6geno se puede obtener
utilizando diferentes vias y diferentes fuentes, incluyendo agua, gas natural, carbon y biomasa.
Actualmente, la via principal para la produccién de hidrégeno sigue siendo el reformado con vapor
de agua de metano o gases licuados del petréleo. Sin embargo, este sistema no es "neutro en

carbono” debido a su dependencia de los combustibles fosiles y las altas emisiones de CO..

La produccién de hidrogeno a través de la electrolisis del agua impulsada por energias renovables
es una ruta limpia y de huella de carbono ultra baja, y se ha considerado como el enfoque mas
prometedor para la produccion de hidrégeno de alta pureza. En la electrdlisis del agua ocurren dos
importantes semi-reacciones: la reaccion de evolucion de hidrégeno (HER) en el catodo y la
reaccién de evolucion de oxigeno (OER) en el anodo. Sin embargo, la cinética lenta y la
termodinamica desfavorable de estas reacciones dan lugar a una enorme sobrepotencial, lo que
representa el principal desafio para la produccién masiva de hidrégeno. Por lo tanto, se requieren
electrocatalizadores eficientes para facilitar la barrera energética de la reaccion y acelerarla. Hasta
la fecha, los electrocatalizadores mas efectivos para la electrolisis del agua se basan principalmente
en metales nobles. Por ejemplo, los electrocatalizadores a base de Pt para la HER y los
electrocatalizadores derivados de Ir y Ru para la OER. Sin embargo, su escasez y alto costo impiden
su uso sostenible en aplicaciones a gran escala. Para evitar este problema, en las Gltimas decadas
se han dedicado esfuerzos considerables a disefiar y desarrollar electrocatalizadores derivados de
metales de transicién combinados con diferentes materiales, como carbono y heteroatomos, en los

que estos materiales exhibieron caracteristicas atractivas como un buen rendimiento y
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disponibilidad, lo que los convierte en una alternativa viable para reemplazar los metales preciosos
de Pt, Ir y Ru.

Esta tesis doctoral se ha centrado en investigar electrocatalizadores derivados de metales de
transicion para las reacciones de HER y OER. Dos 6xidos de espinela (NiFe204 y CoFe204) se
prepararon mediante el método hidrotermal para la reaccion de evolucion de oxigeno. Se utilizaron
como precursores para una posterior modificacion, en la cual la polimerizacion in situ de dopamina
en la superficie de los O0xidos de espinela seguida de carbonizacion permitié obtenerlos con
propiedades optimizadas. El trabajo ha consistido en optimizar las propiedades electroquimicas de
estos Oxidos integrandolos con multiples concentraciones de dopamina. La espinela CoFe2O4
preparada se combind con varios contenidos de dopamina (10, 20, 30 y 40% en peso) y se sometio
a polimerizacion durante 24 horas y carbonizacion a 800 °C durante 1 hora bajo atmdsfera de N2.
Se investigd sistematicamente el efecto de la polidopamina carbonizada en las propiedades
fisicoquimicas y la actividad electroquimica de los electrocatalizadores de CoFe2O4. Se observo un
cambio notable de una estructura de CoFe204 a una aleacion de CoFe cuando se optimizo la

proporciéon dopamina. EI mismo procedimiento se utilizé para modificar el NiFe2Oa.

La morfologia, estructura cristalina y composicién quimica de los catalizadores fueron analizadas
por microscopia electronica de barrido (SEM), microscopia electrénica de transmision (TEM),
difraccion de rayos X (XRD), espectroscopia de fotoelectrones de rayos X (XPS) y plasma
acoplado inductivamente (ICP). Para la caracterizacion electroquimica de los catalizadores se
utilizé un sistema de tres electrodos controlado por un potenciostato/galvanostato. En particular, el
electrocatalizador CoFe/NCazos (preparado con un 30% en peso de dopamina) exhibia una excelente
actividad catalitica hacia la OER, obteniendo un bajo sobrepotencial de 340 mV para generar una
densidad de corriente de 10 mA cm™2 en una solucion acuosa de KOH 1.0 M con una elevada
durabilidad. En el caso de la espinela NiFe20s4, el electrocatalizador NiFe/NCios preparado con un
10% en peso de dopamina, mostré una actividad catalitica relativamente mayor para la reaccion de
evolucion de oxigeno medida en una solucion acuosa de KOH 1 M. Se obtuvo un bajo
sobrepotencial (350 mV a 10 mAcm™), una baja pendiente de Tafel (56 mVdec?), una baja
resistencia a la transferencia de carga y una superficie electroquimicamente activa relativamente

mayor.
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Ademas, se utiliz6 una sustancia carbonosa distinta al polidopamina para mejorar las propiedades
electroquimicas de CoFe. Se sintetizé espuma de carbono a partir de brea de petréleo y se utilizd
para inmovilizar los metales electroactivos Co y Fe. Las espumas de carbono con y sin dopar con
heteroatomos (P, N) se sintetizaron mediante un proceso térmico-quimico y de carbonizacion
simple. Los materiales compuestos resultantes se caracterizaron para evaluar sus propiedades
fisicas, quimicas y electroquimicas. Los electrocatalizadores preparados mostraron una excelente
actividad electrocatalitica, cinética de reaccion mas répida y estabilidad para la reaccion de
evolucion de oxigeno, gracias al soporte de espuma de carbono que permitié la inmovilizacion de
los metales electroactivos Co y Fe. Para generar una densidad de corriente de 10 mA cm?, el
electrocatalizador sintetizado CoFe@PN-CF requeria una baja sobretensién de 320 mV, una baja
pendiente de Tafel de 48 mV dec™, una resistencia de transferencia de carga relativamente baja y
una gran area superficial electroquimicamente activa. Es destacable que mantuvo su estabilidad
durante al menos 20 horas, lo que sugiere que podria utilizarse para la electrélisis de agua a gran

escala.

Ademas de la OER, se han dedicado esfuerzos a disefiar y desarrollar un electrocatalizador para la
HER. En este caso, se utiliz6 una malla de acero inoxidable (SSM) con una estructura de red
tridimensional como sustrato para cultivar metales de transicion. EI material comercial de SSM se
transformé en un electrocatalizador activo y estable a través de un proceso hidrotérmico y de
fosforizacidn. Los metales Unicos y bimetalicos de Ni y Co se cultivaron en el sustrato de SSM
utilizando un método hidrotérmico, y el material resultante se sometié a una fosforizacion
adicional. El andlisis electroquimico mostré que el catalizador NiCoOP@SSM tiene una excelente
actividad catalitica para el HER en 1 M KOH, con una densidad de corriente de 10 mA cm lograda
con una baja sobretension de 138 mV. Este método de sintesis proporciona un proceso de

fabricacion simple, sin aglutinantes y escalable.

Finalmente, se evaluaron los electrocatalizadores preparados en un electrolizador de agua de
membrana de intercambio de aniones. Los resultados mostraron un rendimiento prometedor,
especialmente para el electrodo OER. Todos los electrocatalizadores demostraron una
electroactividad atractiva. Entre ellos, se determino que CoFe@PN-CF presentaba la actividad mas
alta, produciendo una densidad de corriente de 0,45 Acm™ a un potencial de célula de 1,8 V cuando

se usa CoFe@PN-CF en el electrodo del anodo y Pt/C en el electrodo del catodo.
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Chapter I: General Introduction

This chapter introduces the general introduction to the Ph.D. Thesis. A comprehensive review of
water electrolysis, including the historical background, fundamentals of water electrolysis and
classification of water electrolysis, electrochemical testing, the state of the art of electrocatalysts

for Hydrogen Evolution Reaction (HER), and Oxygen Evolution Reaction (OER) is presented.
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1.Introduction

The alarming energy crisis and environmental pollution induced by the rampant over-consumption

of conventional fossil fuel, coal, and oil as a result of the rapid industrial growth and improvement
of global human beings' living standards have sparked intense research enthusiasm in innovating
and developing alternative energy systems [1]-[3]. According to the International Energy Agency
(IEA) [4], global energy demand will continue to rise in the following decades, with fossil fuels
continuing to dominate global energy use. Fossil fuels like oil, coal, and natural gas meet about
95% of the world's current energy needs. Carbon dioxide is the primary by-product of burning
fossil fuels and is responsible for about 82% of the estimated greenhouse gas (GHG) emissions [5].
Simultaneously, there is a growing worldwide consensus that GHG emissions, which continue to
rise, must be reduced to avoid hazardous GHG-induced climate impacts [6]-[8]. Supply energy
security and climate change are two critical concerns regarding the future of the energy industry,
raising the problem of determining the best strategy to reduce emissions while simultaneously
delivering the energy needed to support the economy. In an effort to alleviate the impact of climate
change, many nations around the world have planned decarbonization of the global economy as a

top priority by the end of 2050.

To meaningfully respond to global warming by limiting the global temperature rise below 1.5 °C,
the 'Paris Agreement' was drafted and ratified by 196 parties at the 21st conference of the parties
(COP 21) in 2015 [9]. The Intergovernmental Panel on Climate Change (IPCC) estimates that GHG
emissions must be brought down to 25-30 Gton of CO2eq per year by 2030 to keep the global
temperature rise below 1.5 °C [10]. This has propelled scientists, governments, and policy maker
to discover and develop clean and environmentally friendly alternative renewable energy sources
[11]-[13]. Thus, it is crucial to rapidly advance alternative green energy technologies to meet
global energy demands and promote sustainable development. Over the last few decades, there has
been an increasing interest and investment in the hydrogen economy worldwide to mitigate the
prevailing energy dilemma. The hydrogen economy is a cutting-edge energy infrastructure that
advocates the widespread use of H> to satisfy the energy requirements of the significant societal
sectors [14]. It is described as a comprehensive solution to creating, storing, and providing energy,
including all ultimate applications while achieving GHG reduction [15]. It is viewed as a viable

option for achieving a low-carbon energy system. The capacity of hydrogen to reduce carbon
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emissions and its expanding geopolitical and economic potential in the energy transition context

are the main drivers for hydrogen production [16].

Hydrogen can be derived from fossil fuels, biomass, and water electrolysis with solar and wind
energy, among other sources [17], [18]. Hydrogen is widely employed in petroleum refining,
ammonia production, and other industries as a significant chemical raw material. Hydrogen can be
used not only to power fuel cells but also to turn it into liquid fuel, making it a viable alternative to

fossil and nuclear energy.

There are various hydrogen production techniques; each has advantages and disadvantages in
developmental phases. The main hydrogen production techniques and their applications are
presented in Figure 1 [20]. Hydrogen is obtained chiefly based on fossil fuel reformation (78%)
and coal gasification (18%), while water electrolysis shares the remaining 4%. However, these
conventional techniques (fossil fuel reforming and coal gasification) generate brown or grey
hydrogen due to the usage of fossil fuels or the production of CO2 from the methane gas reforming
process. More crucially, steam reforming does not reduce reliance on finite fossil fuels or reduce
pollution, so it fails to contribute to developing a low-carbon energy matrix. Blue hydrogen
generation by CO- collection and conversion has been proposed. Still, the paradigm is now turning
to hydrogen production via water electrolysis in conjunction with renewable energy towards

eliminating fossil fuels and obtention of green hydrogen [11], [19].
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Figure 1. Main hydrogen production methods and applications [20].
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Renewable energy sources combined with water electrolysis are promising solutions for large-scale
hydrogen production. Despite its potential, water electrolysis remains a small part of hydrogen
production. Water electrolysis produces high-quality hydrogen by converting water to hydrogen
and oxygen. It can benefit from excess power from renewable energy sources. The increasing cost
of energy has impacted the production of electrolytic hydrogen. However, this is expected to
change with the growth of renewable energy sources such as photovoltaics and wind turbines.
Electrolytic hydrogen can be produced from a renewable source, act as an energy carrier and

storage medium, and overcome the intermittent nature of renewable energy [15], [21].

Because it generates pure hydrogen energy with no emissions of carbon dioxide, water electrolysis
has been considered a potential strategy that can alleviate the impending crisis in the energy sector
and the environmental catastrophe. The production of clean hydrogen energy by splitting water is
a promising solution that may tackle the upcoming problem with energy and the environment. This
technology uses water, a plentiful, inexpensive, and renewable resource, which appears to be the
most environmentally friendly approach for hydrogen production [22]. Figure 2 highlights an
overview of the mass spectrum of the water electrolysis, comprising the water input and compact
water electrolyzer design powered by different energy sources and furnishing O2 and Ha for various

applications.
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Figure 2. Schematic water electrolysis-based sustainable energy landscape representation for

large-scale application [22].
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1.1. Water electrolysis: An Overview and Historical Background

Water electrolysis can be described as splitting a water molecule into hydrogen and oxygen by
applying an electric current. The first observations from experiments on the decomposition of water
by electric discharges into "air inflammable™” (flammable air), also known as hydrogen, and "air
vital" (life-giving air), also known as oxygen gas, were published by Paets van Troostwyk and
Deinman in 1789. Water electrolysis became a cost-effective technique for hydrogen production
throughout the nineteenth century, thanks to advancements in electrodynamic generators such as
the Gramme machine in 1869. Prof. D. Latchinof of Saint Petersburg, Dr. A d'Arsonval of the
College de France in Paris, and Cdt Renard of the French military aerostation institution of Chalais
have devised apparatus for the commercial synthesis of hydrogen and oxygen [23]. During 1885-
1887, d'Arsonval utilized an electrolyzer to produce pure oxygen for his physiology experiments
at the College de France. As an anode, a perforated iron cylinder was inserted within a cotton bag
that also acted as a diaphragm. Dr. Schmidt presented a patent in 1900 that led to manufacturing
the first industrial electrolyzer based on the filter-press concept. Asbestos fabric reinforced with

rubber on the edges was utilized as diaphragm [23].

Then, Maschinenfabril Oerlikon developed and marketed the Schmidt bipolar electrolyzer in 1902.
(Switzerland). More than 400 industrial electrolyzers were in use in the early twentieth century.
Electrolyzers were primarily utilized in industrial applications to create hydrogen and oxygen for
welding or cutting applications. In the 1920s and 1930s, more significant quantities of hydrogen
were necessary to produce ammonia as precursors of fertilizer and explosives following the Haber
process invention [23], [24]. This need for hydrogen, aided by the cheap cost of hydroelectricity in
mountainous nations, sparked the development of water electrolysis technology, and the industrial
market was dominated by three major companies: Oerlikon (Switzerland), Norsk Hydro in
Glomfjord (Norway), and Cominco (Canada). Since the 1950s, the use of hydrocarbon energy in
industry has increased. Large-scale hydrogen production was possible using coal gasification and
natural gas steam reforming, which are substantially less expensive than electrolysis. The economic
benefit of water electrolysis rapidly decreased, and the final large-scale plant in Norway
(Glomfjord) was shut down in 1992. In 2010, industrial hydrogen production reached around 70
million tons annually from fossil fuels that do not use carbon capture and storage: 48% from natural

gas, 30% from chemical and refinery off-gases, 18% from coal, and just 4% from electrolysis.
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Recently, the large-scale development of renewable energy sources (solar and wind turbines) and
the need for an effective mechanism to store energy rekindled international interest in water
electrolysis. Improving water electrolysis efficiency and lowering capital expenditures are the two
main priorities researcher work to diffuse more in the market [23], [25]. Water electrolysis
technologies have been continuously developed and applied in industrial applications since the 18™
century. Throughout this journey, several trends have impacted its development, and as a result,
this journey can be generally divided into five generations [20], [26]. Figure 3 illustrates the
significant growth of each successive generation of water electrolysis and the difficulties

encountered, technological advances, and other associated factors [26].

* Challenges: Industrialisation

* Technology Breakthrough: * Challenges: Cost * Challenges: Efficiency,
Diaphragms replaced by » Technology Breakthrough: durability and cost
membranes Redesign of over-complex * Technology Breakthrough:
* Significance: systems Novel materials
Inclustrialisations of + Significance: Industrialisation + Significance: Gigawatt
Electrolysers of PEM Electrolysers Electrolysis
1800 1950 1980 2010 2020 2050

» Challenges: Power density * Challenges: Size and cost

» Technology Breakthrough: * Technology Breakthrough:
Polymeric Solid Electrolyte 1MW larger stacks

« Significance: Life-support « Significance: Demonstration
applications (Space of large-scale applications
Programs) (power to gas)

Figure 3. Evolution of water-electrolysis technology [26], where gen refers to generation.

1.2. Fundamentals of water electrolysis

1.2.1 Principles
Water electrolysis is a process of splitting water molecules into hydrogen and oxygen by applying
a direct current across it. Current flows between two separate and immersed electrodes in an
electrolyte to promote ionic conductivity. The electrodes must be corrosion resistant, have
appropriate electric conductivity, have good catalytic properties, and be structurally durable.

Because the electrolyte should not change during the process, it should not react with the electrodes.
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Water electrolysis necessitates using a diaphragm or membrane/separator to prevent the hydrogen
and oxygen that evolved at the electrodes from recombining. The diaphragm's electrical resistance
protects the electrodes from being short-circuited. Nonetheless, the diaphragm should possess high

ionic conductivity. Moreover, the diaphragms must have good physical and chemical stability [25].

The electrodes, diaphragm/separator, and electrolyte are the three most significant components of

an electrolytic cell. In general, the global reaction of water electrolysis is described as follows.
H20 ()= Hz (g) +§Oz (9) Equation 1

In the electrolysis process, the ions gain or release the electrons at the electrode's surface, forming
a multiphasic gas—liquid-solid system. The cathode is the site of the reduction half-reaction. This
electrode is polarized negatively when electrons from the external circuit flow into it. The oxidation
half-reaction occurs in a second electrode, known as the anode. The outer circuit becomes
positively polarized when the electrons leave the anode. Thus, the cathode produces hydrogen

while the anode produces oxygen.

1.2.2. Thermodynamics
A water electrolyzer is an electrochemical device that transforms electric and thermal energy into
chemical energy. The processes of an electrolytic cell can be explained using thermodynamic
principles in terms of enthalpy change (AH), Gibbs' free energy change (AG), and thermal energy
(Q). The AH refers to the energy required for the water electrolysis reaction, AG refers to the
electric energy, and Q refers to the product of the process temperature (T) and the entropy change

AS. Briefly, these thermodynamic parameters can be expressed as follows.
AG = AH-Q= AH-T. AS Equation 2

The electrolysis process is an endothermic (AH > 0) and nonspontaneous chemical reaction (AG).
The reversible cell voltage (Vrev) is the lowest voltage needed to start the electrolysis. This voltage
can be expressed as a function of G as follows.

AG
z.F

Vrev =

Equation 3

Where z is the number of electron moles transferred per hydrogen mole, and F is the Faraday

constant (96 485 C/mol). The reversible cell voltages (Vrev) of an electrolytic cell at standard
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conditions is about 1.23 V. Nevertheless, the energy consumption of the electrolysis process highly
depends on temperature and pressure, in which variations in these parameters have a massive

impact on the Vryev.

1.2.3. Electrochemistry
The cell voltage (Vcen) rises in relation to Vrev when a direct current is applied to an electrolysis
cell to generate hydrogen. This is brought on by the irreversibility of the cell, primarily
overvoltages and parasitic currents, which result in energy losses and reduce the efficiency of the
cell. The Vcen can be expressed as the sum of the reversible voltage and the additional overvoltages

in the electrolytic cell, as given below [25].
Veen =Viev +Vohm +Vat+ Veon. Equation 4

Where the Vonm refers to the ohmic loss resulting from the resistance of the many cell elements
(electrodes, interconnection, current collectors, electrolyte, diaphragm/separator, gas bubbles,
etc.). Vact IS an activation overvoltage due to the electrode kinetics. The charge transfers between
the chemical species and the electrodes require substantial energy, which needs to be overcome to
transfer from the reactants to the electrodes and vice versa. This depends on the catalytic properties
of the electrode materials. Vcon refers to concentration overvoltage caused by mass transport
processes (such as convection and diffusion). Transport limitation diminishes reactant
concentration while raising product concentration at the contact between the electrode and the
electrolyte. Vcon is often substantially lower than Vonm and Ve, especially in the case of alkaline
electrolysis. The I-V characteristic curve depicts the electrochemical behavior of an electrolytic

cell by describing the relationship between cell voltage (Vcen) and current (Icer).

1.3. Classification of water electrolysis technology

In the course of water electrolysis advancements, four distinct methods of water electrolysis were
introduced, with main differences in the type of electrolyte, cell design, degree of maturity, working
conditions, and ionic agents. The four types of water electrolysis are (1) Alkaline water electrolysis,
(2) Anion Exchange Membrane electrolysis (AEM), (3) Proton Exchange Membrane water
electrolysis (PEM), and (4) solid oxide electrolysis (SOE), as depicted in Figure 4 [20][27]. The
Alkaline and PEM water electrolysis are already commercialized, while the AEM and SOE

technology are still under development at the lab scale. Nevertheless, the operating principles
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remain the same for all methods. An electrolyte separates two electrodes to form an electrolysis
cell. The chemical charges (anions (-) or cations (+)) created by one electrode are transported to
the other electrode via a medium called an electrolyte. In the electrolysis process, pure water is a
poor electrolyte because of its low conductivity; therefore, another electrolyte must be added to the
solution to increase its conductivity. The descriptions of the four types of water electrolysis
technologies, including historical background, working principles, and their features, along with
pros and cons, are presented in the following subsections and Tables 1 & 2. Each technology
possesses its limitations, as a result, there is no one technology that stands out as superior in every
application; consequently, there is room for both competition and innovation, which should result
in a reduction in overall costs. Critical materials, performance, stability, and maturity are some of

the challenges faced by each technology.

Figure 4. Classification of water electrolysis technology

1.3.2. Alkaline water electrolysis
Since Troostwijk and Diemann discovered the electrolysis phenomena in 1789, alkaline water
electrolysis (AWE) has evolved into a well-developed technique for megawatt-scale hydrogen
generation. It now represents the most extensive global electrolytic technology commercially [21].
Alkaline water electrolyzers are the most advanced commercial technology in the world due to
their reliability, safety, and long lifetimes that can last up to 15 years [25]. The current lifetime of
an alkaline water electrolysis system is 90,000 h, and the initial investment cost is between $500-
1000/Kw. However, using corrosive (KOH) electrolytes and dealing with the moderate OH ™
mobility in alkaline water electrolysis pose the most difficulties. Two distinct half-cell reactions
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are involved in electrochemical water splitting: the hydrogen evolution reaction (HER) at the
cathode and the oxygen evolution reaction (OER) at the anode. The two electrodes are submerged
in a liquid alkaline electrolyte composed of a caustic potash solution containing 20-30% KOH. The
two electrodes are separated by a diaphragm (Figure 5), separating the product gases for efficiency
and safety. The diaphragm must be permeable to hydroxide ions and water molecules as well.
Water is split to generate Ho at the cathode and releases hydroxide anions, which flow through the
diaphragm and recombine at the anode to form O via the following mechanisms [15]:

Cathode: 2H0 (1) +2e > H2 (g) +20H™ (aq) Equation 5
Anode: 20H™ (ag) + = H20(l) +50; (g) +2¢ Equation 6

Diaphragms/separators, current collectors (gas diffusion layer), separator plates (bipolar plates),
and end plates are the main parts of an alkaline water electrolysis cell. In the electrolysis of alkaline
water, separators often take the form of perforated stainless-steel diaphragms covered in asbestos,
zirconium dioxide, or nickel. Nickel mesh/foam is employed as gas diffusion layers, whereas
bipolar and end plates are made of stainless steel or nickel-coated stainless steel separator plates
[15]. Low partial load range, limited current density, and low operating pressure are the three main
problems that alkaline electrolyzers typically face [21], [28].

Cathode
2H,0 + 2e - H, + 20H°

Anode
20H = H,0 +% 0, + 2e

5M KOH/H,0 e |

ra / T
) " coL’ / Duphagm \ PTL_. N
Flow field separator plates P \ Flow field separator plates
Cathode Electrode (Ni) Anode Electrode (Ni)

Figure 5. Schematic representation of alkaline electrolysis cell, adapted from [20].
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1.3.3. Proton Exchange Membrane Water Electrolysis
lon exchange polymers have been used in electrochemical applications since the late 1950s. The
first water electrolyzer was made by General Electric in 1966 using a polymer membrane as the
electrolyte. These membranes offer high proton conductivity, low gas crossover, compact system
design, and high-pressure operation. The thin membrane (20-300 um) thickness contributes to

many of these advantages[21], [29].

Water electrolysis using a proton exchange membrane (PEM) is a promising technology with
remarkable performance and stability that has been established in the market. The anode and
cathode catalysts in PEM electrolysis are commonly IrO; and Pt, respectively. Instead of a liquid
electrolyte, an acidic membrane is employed as a solid electrolyte (perfluorosulfonic acid
membranes). The membrane transports H* cations from the anode to the cathode and separates Ho

and O generated in the reaction.

In PEM, hydrogen and oxygen are split from water at their respective electrodes (hydrogen at the
cathode and oxygen at the anode). Water is pumped to the anode, where it splits into oxygen (O2),
protons (H"), and electrons (e ), initiating PEM water electrolysis. The proton-conducting
membrane transports these protons to the cathode side. The external power circuit, which supplies
the reaction's driving force (cell voltage), is where the electrons leave the anode. The hydrogen is
produced at the cathode side by recombining protons and electrons, as shown in Figure 6 [29].
PEM electrolysis has advantages over alkaline electrolysis, such as faster kinetics of hydrogen
evolution reaction and improved safety due to the absence of a caustic electrolyte. PEM can also
operate at high pressure on the cathode side with atmospheric pressure on the anode side. However,
the acidic cell environment requires expensive and rare materials that resist corrosion and low pH,

such as noble metal catalysts like platinum group metals [30].

Besides, Ir consumption has recently surged due to its use in crucibles to manufacture LEDs for
smartphones, tablets, televisions, and vehicles. It is assumed that the mass manufacturing of PEM
electrolysis units will significantly impact Ir demand and, as a result, pricing. The primary
distinction between the PEM and AWE is that the PEM electrolyzer can achieve substantially
greater current densities, resulting in faster production rates and more compact systems [30]. The
contrast and comparison between PEM and AWE are shown in Table 1. The gas diffusion layer,

separator plates, and end plates are the most critical components PEM water electrolysis cell, along
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with the membrane electrode assembly (consisting of the membrane and anode and cathode
electrodes)[20].

Current

current collector

collector

. Anode: H,0 — 2H* + % O, + 2¢
ﬁ Cathode: 2H" +2e— H,

Overall cell: 2H,0— H,+ 12 0,

Figure 6. Schematic illustration of PEM water electrolysis adapted from Ref.[31] with slight

modification.

1.3.4. Anion Exchange Membrane Water Electrolysis

An anion-exchange membrane water-electrolyte (AEMWE) is an emerging technology for
producing green hydrogen energy. Due to its low cost and outstanding performance compared to
the other standard electrolysis technologies, AEMWE has been the subject of intensive
development by several research groups and institutes over the past few years. To address the
drawbacks of the two electrolysis techniques discussed earlier, AEMWE integrates both AWE and
PEMWE. AEMWE combines the less harsh environment of the alkaline electrolyzer and PEM
electrolyzer with simplicity and good efficiency [20], [30]. The working principle of AEMWE lies
in water reduction to produce hydrogen and hydroxide ions at the cathode. Then, hydroxide ions
diffuse through the AEM and oxidize to generate water and oxygen at the anode by losing electrons,
as shown in Figure 7. Water can be fed to both electrodes (anode and cathode), sometimes, water
is only supplied to the cathode electrode. Schematically, AEMWE shares a similar configuration
as a PEM cell with the dissimilarity that the membrane transports anions OH™ instead of protons
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H*. In that regard, the electrode reactions are identical to those of conventional alkaline cells.
AEMWE produces hydrogen with better efficiency and purity than AWE, thanks to using AEM
rather than a liquid electrolyte. Additionally, because non-noble metal-based materials can be
applied, its cost can be lower than that of PEMWE. The advantage of AEMWE over the previous
technology can be enlisted as follows [32]-[34].

» The AEM is thinner than the conventional diaphragm, enabling it to exhibit low ohmic losses.
» Compared to the PEM membrane, AEM is less expensive
» Because a concentrated KOH solution is not required, installation is less complicated and

more straightforward.

Moreover, because of its fundamental design, the AEM electrolyzer doesn't need platinum-group
metal (PGM) catalysts like PEM cells. Instead, transition-metal catalysts with adequate
performances have been used in experiments, which reduces the cost. Additionally, improving the
purity of generated gases at high pressure is a potential benefit over conventional alkaline
electrolyzers currently being researched [32], [34]. However, it is claimed that the recently
established AEM displays poor ionic conductivity and stability, meaning that its performance and
durability still need to be improved to that of PEMWE [35], [36]. Investigating several commercial
AEMs with good performance and durability is crucial. To get outstanding performance from
AEMWE, it is decisive to explore the components of membrane-electrode assemblies (MEAS) and
operating conditions in addition to developing a highly conductive, physically and chemically
stable AEM [35]-[37]. Generally, the primary cell components of AEMMWE are membrane
(separator), electrode materials, current collectors, gas diffusion layer (GDL), porous transport
layer (PTL), separator plates (bipolar plates), and end plates. Transition metal-based
electrocatalysts, particularly Nickel and NiFeCo alloy compositions, are commonly employed for
both anode and cathode electrodes. As GDL for the anode and cathode, nickel foam/porous nickel
mesh and carbon cloth are employed. The bipolar and end plates are stainless steel, while the
separator plates are nickel-coated stainless steel. Technologies for water electrolysis using AEM
are being developed up to the kW scale. Many laboratories and universities worldwide are engaged

in developing AEM water electrolyzers [38].
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Cathode Electrode (Ni) Anode Electrode (Ni Fe Co)
Figure 7. Schematic representation of AEM water electrolyzer; adapted from [20].

1.3.5. Solid oxide electrolysis
The solid oxide water electrolysis cell (SOEC) converts electrical energy into chemical energy
through steam electrolysis at high temperatures (600-900°C). The technology is not new and has
been studied since the 1960s. The SOEC operates by reducing water into hydrogen and oxide ions
at the cathode. The oxide ions are further reduced to oxygen at the anode and the electrons drawn
to the cathode through the external circuit. Figure 8 depicts the underlying mechanism of solid
oxide water electrolysis [25], [39]. The three components of the cell are the anode, cathode, and a
dense ceramic electrolyte that conducts oxide ions. Tables 1 and 2 summarize the different water

electrolysis technologies and their specifications.

Cathode : ‘ - ' Anode

H,0 +2e” — H, + 0* 0¥ = %0, +2e

Flow field separator plates Flow field separator plates
Cathode Electrode (Ni/YSZ) Anode Electrode (LSCF, LMS)

Figure 8. Schematic representation of solid oxide electrolysis cell, adapted from [20].
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Overall, water electrolysis has advanced significantly in recent years, with each type having its

strengths and weaknesses. Further research and development are ongoing to improve water

electrolysis systems' efficiency, cost, and durability for hydrogen production.

Table 1. State-of-the-art specifications of different water electrolysis, taken from [21], [15].

Types of water electrolysis

Specification Alkaline PEM electrolysis  SOEs
electrolysis

Cell temperature (°C) 60-80 50-80 900-1000

Cell pressure (bar) <30 <30 <30

Current density (mA cm™) 0.2-0.4 0.6-2.0 0.3-1.0

Cell voltage (V) 1.8-24 1.8-2.2 0.95-1.3

Power density (mW cm™) <1 <4.4

Voltage efficiency HHV (%) 62-82 67-82 81-86

Specific energy consumption: 4.2-5.9 4.2-5.6 -

Stack (KW h Nm™3)

Specific energy consumption: 45-7.0 45-75 2.5-35

System (KW h Nm~3)

Lower partial load range 20-40 0-10 -

(%)

Cell pressure (bar) <30 <70 1

Cell area (m?) >4 <0.03 <0.06

H2 production rate: Stack- <760 <10 <10

system (Nm?3 h™)

Lifetime stack (h) <90,000 <20,000 8-20

Lifetime system (y) 20-30 10-20 -

H2 purity (%0) 99.5-99.9998% 99.9-99.9999 99.9-99.9999

Technology maturity Widespread Commercialized Research &

commercialization

Development
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Table 2. Pros and cons of the different water electrolysis technology (taken from [20], [21]).

Type of

Electrolyzer

pros

Cons

AWE v Well-established technology v Low current densities
v" Possible to use non-noble catalysts  v* Crossover of gases (degree of
v High durability purity)
v Relatively less expensive and cost- v* Low partial load range
effective v Low operational pressures
v' Stacks in the MW range v" Corrosive liquid electrolyte
AEMWE v Noble metal-free electrocatalysts v’ Limited stability
v' Low-concentrated (1M KOH) v Emerging/not matured.
electrolyte
PEM v High current densities v" High cost of components
v" High voltage efficiency v"Acidic corrosive environment
v" Good partial load range v Low stability
v" Rapid system response v’ Stacks below the MW range
v" High gas purity v Commercialization issue
v' Compact system design
SOEs v" High-pressure operation v Durability issue (brittle
v’ Utilizes non-noble catalysts ceramic)
v" High Efficiency >100% w/hot v Bulky system design
steam v' Laboratory stage
v’ Efficiency up 100%;

thermoneutral

1.4. Fundamental reaction mechanism of water electrolysis

Electrochemical processes (reactions involving charge transfer) can be facilitated by a catalyst

known as an electrocatalyst (Equation 7). It can serve as an electrode or be modified at the

electrode’'s surface. The primary role of an electrocatalyst is to stimulate charge transfer between

the electrode and the reactant by adsorbing the reactant on its surface to create the adsorbed

intermediate. Electrocatalyst performance can be appropriately evaluated using a variety of kinetic
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metrics, such as overpotential, exchange current density, and Tafel slope. These variables play an
imperative role and can illuminate the electrochemical reaction's performance [40]. We briefly
introduce these kinetic parameters in the following subsections before reviewing several

electrocatalysts for water electrolysis.

O+ne &R Equation 7

The most general equation of electrochemical kinetics, the Butler—\VVolmer equation, gives an
approximation of the actual current density—overpotential relation for a reversible process. The
Butler-Volmer equation is commonly used in electrochemical theory to represent the relationship
between electrode potential (with respect to a suitable reference electrode) and current density. For
a particular reaction (Eq.8), the total current (j) is the sum of the anodic current (ja) and the cathodic
current (jc), and their contribution to the global current is shown in Eq.9 [41].

J=Jc+Ja Equation 8

onFn (1-o)nFn

j=jo[—e ® +e rT | Equation 9

where the j, jo, a, n, and # refers to the total current, exchange current density, transfer coefficient,
number of electrons transferred, and overpotential, respectively, and the F, R, and T parameter
represents Faraday's constant, the universal gas constant, and the absolute temperature,
respectively. Figure 9 illustrates the current-potential relationship at Butler—\olmer (B-V) and

Tafel regions. The total current becomes equal to the product of “;—?‘ and j, at potentials much

closer to the equilibrium potential, in which the Bulter—\VVolmer equation (Eg. 9) transforms to eq.
10 using the linearized form.

j=jo “;;’7 Equation 10

The linearized Butler—\Volmer equation can only be used for electrochemical processes that take
place only at low current densities. Some examples of these processes are electroplating and
electrochemical impedance spectroscopy (in which the overpotential is lower than approximately

25 mV at room temperature) [42].
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Figure 9. Schematic illustration of the current-potential relationship at Butler—\VVolmer (B—V) and

Tafel regions [41].

When the overpotential is much higher, on the other hand, either oxidation (when E » Erey) or

reduction (when E « Erev) takes over, then Eq. (9) changes into the well-known Tafel equations for

oxidation (Eq.12) and reduction (Eq.15) When the E » Erev, and n »0, the first exponential term of

anF
Eq. (9) (that is e‘R_Tn ) turned out to be negligible. Hence, Eq. (9) can be approximated as

expressed in Eq. (11) and can further be transformed into Eqg.12.

. . (1-a)nFn
=[]
. (1-a)nFn
e =[5

(1-a)nFy

InG) —InGio) =e &

RT

_ . RT .
"= (l-a)nFIn(‘l) B (I-a)nFIn(IO)

Equation 11

Equation 12

Eq.12 can be simplified into Eq.13, which is equivalent to a straight line (y = mx +c).

n =at log (j)
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(1-a)nFn

On the other hand, when E « Erey and 1 « 0, the second exponential term of Eq.9 (thatise rr )
becomes zero. Therefore, the above Eq. 9 can be approximated as stated in Eq.14 and can further

be transformed into Eq.15.

_anfy

j=Jol—e *] Equation 14
n zﬁln(-j) —%In(jo) Equation 15

Again, Eq.15 can be simplified into Eqg.16, which is equivalent to a straight line (y = mx +c).
n= a—log (j) Equation 16

2.303RT
anF

In the above Egs.13 and 16, the parameters 'a = log(jo)' represents the intercept of the linear

line, which can be obtained by plotting n against log(j). It is referred to as the Tafel constant, and

2.303RT

it can also function as an activity descriptor similar to j,. Besides, ‘b = " is the slope, also

known as the Tafel slope, which provides extremely crucial information on the mechanism of the

reaction being scanned and tells us how efficient the reaction is.

1.4.2. Hydrogen Evolution Reaction (HER)
The HER (2H* + 2e~ — H?) process is a two-electron transfer reaction on the electrode surface via
two steps. The HER encompasses an intermediate reaction during the two-electron transfer. The
generally acknowledged HER mechanism in alkaline media comprises three elementary reaction
stages, as expressed below [43][44].

(Volmer, step 1) : H20 + e 2 Hags +OH™ Equation 17
(Heyrovsky, step 2): Hags + H2O+ e 2 H, +OH™  Equation 18
(Tafel, step 3): 2Hags 2 H> Equation 19
The global HER half-reaction can be written as follows:
2H.O (1) + 2e- — H: (g) + 20H (ag)- Equation 20

In the Volmer process (step 1), hydrogen is adsorbed onto a free site on the electrode/catalyst
surface after being released from the water molecule. Steps (2) and (3), respectively, involve the
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electrochemical (Heyrovsky) and chemical (Tafel) generation of hydrogen. At low overpotentials,
the VVolmer step is followed by parallel Heyrovsky and Tafel steps. At high overpotentials, the
Tafel step is essentially eliminated, and the reaction proceeds by the Volmer-Heyrovsky

mechanism, as described by several writers [43].

In other words, if the covering surface of Hags is low, it is preferable for individual Hags to unite
with an H* and an electron simultaneously to produce a molecule of Hz. This process is known as
the Volmer Heyrovsky or atom-ion reaction. In the event of a wide coverage area of Hads, two Hads
near one another on the electrode surface will recombine to produce molecular Hz. This process is

known as the VVolmer Tafel or combination reaction, as schematically illustrated in Figure 10 [44].

(a) H' (/C H,

2 5

2(H +e7) ++ - 2H" 2H > Hy+*

(b) Cc m,

N

H'+ e ++—> H'
- H' +H'+e - Hy +*

Figure 10. HER reaction mechanism on catalyst surface: (a) Volmer—Tafel mechanism, (b)
Volmer—Heyrovsky. The * represents the active sites of the catalyst, and H” denotes the adsorbed

hydrogen to the catalyst's active site [45].

1.4.3. Oxygen Evolution Reaction (OER)
The OER process consists of four steps, each with one electron linked, whereas the HER is a two-
electron-transfer process; as a result, the OER has slower kinetics and requires a large overpotential
than the HER electrode. As a result, designing of electrocatalyst for OER is critical for effective

water splitting. The synthesis of an electrocatalyst that is highly active, stable, and affordable is in
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high demand from the perspective of accelerating the general market penetration of water
electrolyzers. The suggested reaction mechanism for the OER under alkaline conditions is shown
in Figure 11 and expressed in Eq.21-24 below [13][46].

40H 2 OH* +30H +e Equation 21
OH™ 30H > O* +20H™ +H,0 +¢&” Equation 22
O* +20H+H,0 - OOH* + OH +H,0 +¢- Equation 23
OOH* + OH +H20 2 02+2H20 +¢° Equation 24

Where* denotes the catalyst's active site and OH*, O*, and OOH* imply adsorbed intermediate
species. The OER process typically consists of three stages. I) the process of water and hydroxyl
ions adhering to the surface of the catalyst. 11) the formation of an intermediate in the reaction, and
[11) the release of an oxygen molecule. OER is initiated at the metal site by the adsorption and
discharge of OH anion at the anode surface, creating OH adsorbed species. Adsorbed OH species
then underwent a redox reaction with the OH ion, releasing an electron and yielding H.O and
adsorbed atomic O. Adsorbed OOH species are then formed when an OH  anion reacts with an
adsorption-bound O atom. Adsorbed OOH species react with other OH anions, releasing an
electron to create adsorbed O, and H2O in the fourth phase. Last, Oz is released from the adsorption

process [47].

M
H:O + O: + e °°'\(;;o OH'
.
OH')/ i
f 1202 ‘~
Vi { o
M-OOH &5 _%¢ /7 @ e M-OH
oq\ 7 °\°/
o
e'/\ OH.
)
.//
OH- °°L—e° H:0 + e-
N
@
M-0

Figure 11. The OER mechanism under alkaline solution. The green line indicates a possible
route for O, formation instead of M—OOH, taken from [48].
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1.5. Synthesis methods and evaluation criteria of electrocatalysts for
OER/HER

The structure, size, and morphology of an electrocatalyst, which are dictated by the synthesis

method, significantly impact the catalyst's performance. The cation oxidation number/state, as well
as the bulk and surface of the materials, may vary depending on the synthesis technique used. The
size, shape, composition, and structure of a metal electrocatalyst are just a few of the physical
elements that contribute to the formation of its unique qualities. Adjusting these factors could alter
its properties and performance since electrocatalysts are highly sensitive to these parameters. This
is because changing the size, for example, could affect the surface area, which is pivotal in
electrocatalysis. In electrochemical water electrolysis, an electrocatalyst—typically a metal—
interacts with an electrolyte to catalyze charge transfer. Therefore, the structure of the
electrocatalyst not only influences the kinetics and catalysis of the electrochemical reaction but
also the interaction with the components of the electrolyte and intermediate reactants, which in turn
impacts the electrocatalytic activity. As a result, the catalyst surface structure, size, morphology,
etc., play an essential role in catalyzing chemical reactions. Here, we highlight some of the most
critical methods for preparing electrocatalyst materials and electrochemical characterization that
has been widely practiced in the literature.

1.5.2. Synthesis methods
Without considering catalyst design and development concepts, achieving the appropriate level of
catalytic performance appears to be complicated. In the ongoing research and development efforts
to boost the electrocatalytic activity of materials, a great deal of attention has been focused on
synthesis methods through various approaches. The difference in the synthesis method in a catalyst
with a similar composition results in a change in the final performance of the catalyst. This is in
addition to the fact that the synthesis method changes the morphology and structure of the catalyst.
There are various ways to synthesize electrocatalysts for HER/OER electrodes [49]. In a broad
sense, the approaches for synthesis can be divided into two major categories: physical and chemical
methods (Figure 12). The bottom-up technique is used in chemical procedures, which means that

an assembly of atoms or molecules generates various distribution sizes of nanostructured materials.

On the other hand, the top-down methodology utilized by the physical approaches involves the

formation of nanostructures by unravelling their corresponding bulk material equivalents.
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Chemical synthesis methods, including hydrothermal [50]-[52], solvothermal [53]-[55], sol-gel
[56], co-precipitation [57], chemical vapour deposition[58], etc., are among the extensively used
methods to synthesize bimetallic electrocatalysts. Different electrocatalysts for HER and OER were
synthesized using chemical methods in this dissertation. As such, it is vital to highlight and briefly
introduce these chemical synthesis methods in this review. A brief explanation of these methods is

provided below.

The solvothermal method is a versatile process that uses high temperature and high pressure to
create metal nanostructures with controlled shape and size [59]. It is mainly used with organic
solvents and is called hydrothermal when the solvent is water. The process involves mixing
precursors in a solvent, sealing the mixture, and heating it at a high temperature. The reaction can
be finished in one step, and the product's quality is determined by adjusting parameters such as
temperature, time, and pH. Both pressure and temperature speed up the chemical reaction,

producing pure, homogeneous nanoparticles with a narrow size distribution [60].

One of the wet-chemical processes that are utilized in the production of nanostructured materials
is the sol-gel method. The production of sol-gel requires several processes to be carried out, such
as the hydrolysis of metal alkoxides to produce sol, condensation, ageing, and drying of the
mixture. The nanoparticles are obtained through calcination, which is the last step [61]. The co-
precipitation process involves subjecting the precursor metal to a heat treatment while it is
dissolved in the provided solvent and combined with the precipitant. The precipitant can be
removed using post-treatment methods through centrifugation and calcination processes. In this
approach, particle aggregation and agglomeration can occur, significantly impacting the final
electrocatalyst's performance [62]. In addition to the chemical synthesis methods, other physical
methods, such as electrospinning [63], [64], laser ablation in liquid [51], and electrodeposition [65],

etc., are also employed to synthesize electrocatalysts.
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Figure 12. Classification of electrocatalyst synthesis methods.

1.5.3. Evaluation criterion of electrocatalyst for HER/OER

There are a variety of metrics that may be used to evaluate the electrochemical efficiency of an
electrocatalyst material for HER/OER. Electrochemical experiments on a laboratory scale are
typically carried out in a liquid environment, in a three-electrode cell controlled by a
potentiostat/galvanostat. The three-electrode system consists of a working electrode (WE), counter
electrode (CE), and reference electrode (RE). The WE is an electrode on which the reaction of
interest occurs [66]; the RE is an electrode that serves as a point of reference in the context of
potential control and measurement [67], and CE is used to close the current circuit in the
electrochemical cell [68].

Determining testing methodologies and quantifiable criteria that allow for comparing different
electrocatalyst materials under similar conditions is essential. Unfortunately, there is no defined
standard for evaluating electrocatalysts or procedure for reporting results. The literature provides
several characterizations for comparing and contrasting the catalytic activities of various catalysts,
such as the overpotential, electrochemically active surface area, Faradaic efficiency, charge transfer
resistance, Tafel slope, Turnover Frequency, exchange current density, and stability [40], [69],
[70]. Due to the lack of a standard test technique, it isn't easy to make a valid and quantitative

comparison of catalysts. Nevertheless, overpotential at a constant current density (10 mA cm),
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the Tafel slope, and at least one of the conventional stability tests are commonly employed to

compare the performance of electrocatalysts.

The subsequent sub-section concisely discusses the most common parameters for evaluating
catalytic activity and efficiency. These parameters include overpotential at specific current density,
Tafel slope, faradic efficiency, turnover frequency, mass activity, electrochemical impedance

spectroscopy (EIS), electrochemically active surface area (ECSA), and stability.
a) Overpotential

One of the most essential characteristics that determine the electrochemical performance of an
electrocatalyst is the overpotential (1). For the OER, it is determined by the potential difference
between the potential that is required to accomplish a given current density and the theoretical
potential, which is 1.23 V (n=Erne — 1.23 V) [71]. In the case of HER, the theoretical potential is
0 V. The overpotential value required to achieve a current density of 10 mA cm is commonly
used as a reference, and a lower overpotential value indicates good catalytic performance.
Generally, a catalyst with an overpotential in the range of 300—400 mV is considered an excellent
catalyst for OER, whereas, for HER, the overpotential should approach zero.

b) Tafel slope

Tafel slope is utilized to determine the reaction kinetics of the catalyst coated on electrode
materials. It is a tool that helps to gain an understanding of the reaction mechanism and kinetics,
as well as to evaluate the electrochemical performance of several different catalysts [72], [73]. It is

calculated by plotting the current response to the potential, as shown in Eq.25.
n=>blog (ji) +a Equation 25
0

Where b represents the Tafel slope, ) is overpotential, j is current density, and jo is a current
exchange density. The kinetics of the electron transport between the electrode and the analyte are
shown by the exchange current density (jo). A suitable electrocatalyst should have a small Tafel
slope and a high current density.

¢) Electrochemical active surface area (ECSA)
The electrode area available to the electrolyte utilized to transfer charges is known as the
electrochemical active surface area (ECSA). In an electrode, the greater the electrochemically
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active surface area, the greater the number of sites available for electrochemical reactions and,
thus, faster kinetics. The ECSA can be determined by the double-layer capacitance (Car)
measured through cyclic voltammetry (CV). The CV is recorded in the non-Faradic potential
region at different scan rates (v). The CV curve can be applied to quantify the double-layer

charging current (ic) using the following equation [74], [75].

ic = vXxCq Equation 26

The slope of the graph of ic vs v represents the value of the Cq1. Based on this, ECSA can be
determined using Eq. (27):

ECSA= % Equation 27

Where Cs is the specific capacitance of alkaline electrolyte (e.g., 0.04 mF-cm used applied for
1.0 M KOH) [76].

d) Turnover frequency (TOF)

TOF is defined as the average number of moles of Hz or Oz evolved per active site and time unit.
It allows for comparing different materials by measuring the particular activity of catalytic
centers [69]. TOF can be evaluated using EQ.28 [77]:

TOF [f)z S Equation 28

4xFxn

Where J (mA- cm™) represents the current density at a given overpotential, A is the active working
electrode area, F is the Faradays constant (96,485 C- mol™?), and n is the number of moles. High
TOF represents a highly catalytic material. The most significant limitation of this metric is the

difficulty of counting the active sites on the catalyst surface.
e) Mass activity

The mass activity indicates the current response normalized by the catalyst loading. The mass

activity of the catalyst can be calculated as follows[77].

mass activity = j/m Equation 29
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Where j is the measured current density (mA-cm™) at a particular potential, and m is the mass

loading of the working electrode (mg-cm™).
f) Electrochemical impedance spectroscopy(EIS)

EIS is a valuable parameter for assessing the electrochemical properties of catalysts. It is used to
establish a relationship between the trends in activity and the measured charge transfer resistances
(Ret). Moreover, it helps to study the resistance of the electrolyte solution [78]. Low Rct means
higher electrical conductivity, and materials that show low R. are deemed to be suitable

electrocatalysts for water electrolysis.
g) Faraday efficiency (FE)

The electrochemical performance of materials can be described using a metric called faradic
efficiency (FE), which compares the proportion of real products to the percentage of theoretical
products. It refers to the ratio of the amount of gas produced by the experiment to the amount
determined theoretically [79]. This metric sheds light on the effectiveness of converting electrons

into desired products.
h) Electrochemical stability

The stability of electrocatalysts is an essential component for large-scale applications. The
chronoamperometry and the chronopotentiometry test are the two most frequent approaches used
to investigate a catalyst's stability for both HER and OER. The underlying phenomena that occur
during the electrochemical reaction are elusive, and the structure of the catalyst and the reaction
mixture's composition undergo several changes during operation. Wang and co-workers [80]
established a standard procedure to examine the actual catalyst activity and stability
simultaneously. The objective is to compare the electrocatalyst activity and stability for OER.
Figure 13 shows a figure of merit for comparing the overpotential at 10 mA cm= at t =0 and t =10
h for different materials. Any data lying beyond 500 mV on either the x or y axis is not desirable
for OER use. Catalysts with potential energy levels between 400 and 500 mV along both axis are
optimal; however, materials that lie within this range along one axis but increase to higher than 500
mV after 10 hours cannot be employed for practical, and it is necessary to improve the stability.
However, material between 300 and 400 mV along any axis is excellent for OER; this is especially

true if the material begins in this range and maintains it after 10 hours of analysis. After 10 hours,
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if it has moved to the 400-500 mV range, it is still adequate, but its stability has suffered.
Furthermore, the ideal materials for OER use are those with an initial potential in the region of
200-300 mV (in literature, only a few materials lie in this range, at least from the x-axis). Based
on this figure of merit, OER catalysts can be classified as either ideal (200-300 mV), excellent
(300-400 mV), good (400-500 mV), or satisfactory (over 500 mV).

(=)
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Overpotential (mV) @10 mA/cm’, =10h

100
100 200 300 400 500 600

Overpotential (mV) @10 mA/cm’, t=0
Figure 13. A figure of merit to compare electrocatalysts for OER

The following section presents the state-of-the-art and recent development of electrocatalysts for
HER and OER. Significant focus was given to the theoretical understanding and the crucial factors
which advance the catalytic activity toward HER/OER, such as the formation of crystal defects,
impregnation into a different substrate containing high surface area, deposition/growing of

electroactive metals in a conducive substrate, heteroatom doping, and alloy effect, etc.

1.6. Electrocatalyst for alkaline water electrolysis

Hydrogen production by electrolytic water splitting is perceived as a viable option to resolve the
present energy and environmental issue. It has been intensively researched with an emphasis on
availability and sustainability. Water electrolysis comprises two half-cell reactions (hydrogen
evolution reaction (HER) at a cathode and oxygen evolution reaction (OER) at an anode. The
equations below illustrate the OER and HER occur concurrently during water electrolysis [46].

28| Page



(HER, Cathode): 4H.0 +4e” — 2H, + 40H™ Equation 30
(OER, Anode): 40H < 2H20 + Oy + 4¢° Equation 31
Overall: 2H.0 — 2H2 + O2 Equation 32

Both HER and OER are paramount for the complete efficiency of water electrolysis. The change
in Gibbs free energy (G) for the water electrolysis process under normal conditions is 237.2 kJ mol
! corresponding to a cell voltage of 1.23V. However, due to the existence of an electrochemical
kinetic barrier at both HER and OER electrodes, an extra overpotential is needed to initiate the
reaction [44], [45]. The additional overpotential is utilized primarily to overcome various
resistances in the system. These resistances include electrical resistance, mass transfer resistance,
resistance caused by Hz and O bubbles, and intrinsic polarization resistance on both the anode and
cathode surfaces[22]. In this regard, it is possible to circumvent this significant thermodynamic
equilibrium potential by decorating the surface of the electrode with certain active catalytic
materials. In general, electrocatalysts provide three primary functions for water splitting: a)
stabilizing charge transfers and preventing their recombination; (b) providing active adsorption
sites for the reactant species and (c) lowering the activation energies for oxidation and reduction of
water. The development of scalable and robust electrocatalysts capable of driving water splitting
with outstanding efficiency and durability is the primary obstacle to overcome in the field of

hydrogen fuel to achieve a clean and sustainable energy conversion.

Currently, commercially available Pt/C electrocatalyst is used for HER, whereas IrO2/RuO,-based

electrocatalysts are used for OER [81][44]. However, the rising cost and scarcity of these resources
pose severe roadblocks to their widespread use [82], [83]. Thus, it is highly desired to investigate
low-priced, efficient, and stable catalysts mainly constructed from earth-abundant metals.
Significant interest has been in this area over the last several decades, leading to the exploration
and development of a wide range of active catalysts derived from earth-abundant elements for
HER/OER electrodes. Tremendous progress has been made in synthesizing and designing excellent
non-noble metal-based catalysts for HER and OER.

Understanding the core theoretical and experimental ideas of the reactions that occur on the catalyst
surface is absolutely necessary to develop electrocatalysts capable of expediting the reaction.
Overpotential (1) is used to evaluate the performance of an electrocatalyst for HER and OER.
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Several hypotheses have been put forward about the catalytic activity of materials for HER/OER.
H-adsorption Gibbs free energy (Gn+) and OH/O/OOH-adsorption free energies (Gow, Gox,
Goon+) for the binding strength of reaction intermediates, where * denotes the active site on the
surface of the catalyst, have been proposed to be highly correlated with the intrinsic catalytic
activity of the HER/OER catalyst. When the current exchange density(je) for HER is plotted against
structural parameters like Gn+ and the  for OER is plotted against the adsorbed oxygen reduction
free energy of (Gon*, Go=, Goon+) for different metal oxides, volcano-shaped diagrams are
produced [45], as shown in Figure 15. It has been proposed that neither a strong nor a weak bond
between reactant species and catalytic site contributes to electrocatalytic efficiency. The absence
of consistent data is a significant issue with the volcano plot, as results obtained by several
researchers on the same systems often differ by a large margin. Because of the scale relations, the
volcano graphic is typically only used theoretically while discussing electrocatalysts for OER/HER
[84].

The volcano plot for HER/OER represents the broad explanatory paradigm of the Sabatier principle
in catalysis. It asserts that a catalyst may attain high catalytic activity when its surface has the
appropriate binding energy for the produced intermediate species. An active catalyst will not bind
intermediate species with an excessively strong or insufficiently weak force. If the reactant
intermediates are weakly bound to the active sites, the catalyst surface will not be able to activate
the active sites for a proper reaction. On the other hand, if they are strongly bound to the active
sites, they will occupy and block the majority of the active catalytic sites, preventing effective

reactions from occurring [45], [85], [86].

The most common and suitable descriptor for determining HER activities for various metals,
nonmetals, and alloys is the computation of Gn+ on the catalyst surface. For the first time, in 1957,
Parsons reported that HER catalysis is highly active on a catalyst surface with a Gn= value close to
zero [87]. As shown in Figure 14a, the pure metals (such as Pt, Rh, Re, and Ir) around the peak of
the HER volcano plot have the optimum binding energy for hydrogen atoms. They have been
demonstrated to possess excellent activity for HER since these metals are close to the optimum
amount of hydrogen-binding energy, which makes it easiest from a thermodynamic point of view
to go from reactants to intermediates to products. However, it has been shown that the volcano

shape given by Sabatier's principle doesn't always accurately show how the HER current density
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depends on the strength of the M—H bonds. This is notably true for the materials on the descending
(right) branch of the Volcano plot, frequently coated with an oxide layer under conditions
corresponding to the researched process. Hydrogen atoms are, therefore, not in primary contact
with metallic state atoms but rather with these oxides. This was not considered when the initial
HER Volcano plots were designed. The oxide coating can greatly slow the reaction rate, shifting
the examined substances to the descending branch. Once the oxide-forming metals have been

eliminated, linear dependency is nearly achievable [88].

In addition, it is essential to emphasize that the VVolcano plot depicted in Figure 14a only analyzes
the energy of hydride generation. Nonetheless, the position of the d-band center and the details of
its interaction with hydrogen also play a crucial role in determining the catalytic activity. A
surface's adsorbing potential is significantly affected by its d-band center. The change in the
position of the center of the d-band relative to the Fermi level indicates a difference in the
adsorption energy. Consequently, we can draw the following conclusion: the Volcano plot is an
attempt to provide a theoretical comparison of pure metals based on a single criterion (M—H bond
strength). A comparison of this kind can be seen as primarily instructive, as other elements
influence the overall activity. Additional concerns are raised by the ambiguous state of affairs
regarding metal oxides. It is actually much more complicated than that. Because there is a
practically infinite number of alternatives for exact adjustment of the bonding energy and electron
structure in alloys, complex compounds, and surface-modified electrocatalysts, the very generic
comparison in the form of the Volcano plot becomes unsuitable [69]. Therefore, it is essential to
streamline efforts to improve the electrocatalyst material. From the perspective of the
catalysis/adsorption reaction system, density functional theory (DFT) has become an appealing
technique for providing theoretical insights into the nature of a heterogeneous electrochemical
reaction [89]. Step-by-step analysis of a chemical reaction can be used to determine its pathway,

mechanism, and, ultimately, the rate-determining step.

When predicting the best attributes of a material (such as its surface energy, hydrogen
binding/adsorption energy, the position of the d-band center, or electron density) for HER catalysis,
DFT simulations are commonly utilized. And therefore, based on these criteria, the most promising
candidate is selected to be subject to additional experimental analysis [90]. It's possible to quickly

and economically evaluate various materials using this technology if adequate computational
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power is available. Generally speaking, two distinct ways exist to incorporate DFT computations
with experimental procedures. First, DFT simulations back up the experiment results and shed light
on why a material might have improved catalytic activity [91]. The second method involves using
DFT computations to foretell a catalyst's performance and propose the "optimal”
structure/composition based on doping the various metals, surface modification, etc. Thus, the
optimized material is designed, synthesized, and put through experimental testing [92]. The main
things that limit the accuracy of DFT are the approximations that have to be made and the choice
of functional, which are mathematical descriptions of electron density. Such mistakes can lead to
serious errors, like underestimating the chemical reaction barriers and band gaps of materials or

the excitation energies for dissociating and charge transfer.

For the OER electrode, the theoretical overpotential () vs. (AGox — AGon+) in the volcano plot
reveals good agreement with the electrocatalytic activity for OER. As shown in Figure 14b, the
metal oxides at or near the peak of OER volcano plots (such as IrO2, Pt, and RuO- ) have optimal
binding strengths with OER intermediate species and exhibit a small overpotential for OER [45]
[93]. However, the efficient HER/OER materials found at or near the peak of HER/OER volcano
plots are typically scarce and/or expensive noble metals/metal oxides, limiting their extensive
commercial uses. As a result, many studies aiming to discover and develop effective HER/OER
electrocatalysts have focused on Ni, Co, and Fe-based materials because of their proximity to noble

metals in volcano plots and due to their high abundance in reserve, which reduces the cost.
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Figure 14. Volcano plots for a) hydrogen evolution reaction and b) oxygen evolution reaction
[45]
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A suitable electrocatalyst for water electrolysis should typically have the following features
[45][94]:

> large surface area and plentiful active sites;

> high catalytic activity and optimum electrical contact to active sites;

> enlarged interstitial gaps and porosity between catalyst nanostructures for rapid charge
transport and electrolyte permeation into the catalyst's interior;

» A surface with active properties that facilitates electrocatalyst adhesion and quick removal of
byproducts.

» The catalyst needs to be chemically, electrochemically, and mechanically stable, and it has to
tolerate harsh environments.

» Low overpotential for OER and HER electrode

» Lower energy barrier for intermediately adsorbed species, such as H*, O*, HO*, and HOO*,
etc.

» Key factors in choosing electrocatalysts include their low material cost, facile synthesis, and

minimal post-processing requirements at the commercial scale.

This report provides an overview of the development and fundamental mechanism of
electrochemical HER/OER, as well as broad criteria for evaluating the catalytic activity of
electrocatalysts in a scientific setting. A thorough review of the research into the design and
development of catalysts based on earth-abundant transition metals (such as Ni, Co, Fe, and Mo)
is provided. It summarizes the most critical parameters that affect OER/HER performance. Finally,
we summarize the recent developments, provide a perspective on the future, and highlight the

difficulties in developing cheap and efficient catalysts for water splitting.

1.6.2. Electrocatalyst for Hydrogen Evolution Reaction
It is vital to establish a consistent strategy for presenting and comparing the wide range of materials
investigated as prospective electrocatalysts for the HER. In this case, the materials are presented in
two categories: (i) precious metals-based catalysts and (ii) non-precious metal-based catalysts. In
the following subsection, efforts have been devoted to recapitulating the electrocatalyst comprised

of precious and non-precious metals for the HER electrode.
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1.6.2.1. Precious metal-based electrocatalyst
Platinum-group metals (PGM) are considered a benchmark for HER electrode. The low-index
single-crystal facets of Pt are the forefront electrocatalyst for HER. The activity trend is reported
to be as follows: (111) < (100) < (110). The existence of reactive Hopg (Overpotential deposition,
weakly adsorbed state), found in the greatest concentration on the surface of the (110) atom, is
deduced to be the cause of such phenomena. As a result, the activity of the Pt(110) surface is
significantly higher than that of the other two surfaces [95], [84]. Because of their expensive cost
and limited availability, noble metals are not suited for use in large industrial applications, despite
having the highest catalytic activity for the HER. Therefore, a significant amount of effort has been
put towards maximizing the electrocatalytic activity of Pt-based catalysts while simultaneously

optimizing their geometric parameters and amount.

Supporting platinum nanoparticles on carbon with a high surface area is one approach to producing
active electrocatalysts. The most popular Pt/C used in the industry is 20 wt. % Pt plated on carbon
black has an overpotential of around 46 mV at 10 mA c¢cm in both alkaline and neutral solutions.
Due to their high activity, Pt/C catalysts are still routinely used as a benchmark for newly-

developed catalysts [96].

Atomic layer deposition is another strategy for reducing Pt consumption by producing controlled
amounts of Pt nanoparticles, nanoclusters, or monolayers, reducing Pt loading to as little as one-
tenth of typical levels [97], [98]. Nanoscaling Pt particles show promise but also have limits due to
agglomeration or leaching, which reduces the active surface. However, isolating individual Pt
atoms in a conductive matrix resolves this issue and has been successfully used in various
electrochemical processes, including water electrolysis. This involves trapping individual Pt atoms
in vacancies in the matrix of different supports like carbon vacancies in graphene or nitrogen

vacancies in nitrides.

Mixing precious metals with cheaper ones can reduce their usage and enhance catalytic activity.
Researchers have created ultrathin Pt-M alloy nanowires that perform better than Pt nanoparticle-
based catalysts [99]. The improved performance is due to the "ligand effect" and "lattice strain
effect” [100]. The atomic distribution within the catalyst structure is also vital for optimizing PGM-
based catalysts [101].
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Studies aimed at reducing precious metal loadings on AWE cells have limited possibilities and
achieved significant reduction without impacting cell performance. However, the high cost and
scarcity of precious metals remain the main obstacles to widespread use. The most promising
approach for large-scale applications is to develop a catalyst based on abundant and inexpensive

materials, where loading is not a significant cost concern.

1.6.2.2.Non-precious metal-based electrocatalyst
Energy conversion at large scales using AWES requires using non-precious metal-based catalysts,
as recapitulated in the previous subsection. Over the last few decades, significant time and energy
has been invested in the quest for HER catalysts that are not based on precious metals. In particular,
earth-abundant 3d transition metals (TMs), including Ni, Co, Mo, and Fe, have been shown to have
the potential as catalytic materials for HER in alkaline electrolytes [102]-[105].

Nickel is widely researched for HER electrocatalysis. Ni-based materials are interesting because
Ni is in the same group as Pt in the periodic table[106]. Improving the surface area of Ni catalysts
through methods such as creating porous nanostructures and adding O-vacancies can boost HER
activity [107]. Co-based materials are also popular in electrocatalysts research, with various shapes
and chemical compositions studied Co-based catalysts have high conductivity and stability in
alkaline media [108]. Performance can be improved by altering the catalyst's morphology and
electrical structure through doping with non-metallic materials [109]. Cobalt-based catalysts are
often prepared using wet chemistry, gas-solid reaction, electrodeposition, or template methods
[110], [114].

Recent research has focused on transition metal sulfide (TMS) based electrocatalysts for HER.
Cobalt sulfide created using various techniques and materials displays a wide variety of
microscopic morphologies, from layers and grains to rods. Nanoparticles, nanosheets, etc., of
cobalt sulfide, have recently been synthesized, and they give great exposed active sites and
significantly increased conductivity [112], [113]. Nevertheless, due to the greater electronegativity
of the S atom compared to the P atom, an extreme bond strength is produced between the S and H,
which considerably increases the overpotential and reduces the efficiency of HER [114].

Many research studies based on Co-based catalysts have recently focused on Co-Mo alloys and
their variants. High catalytic activity was demonstrated by the Co—Ni-Mo catalyst, which contained
45% Mo in the alloy, in which the addition of Ni increased the actual surface area, which led to an
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increase in the catalytic activity of the ternary Co—Ni—Mo alloys (overpotential of 110 mV at 10
mA cm, in comparison to 145 mV for the Co-Mo alloy) [115]. In addition to its use in alloys with
other metals, cobalt is most frequently found in other compounds (such as sulfides and phosphides),
where it can provide sufficient activity while also maintaining its stability under an alkaline
environment. Moreover, Fe has applied for HER. It also has good HER activity (overpotentials can
drop to roughly 260 mV at 10 mA cm). It has been found that iron phosphides and iron sulfides
both have high HER activity. However, there is limited literature on iron, either as a pure element
or, in alloy form, as an electrocatalyst for HER. Pure Fe is sometimes used as a comparison
material, but it can give different results depending on how it was prepared, its shape, or its surface

area. Unfortunately, not much is known about pure Fe as a cathode material [45], [106], [116].

Steel materials are often used as bifunctional catalysts in total water splitting, but their catalytic
activity is far inferior to other state-of-the-art catalysts [117]. Modifying the surface of steel-based
materials, such as Fe-Mo and Fe-Co alloys, has increased activity. Creating microcracks on the
surface by incorporating Mo can expand the available surface area, boosting activity. Fast
solidification can also change the crystalline structure of Fe-based alloys to nano-crystalline or
amorphous, which is more thermodynamically stable and has other desirable qualities.
Molybdenum-containing compounds have also shown significant HER activity in alkaline
electrolytes [118], [119]. Other transition metals, such as Tungsten [120]-[123] and Copper [124]-

[126], have also been explored for use as catalysts.

Among the many metal structures listed above, metallic phosphides have been demonstrated to be
promising candidates for HER catalysts for a long time. One of the reasons for this is that, unlike
the activity of metal sulfides and selenides, the activity of phosphides is not restricted to the sites
of crystal edges, and the HER can proceed in the bulk material as well [18], [127]-[133]. It is
possible to further improve the catalytic activity of metal phosphides by appropriately doping the
material with other elements. Nevertheless, under the influence of anodic polarization, the metal
phosphides tend to undergo surface oxidation, which results in the formation of corresponding
oxides and hydroxides [134]. Metal phosphides have recently garnered much interest because of
their unique properties for HER. In Scopes, using keywords of "phosphide, alkaline, HER," it
revealed that about 77 papers discussed metal phosphides for HER catalyst in alkaline media in
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2015, while over 1660 works were published in 2022. These results point out the direction of the
research in attempting to prepare sustainable electrocatalysts for HER electrode.

Substantial researchers have been devoted to preparing transition metal phosphides for HER. For
example, Zhang and co-workers [135] prepared a nitrogen-doped NiCoP (denoted as N-NiCoP)
nanowire arrays on carbon fiber paper skeleton (CFP) through a facile hydrothermal reaction
followed by a phosphorization-nitrogenization process. Calculations based on density functional
theory (DFT) and structural characterizations show that N dopant prefers to replace O defects in
NiCoP lattice rather than P atoms. The N-NiCoP electrocatalyst offers better performance than the
NiCoP counterpart. For N-NiCoP, the overpotentials to reach a current density of
100 mA-cm 2 was about 162.5 mV measured in 1 M KOH aqueous solution. It was reported that
N doping is a viable and promising method for improving the HER performance of the NiCoP
catalyst in alkaline electrolytes. Jiang and co-workers [136] prepared Co/NiCoP on carbon cloth
through an electrochemical deposition and phosphorization approach, as shown in Figure 15. The
Co/NiCoP-350 electrocatalyst exhibits a smaller overpotential of 54 mV to generate a current
density of 10 mA cm 2 and a lower Tafel slope of 84 mV dec™* than those of the electrocatalysts
obtained under different calcination temperatures. More interestingly, the catalyst demonstrated
appealing stability; it remained stable for about 30 h measured in 1 M KOH at a constant current
density of 10 mAcm,
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Figure 15. Schematic illustration of the Co/NiCoP electrocatalyst synthesis process adapted from
[136].

Furthermore, many reports on synthesizing transition metallic phosphides for HER electrodes,
including NiCoP nanowire arrays grown on 3D Ni foam (NiCoP NWAS/NF) [137], NiCoP
nanostructures[138], NiCoP nanosheet arrays (NSAs) grown on 3D Ni foam [139],

(NixFey)2P nanoplates arrays grown on 3D nickel foams[140], have been reported. Bimetallic
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ternary phosphides doped with additional metal elements can significantly improve the catalytic
performance of HER compared to single metal binary phosphides. Electronic adjustment and
synergistic effects contribute to the improved electrocatalytic performance of bimetallic ternary
phosphides. As a result, in recent years, many studies on bimetallic ternary phosphides have been

published in scientific journals.

1.6.3. Electrocatalyst for Oxygen Evolution Reaction
In this section, discussions on the current state of the art about electrocatalysts for OER are

presented.

1.6.3.1.Precious metal-based electrocatalyst
To improve electrode kinetics and stability in different electrolyte solutions, scientists have been
designing and developing a wide variety of catalysts. It has been demonstrated through
experimentation that materials composed of iridium (Ir) and ruthenium (Ru) are more active toward
OER in comparison to platinum (Pt) and palladium (Pd) (Pt < Pd <Ir < Ru). As of the current state
of the art, the electrocatalysts for OER that are considered to be the benchmark are Ru, Ir, and their
derivatives, due to their optimal interaction with the intermediates [141]. As a result, Ir and Ru-
based catalysts will be the main points of discussion here. In the potential range of water
electrolysis, the activity and stability of Ru and Ir thin films and the corresponding thermally
oxidized RuOz and IrOz thin films, have been examined. It was reported that OER activity
decreases as follows: Ru>Ir=RuO;>IrOz, while dissolution increases as follows:
IrO2 < RuO2 < Ir «< Ru. It was discovered that the activity of both metals is more significant for
OER than their oxides, but the dissolution is roughly two to three orders of magnitude more. There
was also an approximately 30-fold difference in the quantity of dissolution between IrO, and RuO-
under the same conditions, in which IrO2 was more stable [142]. RuO2 and IrO; have a rutile
structure, with the metals in the center of an octahedral site and the oxygen atoms in the corners,
with the octahedral connecting to one another by sharing corners. As a result of their high
electrocatalytic activity toward OER in both acidic and alkaline solutions, RuO; and IrO; are
frequently chosen as benchmark electrocatalysts for OER. Nevertheless, the sample preparation
procedure and electrolyte condition significantly impact the OER performances of RuO2 and IrOs.
For instance , rutile-type RuO2 displays remarkable OER catalytic activity in both acidic and basic

electrolytes. However, given the high anodic potential, RuO2 is extremely unstable in both
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electrolytes, oxidizing to RuO4 and dissolving in solution. A second common OER catalyst, 11O,
also excels in this regard. However, IrO; likewise has the issue of being oxidized to IrOs and
dissolved during OER, like RuO». IrO2 is more stable than RuO,, and it can maintain a higher

anodic potential in both acidic and basic electrolytes [142].

It has been hypothesized how RuO; and IrO- are decomposed. Under anodic conditions, the (Ru*")
O will transform into the hydrous compound known as RuO2(OH). and deprotonates into the
highly oxidized state known as (Ru®") Oa. In this case, (Ru®") Q4 is unstable in electrolyte and
dissolves further into solution (along with a color change), thus causing RuO; catalysts to degrade.
An explanation has also been provided for the scenario involving IrO2. When the anodic potential
is strong, a compound with a high oxidation state, (1r®*) Os, will be produced. This compound will
then be dissolved further in the electrolyte. In summary, the OER performance of IrO; is slightly
lower but significantly more stable than RuOz. To this end, an iridium-doped bimetallic oxide
system, RuxlrixO>2, was presented to increase RuO: stability. This technique proved to be highly
efficient, and the incorporation of even a small amount of Ir into the sample was enough to
significantly reduce the deterioration of stability without severely impacting the performance of
OER [40], [143]-[145]. Synthesizing a core-shell-like structure (IrO2@RuO>) and then subjecting
it to OER electrocatalysis is another way to improve electrocatalytic stability. It has been
established that this core-shell shape can boost stability (1000™" cycles with 96.7% retention) and
lower overpotential (300 mV) [146]. This is due to the contribution of the intrinsic activity of RuO>
and the excellent stability of IrO>. Despite being the benchmark for OER, both electrocatalysts are
made from expensive metals, making mass production impractical [43]. Alternative OER
electrocatalysts based on transition metal elements that are low-cost, highly active, and stable under
oxidizing conditions have been the subject of intensive research and development activities,
including the design, synthesis, and characterization of these electrocatalysts. Developing non-
precious metal catalysts for oxygen-based processes has become a hot topic in electrochemical
energy storage and conversion. Much attention is being paid to transition metal-based oxides,
mixed metal oxides such spinels and perovskites, composites, layered structure type family, etc.,
and their composite as electrocatalysts for OER. The following section summarizes the non-

precious metal-based electrocatalyst made up of earth-abundant transition metals.
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1.6.3.2. Non-precious metal-based electrocatalyst

Transition metal-based OER electrocatalysts, such as transition-metal oxides (spinel, perovskite),
sulfides, nitrides, carbide, and phosphides, have emerged as promising alternatives due to the
structural and compositional oxygen-evolving complex active sites. Water splitting using transition
metal is more practical because transition-metal elements are inexpensive, active, and stable over
long periods in low oxidation conditions [13], [46], [147]. Numerous promising approaches have
been taken to develop high-performance electrocatalysts for OER. Transition metal-containing
metal oxide catalysts and other metal oxide families have been the subject of many studies for OER
application [148]-[152]. Investigation into the OER activity of metal oxide catalysts incorporating
transition metals and diverse metal oxide families has received significant attention and research
in recent years. For example, metal oxides including, perovskite (ABOz, where A stands for
alkaline-earth and/or rare-earth metals and B stands for transition metals), spinel (A'B'204, Where
A’ stands for alkaline-earth and/or transition metals and B’ stands for group 13 elements and/or
transition metals), layer structure type-family (M(OH)2 and MOOH; M = Ni, Fe, Mn, and Co) have
been discovered to demonstrate significant activity toward OER [13], [153], [40].

These oxides of transition metals are inexpensive, simple to synthesize, and safe for the ecosystem.
In addition, they exhibit moderate conductivities and are stable in alkaline solutions, making them
excellent candidates for OER electrocatalysis. Since transition metals can have different oxidation
states and coordination environments (i.e., tetrahedral and octahedral sites), these oxide catalysts
can possess rich combinations of transition metals in their structures, especially for perovskite- and
spinel-type structures, resulting in entirely tunable OER behaviors. Because of their high OER
activity, compounds of the layer structure type have also been the subject of much research. Doping
has been shown to have a significant effect and be an efficient strategy for boosting OER activity
for chemicals in this class. Metal oxides outside of the three groups mentioned above also exhibit
momentous OER activity [13],[40], [68], [154]. Insightful findings have been gained from various
attempts and systematic investigations based on these metal oxides, which help deduce the basic
mechanism of OER. Non-oxide catalysts have also been reported as promising electrocatalytic
materials for OER, and these materials could be good candidates for the overall water-splitting
reaction. These catalysts include metal chalcogenides (TC, TC2, ToSg, NisC2, T3S4, where T = Co
and Ni, C = S, Se, and Te), metal pnictides (CozN, NizN), and organometallics [155], [156] [40].
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The following section presents a brief summary of the most researched earth-abundant transition

metal-based electrocatalysts for OER.

Because of the mixed-valence states of Co?***/#* the electrocatalysis of OER on cobalt oxide
electrodes has been a subject of significant interest in the field of electrochemistry for a
considerable amount of time. For example, Xu and co-workers [157] employed a ligand-assisted
polyol reduction technique to prepare a synthetic oxygen-vacancy-containing porous cobalt oxide.
This technique allows Co(OH)2 nanoplates to be efficiently converted into CoOx while retaining
their shape, and oxygen vacancies can be effectively created at tunable concentrations on the
surface. OER performance is greatly enhanced by the vast surface area provided by the 2D porous
structure and the abundance of active sites provided by oxygen vacancies, allowing overpotential
values as low as 306 mV to produce a current density of 10 mA cm. Zhao and co-workers[158]
prepared CoO nanoparticles wrapped in a porous graphene sheet. The as-prepared electrocatalyst
presents good OER activity with a low overpotential of 348 mV at 10 mA cm™ and 79 mV dec of
the Tafel slope. The excellent OER activity may be attributed to the very porous structure of the
composite material, in addition to the chemical and electrical interaction between the constituent
parts. Moreover, Fe-doped CoO/C via electrospinning [159], CoO (OH) [160], etc., have been
explored for their potential to catalyze the OER electrode. Besides, materials based on nickel are
effective OER catalysts. The OER process has been reported to require a more significant potential
and is often performed in an alkaline solution. Ni oxides are an excellent catalyst for OER because

they are more stable and corrosion-resistant [161].

Manganese oxides also exhibit commendable OER activity, and it is yet another element that is
found in abundance on Earth. For example, Meng and co-workers[162] synthesized MnO; with
different crystal structures a-, -, and 6-MnO2 and amorphous) and investigated the impact of the
structure on OER activity. They looked into these materials' alkaline medium OER and ORR
electrocatalytic activity. Their research shows that crystal shape significantly affects
electrocatalytic performance. Regarding both OER, the activity was found as follows: a-MnO; >
amorphous manganese oxide > B-MnO2 > §-MnO,. At a current density of 10 mAcm=2, a-MnO;
showed an overpotential of 490 mV in OER experiments. The increased OER activity of a-MnO-
was due to the mixed valences, plenty of di-u-oxo bridges that function as proton sites, and the low

charge transfer resistances.
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Bimetals-based electrocatalysts are deemed to be more efficient in expediting reactions compared
to their single-metal counterpart. This is because synergistic effects between the coupled metals,
electronic structure modification, morphology, and crystallinity of the resultant product are
imperative features of the electrochemical reaction process. Combining two or more metal species
increases the availability of active sites and boosts electronic conductivity, both useful in
electrocatalytic processes[163]. Besides, the valence and electronic states of metals can be
manipulated greatly through the differential combination and tunable ratio of cations in bimetallic
compounds. Figure 16 shows the motive behind the synthesizing of bimetal-based electrocatalyst
for OER. It expounds that bimetals are more efficient than their monometallic counterparts.
Nevertheless, this depends on the type of metals employed, synthesis technique, morphology, and
crystallinity of the resultant materials. VVarious optimization strategies of electrocatalysts have been
practiced to shed light on the relationship between particle size, composition, phase, structure, and
properties. Among the techniques are structural regulation, defect formation, phase engineering,
chemical component optimization, interface regulation, doping regulation, in situ assemblies,

alloying, and amorphization.
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Figure 16. Schematic illustration of the bimetal coupling effect accelerates the OER process [46].

Over several decades, significant progress has been made in both the production and use of spinel-
type materials, leading to substantial enhancements in their catalytic activity for OER. In contrast,

reports of modifying spinel-type materials for OER are scarce.
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Literature reports indicate that first-row transition metal compounds like Co, Ni, and Fe are viable
and effective alternatives for electrochemical water splitting. Their high OER activity can be
attributed to their ability to exist in multiple oxidation states (M?*/3*/**; M = active site, which need
not be a metal atom). Co-based catalysts have been shown to take catalytic sites containing M**-
containing species, while Fe and Ni-based catalysts have active sites containing M3*comprising
species. In addition, their OER activities are strongly affected by the composition, morphology,
electron number of the transition metal, and oxygen surface binding energy. As a result, there is a
wide range of options for altering the materials' chemical (oxidation state) and physical (roughness
factor, conductivity) characteristics. Synthesizing bimetals oxide and integrating with
carbonaceous materials to promote electrochemically active surface areas are among the most
promising for achieving these features[164], [165]. This PhD. Thesis mainly focused on
synthesizing high-performance and stable electrocatalysts employing transition bimetals modified
by carbonaceous materials. As a result, it is important to recapitulate the recent development and
progress made in applying oxides and alloys integrated with carbon for OER electrodes. The
following paragraphs provide the state-of-the-art review related to bimetal oxides and alloys

modified by carbon material.

Over the past few decades, significant progress has been made in the production and use of spinel-
type materials, leading to substantial enhancements in their catalytic activity for OER [166]. Due
to their low cost, good stability, outstanding redox performance, and appealing electrocatalytic
activity, studies have shown that metal spinel oxides are attractive potential candidates for OER
catalysts. Metal spinel oxides, such as NiFe20a, are currently obtained primarily through high-
temperature calcination, which typically results in significant aggregation, leading to the limited
number of exposed active sites and unfavorable to electron transfer ability [167]. To this end, it is
crucial to circumvent the aggregation problem and promote the exposed active areas. Incorporating
these spinel oxide and carbon-based materials is one of the most effective methods for addressing

these concerns.

Carbonaceous materials have been described as a possible option to tune the properties of metal
oxide. Recently, carbon materials such as graphene[168], carbon nanotubes (CNT)[169], multi-
wall carbon nanotubes (MWCNT) [58], carbon box [170], carbon cloth [163], carbon

43|Page



nanofibers[171] have been used to enhance the conductivity of metallic electrocatalysts to facilitate

the reaction and activity of the transition metal based electrocatalyst for OER.

Carbon materials are popular in energy tech due to their high surface area and desirable properties.
The catalyst support is critical for large-scale OER electrodes, as it affects area, conductivity, and
stability [172]. Its key benefits are chemical inertness, good electrical conductivity, and high
specific surface area. Since the catalytic activity of carbon materials for OER is low, supplementary
processes, such as heteroatom doping with X (X = N, S, or P), are incorporated to achieve the
desired high catalytic performance. In addition to the metal elements' high inherent activity, the
framework's heteroatom-doped carbon layers are also regarded as active sites because they provide
strong support for dispersing metallic materials and facilitating electron/mass transfer [173].
Heteroatoms not only modify the electronic structure and increase the electric conductivity and
wettability of the N-doped carbon matrix but also serve as coordination sites to immobilize metals
and limit their aggregation during the electrochemical process thanks to the doped carbon support
loaded metal or alloy hybrid catalyst [174]. In composites of metals and X-doped carbon materials,
the electronic structure can be optimized, electron conductivity can be increased, and many active

sites can be made available, eventually promoting the overall electrochemical performance.

The properties of metal oxide can be improved by combing it with conductive carbon support.
Figure 17 shows schematic representations of the integration of metal oxides and carbon supports,
in which the metal oxides are well dispersed and immobilized in the carbon structure. Due to the
uniform distribution of NiFe2O4 over the rGO-formed three-dimensional graphene network, the
entire catalytic site is exposed, and rGO can enhance the ease electron transport channel in the
electrocatalytic OER process (Figure 17a). Moreover, Figure 17b displays the schematic
representation of the P-FeNiO/CNS hybrid catalyst synthesis process. First, the
NiFe/NiFe>O4 embedded into a porous nitrogen-doped carbon nanosphere (denoted as FeNi-
FeNiO/CNS) was obtained through an in situ phenolic resin polymerization of 3-aminophenol and
formaldehyde in the presence of Fe and Ni salt solution. Then the resin was annealed at high
temperatures. Based on its superior catalytic performance for OER, the FeNi-FeNiO/CNS
produced at 800 °C was chosen for additional phosphating treatment to examine its structural

evolution and electrochemical performance for OER. Structure evolution promotes the surface area
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and active sites, which contributed to exhibiting the P-FeNiO/ CNS catalyst an enhanced activity
[175].
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FeNi-FeNiO/CNS

Figure 17. (a) schematic illustration of NiFe2O4 evenly dispersed on the three-dimensional
graphene network, adapted from [167], and (b) schematic representation of the P-FeNiO/CNS
hybrid catalyst synthesis process [175].

Substantial efforts have been reported in preparing spinel oxide and alloys integrated with
carbonaceous materials. As electrode materials and catalyst supports, carbon-based materials have
been the subject of extensive research due to their large pore size, good electrical conductivity,
high specific surface area, and efficient mass transfer at the electrodes. Reports of numerous
transition metal-based electrocatalysts for OER have been deposited or embedded in conductive
carbon materials. For example, Raimundo and co-workers [176] reported NiFe nanoparticles
embedded in carbon fibers-based electrocatalysts prepared by solution blow spinning method
employing solutions of poly(vinyl pyrrolidone) and Ni and Fe nitrates precursors. The NiFe-carbon
fibers are made up of NiFe nanoparticles that have sizes ranging from 4 to 12 nm, whereas the
average diameter of carbon fibers is 827 nm. The synergistic impact between the carbon fibrillar
matrix supporting the NiFe nanoparticles that act as the OER electrocatalytic center results in a low
overpotential (296 mV) to generate a current density of 10 mA cm and high chemical stability.
Ma and co-workers[177] prepared an electrocatalyst made of FeNi alloy and NiFe>O4 confined on
a carbonitride outer shell (denoted as FeNi/NiFe.04@NC) through solvothermal method followed
by one step annealing treatment. The optimized FeNi/NiFe,Os@NC-based electrocatalyst
demonstrates superior electrocatalytic performances toward OER in alkaline media, with 10 mA

cm at an overpotential of 316 mV accompanied with excellent durability without decay after 5000
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CV cycles. Moreover, preparing nanostructured metal oxides anchored on reduced graphene oxide
can improve the electroactivity. For example, Umeshbabu and co-workers[178] prepared
NiCo0204 hexagonal nanoplates anchored on reduced graphene oxide sheets through a two-step
solution-phase method for OER with enhanced electrocatalytic activity and stability. The OER
electrocatalytic activity of the as-prepared NiC0204-rGO, NiCo0204, and rGO electrodes was
evaluated under alkaline conditions. Overpotential of only 300 mV is observed at current densities
of 75 mA cm during water oxidation, while a lower overpotential of 390 mV is needed to achieve
a current density of 10 mA cm. Synergistic solid effects between NiC0,04 and rGO sheets are
responsible for the enhanced electrocatalytic activity of NiC020s4-rGO. In addition, to its
conductivity, rGO also acts as a growth regulator for NiC0204 nanocrystals during the synthesis of
NiCo204 nanoplates. It, therefore, improves the electrocatalytic activity and stability of the
NiC0204-rGO hybrid in water oxidation processes. Besides, Geng and co-workers [179] prepared
Co-Fe-O composites/reduced graphene oxide (rGO) hybrid structures through a hydrothermal
route. They studied their composition-dependent electroactivity for OER in an alkaline solution.
The overpotential and Tafel slope of the prepared catalysts are significantly lower compared to
monometallic composition/rGO catalysts, suggesting synergistic effects. Li and co-workers[180]
reported promising electrocatalysts made up of CoFe2O4 with spinel structure integrated with a
three-dimensional (3D) porous graphene aerogel (GA) to form nitrogen-carbon doped CoFe2O4
(denoted as CoFe204s@NC) composite materials. The strong interaction between nanosized
CoFe204@NC and the graphitic carbon shell, along with the stability provided by the carbon shield,
enhanced the OER synergistically. Graphene hydrogel was created using CoFe-PBA, and then
subjected to heat treatments to obtain 3D porous graphene or aerogel-supported CoFe2O4. The
resulting composite electrocatalyst (CoFe.O4@NC/GA-500) exhibited excellent stability and a

smaller overpotential of 250 mV at a current density of 10 mA cm™2.

Recently, dopamine, a biomolecule of various functional groups, has emerged as a promising
carbon source for functionalizing materials. One unique property of dopamine is that it can self-
polymerize at basic pH levels, resulting in the spontaneous deposition of polydopamine (PD) films
on practically any surface [181]. In particular, PD stands out as a source of N-doped graphitized
carbon because of its versatility as a composite nanomaterial, adaptability in terms of
morphological tailoring, and potential for simple post-integration alterations. Dopamine is
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anticipated to perform admirably in the processing of carbon-coating materials due to its robust

and adaptable coating capabilities [182].

PDA can be prepared in three ways: enzymatic catalytic oxidation, electrochemical polymerization,
or oxidation polymerization in solutions. The oxidation polymerization of dopamine (Figure 18a)
can be done at room temperature in basic aqueous solutions, forming PD coating on various solid
substrates, making solution oxidation the most general approach [182]. Although several different
methods exist for generating PD, the precise mechanism of polymerization and the structure of the
resulting compound still need to be discovered. Despite the extensive application of polydopamine,
the molecular process responsible for the production of polydopamine has not been well explored.
It has been hypothesized that the processes involved in the creation of polydopamine are pretty
similar to those involved in the synthesis of melanin, which is made up of layered oligomeric proto-
molecules that contain indolequinone units. It is likely that the derived carbon will have a structure
that is analogous to the layered structure of its precursor [183]. It is generally agreed that numerous
reactions and conversions take place during the polymerization process. These include the
oxidation of dopamine to dopamine-quinone, intramolecular cyclization, rearrangement, and
further oxidation into indole-quinone [184], [185]. The dopamine monomers were once thought to
be oxidized, cyclized, and then covalently linked via aryl-aryl or other chemical bonding during an
early stage of the structure analysis (Figure 18b)[186]. In 2011, Bernsmann and co-workers
proposed that the process of PD production is similar to that of synthetic melanin. Dopamine
oxidizes to 5,6-dihydroxyindole, which in turn breaks down into indolequinone. Multiple isomers
of dimers and higher oligomers, including PD, are built from these two molecules by branching
processes at locations 2, 3, and 7 (Figure 18c) [187]. Later, Dreyer and co-workers reported that
PD is formed by the supramolecular aggregation of monomers linked together by covalent bonding
and charge transfer, - stacking, and hydrogen bonding (Figure 18d) [188]. Finally, Hong and co-
workers suggested that the formation of PD involves both the covalent bonding between the units
and the non-covalent self-assembling of monomers or formed oligomers such as aromatic rings

stacking on each other, leading to a typical structure of PD as presented in Figure 18e[183].

PD is a versatile carbon source due to its strong affinity to many solid surfaces, allowing for an
easy thin coating. The transformation of PD into carbonized PD (c-PD) results in altered inorganic

surfaces and improved functionalities. PD also can form covalent bonds or chemical bridges with
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various organic molecules and transitional metal species due to its many functional groups,
including catechol, amine, and imine. These functional groups allow PD to form complexes with
different transition metal ions, including Fe®**, Ni?*, and Co?*, thanks mainly to its catechol group,
which makes coordination bonding possible between PD and the metal ions. PD is a unique
biodegradable biopolymer distinguished by its great affinity to almost all solid materials (such as
transition metals) via chemical binding because of the different functional groups. Additionally, it
is a low-cost and environmentally-friendly carbon source. This opens up a wide range of
possibilities for material modification, creating a wide variety of novel hybrid materials with

distinctive structures and characteristics [182].

(b) (c) .
~ “NH o529 3 080 i
N N
HO 6 7 8 H (o 05} 7 8 H
5,6-dihydroxyindole 5 ,6-indolequinocne
HO  OH -
Homa)
HO . NH,
(d) () ™
A " U on
“’b: ]' o Ft L N
—[ P;' o :/\ oA N
C@_j\ H Y . Ho
> r &QD HO /\ \Lj;,g_{ E/ .
é; C@-_s\, W % Hu""\\)\OH Nz g :N\EO"'
HO OH | N~ 7 0H
f % -u ;; ~ HO N A ~OH
- ]‘ o) ﬁi\L: OH

Figure 18. (a) Chemical structure of dopamine monomer, and (b-€) chemical structure of
polydopamine proposed by different researcher groups: (b) Chen and co-workers [186], (c)
Bernsmann and co-workers [187], (d) Dreyer and co-workers [188], and (e¢) Hong and co-workers
[183].

Though dopamine has the potential to make materials more functional, there have been very few
findings relating to dopamine-modified materials. A few reports, such as Gao and co-workers [189]

applied dopamine to functionalize FesO4 nanoparticles for the magnetic separation of proteins; Yan
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and co-workers [190] prepared polydopamine-derived porous carbon fiber/cobalt composites for
oxygen reduction reactions(ORR); Tamakloe and co-workers [191] prepared PD-induced surface
functionalization of carbon nanofibers for Pd deposition for OER and ORR electrodes; Zhou and
co-workers[192] reported hollow carbon nanospheres doped with N and Fe-containing species
prepared by Fe**-mediated polymerization of dopamine using a SiO, template, etc. Nevertheless,
there are no reports on the application of dopamine to modify transition metals intended for OER
electrodes for water electrolysis applications.

Apart from the carbon above sources, researchers have attempted to valorize industrial carbon-
rich residues such as petroleum pitch. The tremendous potential of petroleum pitch (PP), a cheap
and plentiful industrial leftover material, lies in its ability to serve as a carbon support and
synthezise metal-encapsulated carbon compounds. Feedstock for electrodes for carbon finer
synthesis, PP is a complex combination of polynuclear aromatic and aliphatic hydrocarbons.
Making porous carbon foam (CF) from PP waste and other inexpensive materials is a cost-effective
method of creating carbon support. CF is a sponge-like carbon with peculiar properties, including
low density, high strength, a substantial exterior surface area thanks to its porous and open-cell
structure, and controllable thermal and electrical conductivity [194]. Recently, some works have

been extended toward converting these high-carbon precursors into high-value end products.

Table 3 summarizes studies on metal oxides, alloys, and composites for alkaline OER. Combining
oxides with conductive materials possessing high surface area can improve electronic structure and
overall electrochemical properties. Carbon support is necessary to immobilize the metal and
prevent particle aggregation during reaction. However, the process of creating these materials is
labor-intensive and costly. An easier method is needed for practical implementation. Although
some successes have been reported, improving the electrochemical performance of Ni, Fe, and Co
composites and alloys compared to reference electrocatalysts such as Ru- and Ir-based oxides is

still necessary.
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Table 3. Literature review of bimetal oxides, alloys, and composites (metals integrated with
carbonaceous materials) based electrocatalyst for alkaline OER electrode; #» represents
overpotential, and b is Tafel slope.

Electrocatalyst Substra » (mV) b Stability remarks Ref.
te @10 (mV/de
mA-cm?  ¢)
CFOIrGO; GC 340 310 The current density decreased [179]
ColFe (2:1) after about 10 h
CoFe- GC 334 80 After 1000 cycles, a 12 mV [196]
CoFe204/N- overpotential  increment  was
CNTs observed.
FeiCo2-NC GC 356 86.6 Smaller potential change (57 [197]
mV) after 12 h testing
FeCo-N/C GC 370 52 Experienced 24% of anodic [198]

current attenuation during 30,000

s continued operation.

Co-Fe-1-1 CP 330 37 After 20 h continuous operation, a [199]
small overpotential rise (7%) was
recorded.

C0304—~ GC 350 37.6 After 6000 cycles, a slight curve [200]

carbon@Fez—y C shift of about 20 mV at j = 50

0yO mA/cm? was observed.

CoFe-MWCNTs NF 300 84 Exhibited stable potential for [201]

about 3 h, and after 1000 cycles, a
10 mV potential shift was
observed.
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CoFe@NC-700 GC 380 110 After 1000 s operation at 1.60 V, [202]
a 7% current density decay was
observed.

Fe—Co0304(Co/Fe GC 486 -- Remained stable current after [203]

=32) 10,000 s

CoFe204 GC 410 61 Stable polarization curve after [204]

nanoplates 500 cycles

CoFe204 Au 374 35 Stable J of 10 mA cm™ during [205]
50 h measurements

CoFe204 NF 270 31 - [65]

CoFez- GC 300 73.34 Constant potential during 12 h [206]

alloys/CoFe204 measurement

CoFe204 NF 266 53 13.5% current density( 20 mAcm™ [207]
2) attenuation after 24 h operation

CoFe204 GC 342 57.1 no attenuation after 1000 cycles,  [208]
and no obvious J decay after 15 h
operation

CoFe204 NF 360 69.2 Stable various current densities [209]

powders for over 10, 000 s operation

CoFe204 NP GC 335 76 Good J stability after 500 cycles [210]

CoFe20s/graphe  GC 300 68 83% retention of J of 10 mAcm?  [56]

ne after 30,000 s measurements

CoFe-MWCNTs NF 300 84 Constant overpotential of 300 [58]
mV for 3 h operation

Fe-CoS/NC GC 257 46.7 A stable J of 10 mA cm™2 for [211]
over 10 h operation, and only
2.82% decay was observed.

CoFe/SN-C GC 270 - Remained stable current density  [212]

for over 5100 minutes
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CoosFeo20x/CN  GC 280 49 The stable current density for [213]
Ts2swt% about 8 h
CoFe/CosFeSs/C  GC 290 38 Stable current for about 18 h [214]
NT
CoFe204/graphe GC 300 68 About 83% relative current was [215]
ne reported after 30,000 s testing.
FesN@CosN@C NF 225 48 Stable potential for about 20 h. [216]
oFe
GC 380 62.68 After 4000 CV cycles, 10 mV [217]
Cos.47N/CosFer/N potential shift was recorded.
C
CoFe/N-HCS NF 292 58 Retained a high relative current [218]
of 84.3% after 30 h operation.
CoFe-NCNFs GC 323 63.9 The stable current density for [219]
about 10 h
CoossFeo320@N CC 260 58.9 After 10 h testing, about 95% [220]
c/cC current retention was recorded.
Fe-Co/NC-800 CP 279 42.7 Stable current for about 6 h [221]
FeNiP@N-CFs GC 300 47 A stable current density was [222]
observed for over 20 h at 1.55 V
(vs RHE) applied potential.
NiFe/CNx GC 360 59.1 Displayed a constant operating [223]
potential after running 10000 s,
operated at j = 10 mAcm™.
NiFe@CN-G GC 320 41 showed stable performance [224]
after 4 h operation, and a 76%
retention of initial current density
after 10 h.
FeNI@N-CNT GC 300 47.7 Remained stable for about 10 h. [225]
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Ni2Fe/rGO GC 285 96 After 10 h test at the current [226]
density of 20 mAcm, the

potential increases by 40 mV.

CoFe204@N- GC 349 80 Around 7.3% decrease of current  [64]
CNFs density after 40000 s operation
CosFerOx/NPC GC 328 314 The potential ata J = [227]
10 mA cm?
remained stable for about 15 h.
FeCoz2 P CFP 320 55 About 10% drop in the initial [228]
polyhedron current density after a 12 h

continuous test.

NiFe@NC GC 360 81 Only decreased by 1.7% after 12 [229]
h operation.
NiCoFe-NC GC 250 31 The Jat 1.50 V increased at the [230]

initial of 4 h and then slightly
declined in the following 20 h.

Co-Fe- GC 290 32 stable current-time curve and 3%  [231]
N@MWCNT attenuation after 20000 s.

Co2.7Fe0.304 - CFP 342 64.4 After 100 h operation, it showed  [232]
NWs a stable J of 1000 mA cm 2,
Ni/Co30s@NC GC 350 52.27 The polarization curve remained  [233]

unaltered after 1000 cycles.

Where; GC: Glass carbon; CF: carbon nanofiber; NC: nitrogen-doped graphitized carbon shell;
NCXx: nitrogen-doped nanocarbon; NC-G: N-doped graphitic carbon shell; rGO: reduced graphene
oxide; MWCNT: Multiwall carbon nanotube; CNT: carbon nanotube; NF: nickel foam; CP: Carbon
paper; N-HCS: N-doped hollow carbon microspheres; NCNFs: N-doped carbon nanoflowers; CC:
carbon cloth; NPC: porous carbon nanosheets; CFP: carbon fiber paper; NPs: nanoparticles; NW:

nanowires.
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In summary, finding an OER electrocatalyst with high performance, low cost, and stable properties
is a puzzling phenomenon that needs more investigation, despite the significant progress
accomplished so far. The ideal OER electrocatalyst should have high catalytic activity, low
overpotential, good stability, and low cost. Noble metal-based catalysts, such as Ir and Ru oxides,
have shown the best performance but are expensive and scarce, limiting their practical application.
Therefore, there is an ongoing search for alternative electrocatalysts based on earth-abundant and
low-cost materials, such as transition metals such as Co, Ni, and Fe. Numerous intriguing strategies
have been devised to achieve superior OER electrocatalysts, which can potentially change the
bottlenecks mentioned above. These include preparing nanostructured materials, doping
heteroatoms into bimetals, preparing catalysts deposited in 3D/2D structured substrate, preparing
bimetals with abundant oxygen defects/vacancies, and integrating a conductive material such as

carbon into bimetals, and designing amorphous structure.
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Chapter I1: Objectives

This chapter presents the objectives and overall structure of the doctoral thesis.
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1. Objectives and structure of the Thesis

1.1. Objectives

Water electrolysis is a promising technology that has the potential to produce carbon-free, clean
and green hydrogen energy. The realization of water electrolysis depends significantly on the
efficiency and performance of the electrocatalyst used. To be a sustainable and economically viable
process, an efficient and high-performing electrocatalyst is vital to expedite the electrochemical

reaction.

Precious-metal-based electrocatalysts, such as ruthenium, platinum, and iridium, have been
employed in the state-of-the-art due to their relatively high activity and stability. However, the cost
and scarcity of these materials have led to a pursuit of alternative, more environmentally friendly
options. As the need for clean energy increases, the significance of developing and utilizing
efficient and ecologically sustainable electrocatalysts for water electrolysis becomes more
pressing. Recently, electrocatalysts made from transition metals such as Co, Ni, and Fe have shown
great potential as a cost-efficient alternative to precious metal-based electrocatalysts. These
electrocatalysts exhibit good performance in water electrolysis in basic media.

Various innovative approaches have been developed to achieve promising electrocatalysts to
substitute precious metals. These techniques involve creating nanostructured materials,
incorporating heteroatoms into bimetals, producing catalysts deposited on 3D/2D structured
substrates, inducing abundant oxygen defects/vacancies in bimetals, and combining a conductive
substance such as carbon with bimetals, as well as designing amorphous structures. Despite the
extensive efforts made so far, the reported electrocatalysts still fall short of meeting the
requirements for practical applications; as a result, there is still a pressing need for further research
to develop highly active, stable, and economically viable electrocatalysts that can be applied in

large-scale water electrolysis applications.

The focus of this PhD thesis has been on the investigation of transition metal-based electrocatalysts
for water electrolysis, motivated by the recent advancements in the field of electrocatalysts
developed from transition metals. Briefly, the general and specific objectives of the doctoral Thesis

are provided as follows.
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1.1.1. General objective
Development of high-performance, low-cost and stable bimetallic transition metal-based
electrocatalysts for both reactions involved in an anion exchange membrane water electrolyzer:

oxygen evolution reaction and hydrogen evolution reaction.

1.1.2. Specific objectives

% To synthesize electrocatalysts based on Ni, Fe and Co integrated with carbonaceous materials
with different methods and optimized properties for oxygen evolution reaction in basic media.

% To explore the effect of heteroatoms dopant (such as nitrogen and phosphorus) on carbon
structure and metal-impregnated carbon composites towards oxygen evolution reactions.

% To study the activity and stability of in situ-grown transition metals (Ni, Co) doped with
phosphorus on stainless steel mesh conductive substrate for hydrogen evolution reaction in
basic media.

% To characterize the as-prepared electrocatalysts using physicochemical techniques to study
how their structural and morphological properties affect the activity measurements.

1.2. The framework of the Doctoral Thesis

This work was carried out at the "Fuel Energy Conversion" group at the Instituto de Carboquimica
(ICB) in Zaragoza and the "Electrocatalysis for Energy and Environment™ group at the Instituto de
Catalisis y Petroleoquimica in Madrid, which are part of the Spanish National Research Council
(CSIC). The doctoral thesis was funded by the European Union's Horizon 2020 Research and
Innovation program under the Marie Sktodowska-Curie Actions - Innovative Training Networks
(MSCA-ITN) as part of the "Bimetallic catalyst knowledge-based development for energy
applications (BIKE)" project (Grant Agreement 813748).

During the study, secondments/mobilities were conducted at two different institutions. The first
was at the Bulgarian Academy of Sciences in Sofia, Bulgaria, from April 15th, 2021 to June 15th,
2021, where they focused on synthesizing carbon-supported metal-based electrocatalysts for OER.
The second was at the Italian National Research Council - Institute for the Chemistry of
Organometallic Compounds in Pisa, Italy, from February 1st, 2021, to March 31st, 2021. The
objective of this mobility was to gain experience in density-functional theory (DFT) based methods
in catalytic research and to collaborate with researchers using advanced algorithms to perform

atomic scale (predictive) modelling and simulations.
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1.3. Structure of the Doctoral Thesis

This Doctoral Thesis comprises the scientific articles published in journals indexed in the Journal

of Citation Report and the General introduction from which the research was carried out. The
doctoral student was responsible for experimentation and data analysis and contributed to their

writing.
Briefly, this Thesis is structured into five main chapters:

Chapter I: contains a general introduction to the historical background and development of water
electrolysis. In this chapter, the fundamentals of water electrolysis technology, the category of
water electrolysis, an electrocatalyst for alkaline hydrogen and oxygen evolution reaction,

electrochemical testing, and the evaluation criterion of electrocatalysts are provided.
Chapter 11: Comprise the objectives and the overall structure of the doctoral thesis.

Chapter I11: Encompasses a copy of the research works published. This chapter contains four
research works related to electrocatalysts for OER and HER and one comprehensive review paper
pertinent to the OER.

Chapter IV: This chapter provides a global discussion of the research works. Besides, the
electrocatalysts with the best performance from each article were tested in anion exchange
membrane water electrolysis (AEMWE) to determine its potential for large-scale application; the
analysis findings are reported in this chapter.

Chapter V: Entails the general conclusion of the thesis.
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Chapter Il1: Copies of the publications

In this chapter, five articles, including one research article related to HER, three research articles

related to OER, and one review article pertinent to OER, are attached.
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The list of articles is provided as follows.

(I). NiCoP/CoP sponge-like structure grown on stainless steel mesh as a high-performance
electrocatalyst for hydrogen evolution reaction
(https://doi.org/10.1016/j.electacta.2022.141538)

(11). Transformation of CoFe2O4 spinel structure into active and robust CoFe alloy/N-doped
carbon electrocatalyst for oxygen evolution reaction.
(https://doi.org/10.1016/].jcis.2022.06.005)

(11). Nitrogen-doped carbon decorated-NizFe@Fe3O4 electrocatalyst with enhanced oxygen
evolution reaction performance (https://doi.org/10.1016/j.jelechem.2022.116887)

(IV). CoFe-loaded P, N co-doped carbon foam derived from petroleum pitch waste: an
efficient electrocatalyst for oxygen evolution reaction
(https://doi.org/10.1016/j.cattod.2022.12.022)

JeC

JOURNAL OF ENERGY CHEMISTRY.
——

hitp:fwww. journals.elsevier.com’
journal-of-energy-chemistry’

(V). Recent progress on bimetallic NiCo and CoFe based electrocatalysts for alkaline
oxygen evolution reaction: A review (https://doi.org/10.1016/].Jechem.2021.10.009)
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ARTICLE INFO ABSTRACT

Keywords: The stainless steel mesh (SSM) has received remarkable attention for hydrogen and oxygen evolution reactions. It

Elec"r”cafalyft was demonstrated that the SSM exhibits admirable performance towards oxygen evolution reaction (OER)

;l?gsihorlzauo“ electrocatalysis, while its catalytic activity for hydrogen evolution reaction (HER) remains quite low. This ob-
iCo!

structs the utilization of SSM-based catalysts for sustainable complete water electrolysis. In this study, a facile
hydrothermal route followed by a phosphorization process was adopted to transform commercially available
SSM materials into high-performance and stable electrocatalysts for alkaline HER. We report an interconnected
NiCoP-CoP sponge-like structure on SSM substrate without polymer binder. Benefiting from the 3D construction
with high exposed surface area, close contact between electroactive species and conductive surface, and facili-
tated infiltration of electrolyte, the as-prepared NiCoP@SSM electrocatalyst brought an improved catalytic ac-
tivity for HER, required a low overpotential of 138 mV to derive a current density of 10 mAcm™2 in 1.0 M KOH
aqueous solution. The high performance of the NiCoP@SSM catalyst has also unveiled fast reaction kinetics
(presents a small Tafel slope of 74 mV/dec), a relatively large electrochemical active surface area (ECSA), and
small charge transfer resistance. Furthermore, the NiCoP@SSM electrode also presented excellent stability
during long-term measurements, making it one of the most encouraging HER electrodes to date. This research
study paves the way for the development of HER-active electrocatalysts made from SSMs that are commercially
available, low-cost, and highly active.

Stainless steel mesh
Hydrogen evolution reaction

state-of-the-art electrocatalyst utilized for HER often relies on Pt and its
derivatives. Still, their high cost, low availability, and Pt poisoning

1. Introduction

With the motivation to circumvent the rising global energy demand
and ecological disarrays because of the continuous consumption of fossil
fuels, tremendous research efforts are being conducted in the realm of
clean, green, and renewable energy sources, aiming at developing and
designing more appealing, efficient energy storage and conversion sys-
tem [1-3]. In this context, electrochemical water splitting, especially
integrated with renewable energy, has become a distinctive approach
for hydrogen production, which is considered as an ideal alternative
energy carrier for the future due to its environmental friendliness,
carbon-free, high energy density, and clean fuel [4-6]. However, the
hydrogen evolution reaction (HER), one of the crucial half-reactions
involved in water electrolysis, is kinetically indolent and demands
high overvoltage to overcome the energy barrier. Electrocatalysts are
necessary for this process to expedite the slow reaction kinetics. The

* Corresponding authors.

glitches impact their use for the sustainable development of HER elec-
trodes [7]. So far, about 4% of the total Hy produced worldwide is shared
from water electrolysis due to its high energy consumption, low effi-
ciency, and expensive catalysts [8]. To this end, there is an urgent de-
mand to develop catalysts with affordable, more efficient, and durable
features using plentifully available materials to accelerate the reaction,
reduce overvoltage, and boost overall energy efficiency.

To date, myriads of efforts have been devoted to preparing transition
metal-based electrocatalysts (e.g., Ni, Co, Mo, and Fe) in the form of
metal oxides, phosphides, sulfides, and nitrides, demonstrating prom-
ising alternatives to Pt due to their high abundance, low price, and
modest HER catalytic activity [9-17]. In particular, transition metal
phosphides (TMP), such as NiP, FeP, and CoP, have received extensive
devotion recently due to their outstanding activity among the various
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HER electrocatalysts reported [18-23]. TMPs retain excellent activity
towards HER due to the electron transfer from the active metal into the P
atoms, establishing a tailored active site surface to accelerate proton
adsorption [24]. Incorporating P into the structure of transition metals
induces a significant gain in terms of stability and chemical reactivity.
The boosted catalytic activity of TMP towards HER has been correlated
to the formation of a peculiar electronic structure prompted by the
presence of the P atom, forming a "ligand effect". This is vital to disso-
ciate molecular hydrogen and also endow moderate binding surface to
adsorb the reaction intermediate, eventually stimulating the overall
catalytic activity [25,26]. Henceforth, TMPs, encompassing inexpen-
siveness and good activity, are considered as a good candidate material
to replace the precious HER catalysts. Despite the good activity of
monometallic phosphides-based catalysts for HER, their unfavored
hydrogen adsorption-free energy impacts their performance. To this
end, researchers have been working to regulate the electronic structure
and alter the intrinsic activity of TPMs by integrating with another
metal, forming bimetal phosphides. Bimetallic-based catalysts
frequently exhibit superb catalytic activity compared to the mono-
metallic counterparts stemming from the synergistic effects between two
catalytically active metals [27], emanating from the lattice strain vari-
ation, which induces different redox potentials and structural arrange-
ment [28]. Moreover, the coupling effect of heteroatoms is also
advantageous to further enlighten the material stability and adjust
electronic structure [29]. Despite the much effort devoted to preparing
bimetals doped with P atoms with a good performance, the performance
of these alternative materials is still in further need of improvement to
surpass the state-of-the-art HER catalysts.

Meanwhile, researchers have used two main strategies to evaluate
the electrochemical performance of electrocatalysts. The first technique
involves the usage of catalysts in powder form. In this case, an ink of
catalyst is prepared by dispersing the powder in a solvent containing
polymeric binder (e.g., Nafion). The resulting ink is coated/cast on
glassy carbon. This technique has its own limitation: catalyst peeling off
during long-term operation, and also the binder affects the activity of the
catalyst by suppressing the active site and/or reducing the contact area
between the active site and electrolyte [30,31]. The second technique
involves the use of catalysts directly grown on three-dimensional (3D)
conductive substrates such as nickel foam, copper foam, titanium mesh,
graphene foam, stainless steel mesh, nickel foil, carbon cloth, etc., [31,
32]. Compared with the catalysts in powder form, catalyst directly
grown on a conductive substrate has several advantages, including
accelerated electron transfer from the catalytic materials to the substrate
due to intimate contact between the active site and substrate, easy
electrolyte penetration, it also circumvents the detaching/peeling of
catalysts from the surface of the electrode during long term measure-
ments, excellent conductivity, and mechanical stability [18,33].

In recent years, stainless steel mesh (SSM) has been employed as a
substrate to grow electroactive materials on it because of its low-cost,
excellent electrical conductivity, good chemical stability, good me-
chanical strength, and good corrosion resistance in alkaline media
[34-38]. Two types of SSM, the 304 and 316, are used as electro-
catalysts; however, the 316L-type SSM possesses better features, such as
high stability and corrosion resistance structure even at high applied
potential, compared to the 304 types, making it a suitable electrocatalyst
substrate [39]. SSM material consists of Cr metal that passivates the
SSM’s outer layer, which distresses the electrochemical performance in
energy and storage systems. As a result, researchers have attempted to
improve the electrochemical properties of SSM material by subjecting it
to various surface treatment techniques [40]. The SSM comprises chiefly
Ni, Fe, Mo, Cr, and other impurities. The three former metals are
demonstrated to be active for HER; hence, removing the inactive metal
of Cr and enriching the surface of the electrode with active foreign
material escorted by the intrinsically active elements in stainless steel
would be a promising approach to stimulate the electrocatalytic prop-
erties of SSM.
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The physicochemical and electrochemical properties of SSM can be
transformed by surface modification and/or chemical etching to pro-
mote the surface area, and also doping of heteroatoms, such as P, can
modify the surface by forming TMP [35]. Substantial efforts have been
devoted to modifying SSM through different methods, including hy-
drothermal [33], thermo-selenization tuning method [35], and elec-
trodeposition [41,42], for OER electrodes. For example, Shen and
co-workers [40] prepared amorphous Ni (Fe)OyHy-coated nanocone
arrays on SSM electrocatalyst through electrodeposition. The catalyst
exhibited excellent activity and stability towards OER. The as-prepared
electrode displayed a low overpotential of 280 and 303 mV to achieve
high current densities of 500 and 1000 mA cm 2. However, the cata-
lyst’s performance for the HER electrode was not reported. Zhang and
co-workers [43] synthesized MoS,@SSM catalyst via a hydrothermal
route. The catalyst showed a low overpotential of 160 mV to achieve a
current density of 10 mA cm ™2 and a small Tafel slope of 61 mV dec™ ! in
1.0 M KOH during HER measurements. The MoS,@SSM catalyst was
evaluated for its stability under a static potential of overpotential 160
mV for 18 h, and the catalyst maintains 85% of its initial current density.
Yao and co-workers [38] prepared mesoporous (Fe/Ni)(P/S) dendritic
nanorods on SSM through anodic oxidation and subsequent
co-sulfuration/phosphorization method. The as-prepared catalyst dis-
played a low overpotential of 173 mV at 10 mA cm ™2 and 270 mV at 100
mA cm™2. Moreover, many works demonstrated the potential applica-
tion of SSM for water electrocatalysis, primarily focusing on the OER
electrode; however, the performance of SSM towards the HER electrode
remains low. Rare works have been reported on modifying SSM sub-
strates to catalyze HER, and their performance is still not promising
[44]. Developing a high-performance, efficient, and robust SSM-based
electrode with an affordable and facile route toward HER is still chal-
lenging. As a result, further research on the preparation of electroactive
material on SSM substrate with excellent performance and stability is
necessary to accelerate the HER electrode.

Herein, we employed 316-type SSM with a three-dimensional
network structure substrate to grow NiCoP-CoP electroactive catalyst
and transform it into a high-performance and stable electrode for HER
through a hydrothermal route followed by phosphorization. This syn-
thesis approach offers an easy, polymer-binder-free, and scalable fabri-
cation process. The resulting NiCoP@SSM electrocatalyst reveals
excellent performance and stability because of the intimate contact be-
tween the electroactive sites and conductive substrate, plentifully
exposed active surface area, promoted mass and electron transportation,
and robust structure. The as-prepared electrocatalyst, NiCoP@SSM, was
used directly as a hydrogen-evolving cathode and displayed excellent
catalytic activity with low overpotential (138 mV @ 10 mA cmfz), a
small Tafel slope (74 mV dec™!), and long-term durability in 1.0 M KOH
aqueous solution. This approach thus affords a facile, cost-effective, and
scalable scheme for generating high-performance and stable electro-
catalysts for alkaline HER electrodes.

2. Experimental section
2.1. Materials and chemicals

Stainless steel mesh (SSM, AISI 316 alloy, 0.103 mm nominal aper-
ture, 0.066 mm wire diameter, 150 x 150 wires/inch), cobalt (II) nitrate
hexahydrate (Alfa Aesar), nickel (I) nitrate hexahydrate (Alfa Aesar),
urea (Sigma Aldrich), ammonium fluoride (NH4F) (Sigma Aldrich),
potassium hydroxide, 99.98% (metal basis), 85% min (Sigma Aldrich),
and NaH,PO5-xH,0 (Sigma Aldrich). The water used in this work was
ultrapure water (Milli-Q, 0.055 pS/cm, SIEMENS). All the chemical re-
agents were used as received without further modification.

2.2. Synthesis of NiCoP@SSM electrocatalysts

The hydrothermal method was employed to grow the NiCo
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electroactive phase on the SSM substrate to obtain NiCo@SSM. Briefly,
2 mmol of Ni (NO3),-6H20, 4 mmol of Co (NO3)2-6H20, 24 mmol of
urea, and 12 mmol of NH4F were mixed in 30 mL ultra-pure water to
form a homogeneous solution via magnetic stirring for about 30 min. A
piece of SSM (1 x 2 cmz), which was cleaned by ultra-sonication (15
min each) sequentially in 3 M HCl, ethanol, and Milli-Q water, was
immersed into the above solution. Then, the mixture was transferred
into a 50 mL Teflon-lined stainless steel autoclave and maintained at
180 °C for 12 h. After cooling to room temperature, the NiCoOx uni-
formly grown on the SSM was removed, washed with ethanol and water,
and dried at 70°C. For comparison purposes, monometallic counterparts
of Co@SSM was also synthesized using the same procedure, except that
Ni (NOs3)2:6H20 was absent. The NH4F acts as a structure-directing
agent surfactant and induces morphological change [45-47] in which
the F~ ions can coordinate with M*" metals to form complexes, and NH**
ions act as a buffer to retain the solution at constant pH. The strong
coordination between F~ ions and metal cation slows the release rate of
metal ions and controls the precursor’s growth and nucleation rate [48].
The NiCoP@SSM sample was obtained by phosphorization of the as-
prepared NiCo@SSM precursor. Briefly, NiCo@SSM precursor and 2 g of
NaH,PO,-xH30 were put in the same ceramic boat, separated by 2 cm,
and placed in the center of a horizontal tube reactor. Then, under Ny
flow, the reactor’s temperature was increased to 350°C with a heating
rate of 5°C min ! and then up to 400°C at 1°C min~! and maintained for
2 h to phosphatize the precursor. Finally, the reactor was cooled to room
temperature, washed with water, and dried at 70°C to obtain NiC-
oP@SSM. The same procedure was followed to prepare CoP@SSM and
NiP@SSM samples. For comparison purposes, the pristine SSM was also
subjected to phosphorization, denoted as P@SSM, under the same
condition to investigate its catalytic activity upon phosphorization.
Moreover, the state-of-the-art Pt/C (40 wt. % Pt) deposited on SSM
substrate (denoted Pt/C@SSM) was also prepared for comparison.

2.3. Physicochemical characterization

Scanning electron microscopy (SEM-EDX) was recorded in SEM
Hitachi 3400N, EDX Rontec XFlash of Si (Li). A high-resolution trans-
mission electron microscope (TEM) (a Tecnai F30) was utilized to
observe the detailed morphology of the samples (at an accelerating
voltage of 200 kV). X-ray diffraction (XRD) analyses were conducted in a
Bruker D8 Advance diffractometer with Cu Ko of 1600 W. Crystallite
sizes were calculated from the Scherrer equation applied to reflections
(220) for NiCoO, (111) for NiCoP and (011) for CoP. X-ray photoelectron
spectra (XPS) were obtained in a VG Escalab 200R spectrometer
equipped with a hemispherical electron analyzer with Mg Ka (1253.6
eV) at 100 W with passing energy of 50 eV in the survey analysis and 20
eV in the high-resolution regions. The C 1s line at 284.6 eV was
employed for charge correction of all XPS spectra. CasaXPS software was
employed to perform peak fitting and quantification, and Shirley-type
background was employed for all peaks. A 70%/30% Gaussian/Lor-
entzian line shape was used to deconvolute the high resolution for each
component.

2.4. Electrochemical characterization

The electrochemical measurements were carried out at room tem-
perature in a standard three-electrode electrochemical cell controlled by
potentiostat/galvanostat AUTOLAB PGSTAT302. An aqueous solution of
KOH (1 M) was used as an electrolyte. The set-up comprises carbon felt
as the counter electrode, Ag/AgCl electrode as the reference electrode,
and a1 x 2 cm? of the as-prepared sample as the working electrode. The
working electrode consisting of the samples was attached to a crocodile
clip-type connector, and the active area was limited to 1 x 1 cm? by
demarcating and covering the remaining surrounding area with Paraf-
ilm and scotch plastic tape. The actual surface area of the mesh was
calculated according to the references [49,50] (Text S1, supporting
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information).

The linear sweep voltammetry (LSV) was performed for all samples
at a scan rate of 5 mV s—! in 1 M KOH aqueous solution. All potentials
were converted to the reversible hydrogen electrode (RHE) using the
Nernst formula of Eryg = Eag/agel + 0.197 V + 0.059 x pH. Prior to the
electrocatalytic activity measurement for HER, the working electrode
was activated by continuous cyclic voltammogram (CV) scans until the
variation of cycles was trivial. The HER polarization curve is plotted
with an iR —correction. Tafel plots are obtained in the linear regions
through Tafel equation fitting (n = a + b log j), where 1 is the over-
potential, b represents the Tafel slope, and j is the current density. In
order to determine the electrochemical active surface areas (ECSA) of
the samples, the double-layer capacitance (Cq;) was further measured by
recording CV curves at various scan rates of 20, 40, 60, 80, and 100 mV
s7! in a potential range of 0.55-0.61 V vs. RHE. Electrochemical
impedance spectroscopy (EIS) was measured at an overpotential of -138
mV in the frequency window from 100 kHz to 0.01 Hz at a 5 mV
amplitude (rms). The electrochemical stability test for the best-
performing sample (NiCoP@SSM) was measured by chro-
noamperometry at an overpotential of -138 mV for about 24 h.

3. Results and discussion

The schematic synthesis process of the NiCoP@SSM sample is shown
in Scheme 1. Briefly, the NiCOP@SSM sample was obtained by hydro-
thermal route followed by a phosphorization process. First, the Ni and
Co precursors were dissolved in water in the presence of urea and NH4F.
The mixture was transferred into an autoclave, pre-treated SSM was
immersed, and subsequently subjected to a hydrothermal reaction.
Then, the as-prepared NiCo@SSM sample was transformed into NiC-
oP@SSM material through the phosphorization process in the presence
of a phosphorus precursor (NaH;PO3.xH20). Finally, the obtained
product was washed and dried. Such in situ growth of electroactive
materials on conductive SSM substrate would endow virtuous abundant
active site and promote activity. The urea is used as a chelating agent,
and NH4F acts as a surfactant-morphology-controlling agent. In this
case, the metal species first coordinate with the F~ ions, forming M-F
¥~ complex intermediates. During the hydrothermal reaction, the Ni%*
and Co®" ion react with CO%3~ and OH™ ions, derived from the decom-
position of urea, to form the NiCoOx precursor. The presence of NH4F
structure-directing agent enables to release of metal ions slowly, thus
controlling the nucleation and growth rate [48,51].

X-ray diffraction (XRD) was applied to explore the crystallographic
information of the samples. XRD patterns are shown in Fig. 1, and a
summary of the detected crystalline phase for the different samples is
presented in supporting information in Table S1. All of the samples
exhibit the characteristic metallic alloy of NiFe on the SSM substrate.
The Cr metal is observed in SSM and Co@SSM samples. The modified
SSM shows extra diffraction peaks of weak intensity matching to distinct
crystal structures based on synthesis design. Weak diffraction peaks of
the surface structure may be attributed to the strong diffraction peaks of
the bulk SSM substrate and the fact that in situ grown nanostructures are
created as a thin coating on the surface; therefore, they are not notably
identified by XRD [44]. The Co@SSM shows multiphase crystal struc-
tures which are of Fe304, Co, CosMo, and MoNi4 phases. For easiness,
the sample is denoted as Co@SSM throughout the text; nevertheless, it
must be kept in mind that Co@SSM consists of the mentioned phases.
The NiCo@SSM sample displays diffraction peaks, which are attributed
to the crystallographic plane of Ni; 71C01.2904 with a cubic crystal sys-
tem. This sample is denoted as NiCo@SSM throughout the manuscript
text. In the case of the CoP@SSM sample, two additional crystal phases
of CoP and Co304 are identified. Also, in this case, it must be bear in
mind that the CoP@SSM sample comprises these phases, which is
shortly denoted by CoP@SSM throughout the manuscript. Moreover, the
NiCoP@SSM sample exhibited two additional phases of NiCoP and CoP.
Metal phosphide formation verifies that NaH;PO2.xH20 successfully



G.A. Gebreslase et al.

Hydrothermal
180°C, 12h

Electrochimica Acta 438 (2023) 141538

P precursor

400 °C,2hl
]

Phosphorization

NiCoO,@SSM l

Scheme 1. Schematic illustration of the fabrication process of NiCoP@SSM electrocatalyst.

*(Fe,Ni) Taenite 'Cr P50, ®Co  “CoMo  Pvioni,
by 5 #
Nij 71C0;1 500,  °Co30, ¥cop "NicoP Scop
.
NiCoP@SSM

%*

CoP@SSM |
WA

NiCo@SSM '

4 x ;
?s

Co@SSM |

30 40 50 60 70
2 theta (degree)

Intensity (a.u)
=4
L

Fig. 1. X-ray diffraction (XRD) patterns of the different electrocatalyst.

phosphatizes the NiCo@SSM precursor. This sample NiCoP@SSM
comprises NiCoP and CoP phases and is written as NiCoP@SSM
throughout the text.

SEM image was used to observe the surface morphology of the
samples. The SEM images of pristine SSM, Co@SSM, NiCo@SSM,
CoP@SSM, and NiCoP@SSM samples are shown in Fig. 2. The surface of
the pristine SSM sample is smooth without grain deposits on the surface.
On the other hand, after the SSM substrate was subjected to hydro-
thermal reaction in the presence of Ni and Co precursor, the surface of
SSM is entirely covered by different structures depending on the metal
combinations. The Co@SSM sample exhibits a rough surface covered by
entangled grains of particles (Fig. 2b), and the NiCo@SMM sample re-
veals a rough surface entirely covered by a spindle/rod-like structure
(Fig. 2¢). The SSM substrate can be activated by the F~ anion to generate
more active sites for the nucleation and growth of the desired materials,
further benefiting the intimate adhesion between the electroactive
metals and the surface of the SSM substrate. Moreover, the samples
subjected to phosphorization further changed their morphological
appearance. The surface of the COP@SSM sample contains a randomly
and closely packed sheet-like structure (Fig. 2d), and the NiCoP@SSM
sample contains a unique sponge-like structure (Fig. 2e, f). Fig. S1
(supporting information) shows the SEM images of the samples at low
magnification in order to appreciate the surface morphology
discrepancy.

Comparing the SEM images of the NiCo@SSM precursor (Fig. 2¢) and

the NiCoP@SSM (Fig. 2d) catalyst, the later catalyst shows a different
microstructure with a sponge-like porous and rougher surface. This
could be due to various factors: first, when the NiCo@SSM precursor was
subjected to low-temperature gas phosphorization, the crystalline phase
of NiCo@SSM was transformed from a single crystal phase of
Ni; 71C01.2904 into dual phases of NiCoP and CoP (NiCoP@SSM), which
differs in chemical composition, crystal system, and crystallite size. The
Nij 71C01.2904 has a cubic crystal system, while the NiCoP and CoP
phases are hexagonal and orthorhombic crystal systems, respectively.
The crystallite sizes were determined using the Scherrer equation
applied to XRD patterns for NiCo@SSM and NiCoP@SSM related to the
phases mentioned (NiCoO, NiCoP, and CoP). In this case, we assume that
the evolution of the two different NiCoP and CoP phases with smaller
crystallite size NiCoP (28.9 nm) and CoP (18.6 nm) relative to the
Nij 71C01.2904 (44.7 nm) could be conjoining (via self-assembly or ori-
ented attachment growth) to form a sponge-like structure. The forma-
tion of smaller crystallite size with porous structure could be likely due
to the removal of interconnected pores during the long-time and rela-
tively low-temperature phosphorization process. Besides, releasing HyO
gas and phosphine (PH3) gas diffusion into the NiCo precursor during
the phosphorization reaction can also contribute to the porous sponge-
like structure [52]. This highlights the significance of NaH,PO2-xH20
in constructing a unique sponge-like 3D interconnected structure. We
can clearly observe that the hydrothermal reaction and/or phosphori-
zation process has basically provided a rougher surface compared to the
pristine SSM surface, which would eventually change the electro-
chemical performance. The sponge-like structures exhibited in the
NiCoP@SSM sample are closely coupled with the SSM substrate, sug-
gesting a robust mechanical strength. The porous architecture of the
sponge and space/gap between the sponges could offer an environment
for infiltration of the electrolyte (promoting reactants contact) and
release of the evolved gases, which will eventually expedite mass and
charge transfer, leading to enhanced activity.

To verify the elemental distribution of the sponge-like structure of
the NiCoP@SSM sample, energy dispersive spectroscopy-scanning-
transmission electron microscopy (EDS-STEM) was used. Fig. 2g dis-
plays the STEM image of a portion of the SSM covered with various el-
ements, and Fig. 2 (h-n) displays the corresponding EDS elemental
mapping. The structure is found to have uniform distribution and
overlap of all the elements, proving that the sample is made up of the
components Ni, O, Fe, Cr, P, Co, and Mo. From the optical photograph
(Fig. S2), it is noticed that the color of the SSM mesh changed from
silvery-white to dark brownish color (NiCo@SSM sample) and then
finally reformed to black color (NiCo-CoP@SSM), indicating the suc-
cessful growth of catalyst on the substrate.

TEM further unveiled the microstructure of the NiCoP@SSM sample.
As shown in Fig. 3, at low and high magnification, the detailed sponge-
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Fig. 2. SEM image of (a) Pristine SSM, (b) Co@SSM, (c) NiCo@SSM, (d) CoP@SSM, and (e) NiCoP@SSM at low magnification, (f) NiCoP@SSM at high magnifi-
cation, and STEM image of (g) STEM image of NiCoP@SSM and (h-n) EDS elemental mapping images of Ni, O, Fe, Cr, P, Co, and Mo.

Fig. 3. TEM image of NiCoP@SSM (a) at low magnification and (b) at high magnification.

like structure of the sample encompasses interconnected grains and
many stacked nanosheets. Fig. 3(a) presents a TEM image at low
magnification, in which several small grains are interconnected with
each other and ultrathin nanosheets are distributed on the surface,
whereas Fig. 3(b) shows several stacked nanosheets forming a void/
space in the middle with irregular and granular structure. It is vital to
state that the sample for TEM analysis was obtained from the surface of
the SSM substrate by ultrasonication treatment. In this case, the

structure of the catalyst after ultrasonication application might alter to
some extent, resulting in different morphology. As shown in Fig. 2(e),
the SEM image of the NiCoP@SSM reveals the sample contains a porous
sponge-like structure with an apparent void/space on the microstructure
of the sponge, and the sponge-like microstructures are made up of a
large number of irregular nanosheets. The voids/pores could result from
the random stacking of the grains or nanosheets during the nucleation
and growth.
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X-ray photoelectron spectroscopy (XPS) was applied further to
investigate the samples’ elemental composition and valence states. The
XPS survey spectra of all samples and the corresponding high-resolution
spectra of the elements aimed at differentiating the appearance of the
peaks on the surface are shown in Fig. S3. The pristine SSM surface
comprises Fe 2p (Fig. S3a, c) and, to a certain extent of Cr element, as
shown in the high resolution in Fig. S3e. Nevertheless, a very weak
signal was observed for the other elements (Ni and Mo) (Fig. S3b and f),
which are presented in the bulk material. It is important to mention the
appearance of the C and O peaks in all samples could be attributed to the
adsorption of adventitious CO3 and O on the surface of the mesh [53].
The XPS of the Co@SSM sample reveals the surface is composed of Ni,
Co, and Fe (Fig. S3a—c), and the surface of the NiCo@SSM sample shows
mainly of Ni and Co (Fig. S3a, b, and d) elements, which are grown by
hydrothermal reaction. Besides, the surface of the composition of the
CoP@SSM sample consists mainly of Co and P (Fig. S3d, and g) ele-
ments, which specifies that the hydrothermal reaction followed by the
phosphating process enabled to deposit Co and P on the SSM substrate.
Moreover, the XPS survey spectrum confirmed the Ni, Co, O, and P el-
ements co-exist in the NiCoP@SSM sample (Fig. S3a). A clear appear-
ance of peaks corresponding to the Ni, Co, and P elements can also be
observed in the high-resolution spectra, as shown in Fig. S3b, d, and g.

The high-resolution spectrum of Ni 2p can be deconvoluted in three
doublets. The peaks at 852.7 eV (for Ni 2p3,2) and at 870.1 eV (for Ni
2p12) are attributed to partially positive Ni®* in Ni-P bond [54]. The
two peaks located at binding energy (BE) of 856.2 eV and 873.8 eV can
be indexed to Ni 2p3 /2 and Ni 2p; /2 of Ni?*, while the two peaks at BE of
861.4 eV and 880.4 eV are related to the satellite peaks (Fig. S4a) [54,
55]. The deconvoluted high-resolution spectrum for Co 2p also contains
Co®" (in Co-P bond) at BE of 778.9 eV and 793.8 eV attributed to the
Co2p3/3 and Co 2p; /9, respectively. The Co® hasa partial positive shift
from that of Co metal (BE = 777.9 eV, 2p3,2). The peaks at BE of 782.0
eV and 798.04 eV are indexed to Co 2pss and Co 2p1,5 of Co?*
(Fig. S4b). A partially positive charge of Co means there is a formation of
Co-P bonds. Besides, satellite peaks are also observed at BE of 786.05 eV
and 803.1 eV, corresponding to sat.Co2ps,, and Co 2p; 2, respectively
[50]. Furthermore, the high-resolution spectrum of P 2p can be decon-
voluted into three regions (Fig. S4c). The peaks at BE of 128.7 and 129.7
eV correspond to P 2p3,5 and P 2p; 5, which indicates a negative shift
compared to elemental P (130.2 eV), which highlights the presence of a
partial negative charge of P>~ in the NiCoOP@SSM sample. Likewise, the
existence of a broad peak at a higher BE of 133.3 eV could be attributed
to the oxidized P species [54] due to the exposure of the sample to air.
The manifestation of a partial positive charge (57 in both Ni and Co and
a partial negative charge (6 ) in P species unveils that there is a certain
portion of Ni and Co electron density transferred to the P species [56].

The presence of P2~ species that have a high affinity towards proton-
acceptor, and consequently for hydrogen, and Co®"/ Ni®" as hydride-
acceptors that have a moderate interaction with hydrogen suggests
that there will be a solid synergy/cooperativity to expedite the HER
reaction. This is because P species have a high affinity for hydrogen. As a
result, there is an expectation that it will give a high HER performance.
The findings of the XPS examination provided further evidence that the
phosphorization process resulted in the successful synthesis of nickel
and cobalt phosphide (Ni-P and Co-P, respectively). In addition to Ni,
Co, and P elements, we investigated to see if the metals Fe, Mo, and Cr
are present on the surface. These elements are known to be present in the
bulk of the SSM substrate. It was discovered that the XPS signal for these
three metals is relatively low (Fig. S3c—f), which suggests that the sur-
face of the catalyst does not consist of these elements and is instead
mostly covered by materials containing Ni, Co, and P. In summary, the
XPS analysis result reveals that the surface chemical composition of SSM
substrate has been modified and transformed into Ni, Co, and P com-
ponents, which are more active than Cr and Fe in catalyzing HER.
Inductively coupled plasma atomic emission spectrometry (ICP-AES)
analysis was used to examine the elemental composition of the
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NiCoP@SSM samples. The NiCoP@SSM sample contains Co (3.0 wt. %),
Cr (18.8 wt.%), Fe (68.36 wt.%), Mo (0.14 wt.%), Ni (8.8 wt.%) and P
(1.0 wt.%).

The electrochemical performance of the pristine SSM and the
modified SSM was conducted by linear scan voltammetry (LSV) using a
three-electrode system in 1.0 M KOH aqueous solution at a scan rate of 5
mV s~ For comparison, the state-of-the-art Pt/C (40 wt.% Pt) deposited
on SSM substrate, pristine SSM, Co@SSM, NiCo@SSM, CoP@SSM, and
NiCoP@SSM samples were prepared and evaluated their electrocatalytic
activity for alkaline HER. All LSV curves were corrected by iR against the
ohmic resistance and normalized to the submerged geometric area of the
electrode. As presented by the LSV curve in Fig. 4a, the NiCoP@SSM
catalyst exhibited an outstanding catalytic activity for HER, requiring
only 138 mV overpotential (1) to produce a cathodic current density of
10 mA cm ™2 (119 is used as a benchmark for electrocatalytic perfor-
mance comparison). Whereas, at the same cathodic current density, the
overpotential for Pt/C@SSM, pristine SSM, Co@SSM, NiCo@SSM, and
CoP@SSM were 44 mV, 534 mV, 305 mV, 277 mV, and 193 mV,
respectively. The NiCoP@SSM catalyst presented a superior catalytic
activity, revealing the lowest overpotential compared to the other as-
prepared samples except with that of the commercial Pt/C@SSM-
based catalyst, as shown in Fig. 4b.

In an effort to study the reaction mechanism of HER, the Tafel slope
was determined. Tafel slope (b) is the intrinsic property of a catalyst that
is closely related to the rate of HER. The Tafel slope was determined
from the HER polarization curve based on the Tafel equation ( = b log
j+a), where j, n, b, and a are the current density, overpotential, Tafel
slope, and a constant, respectively [57]. Generally, the reaction mech-
anism for alkaline HER comprises three elementary reaction steps, as
expressed below, where * stands for an active site [58].

H,0 + e~ —OH™ + H" (Volmer, b=120 mV / dec) 1)
H* 4+ H,0 +e"—>OH™ + Hy(g) (Heyrovsky, b=40 mV /dec) (2)
2H*—>2" 4+ H,(g) (Tafel, b=30 mV /dec) 3)

The HER follows either the Volmer-Heyrovsky mechanism or the
Volmer-Tafel mechanism, and the mechanism and the rate-determining
step can be estimated from the Tafel slope magnitude. As shown in
Table 1 and Fig. S5a, the pristine SSM catalyst possesses a Tafel slope of
207 mVdec™!, whereas the Pt/C@SSM, Co@SSM, NiCo@SSM,
CoP@SSM, and NiCoP@SSM showed a Tafel slope of 88, 108,
{102,164}, 102, and 74 mVdec?, respectively. These data indicate that
the HER kinetics of NiCoP@SSM catalyst follows the Volmer-Heyrovsky
mechanism (Volmer step: HoO + e~ —» OH™ + H* and Heyrovsky step:
H20 + H* + e~ —» Hat + OH™), and the Heyrovsky reaction is the rate-
limiting step [59]. The Tafel slope of the NiCoP@SSM catalyst is much
smaller than that of other catalysts, signifying that it retains a faster
charge transfer kinetics. As a result, it can effectively boost the catalytic
activity of the electrode.

Electrochemical impedance spectroscopy (EIS) was also performed
to investigate the interface behavior and electrocatalytic kinetics. Nova
software was used to fit the curves, and the fitting values of each
component are shown in Table 1, and the equivalent circuit diagram is
presented in Fig. S6. Figs. S5b and S7 show the Nyquist plot of all cat-
alysts with a semi-circle arc. The arc diameter of the Nyquist plot em-
bodies the sum of charge transfer resistance (R.) and series resistance
(R;); the latter can be determined from the intersection point in the high-
frequency region on the left side and the X-axis. As shown in Table 1, the
R; is more or less comparable in all experiments since the same elec-
trolyte (1 M KOH) was used for all HER measurement. The slight dif-
ference could be originated from the gas bubbles accumulated in the
electrolyte during the actual reaction, which could have slightly influ-
enced the resistance. Nevertheless, a significant discrepancy can be seen
in the value of R, in which the NiCoP@SSM catalyst exhibited the
lowest value (~ 11 Q.cm?) among the samples, indicating that the
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Fig. 4. Electrochemical performance of different electrocatalysts. (a) HER polarization curve, and (b) overpotential at 10 mA cm 2 current density.

Table 1
Summary of electrochemical characteristics of the different electrocatalysts.

Electrocatalyst ~ Tafel slope Rs (Q. Re (Q. EDL capacitance
(mVdec™) cm?) cm?) (mFem™?)

Pristine SSM 207 7.2 4483.8 0.093

Co@SSM 108 7.98 494.4 0.47

NiCo@SSM {102,164} 7.2 282.6 1.43

CoP@SSM 102 8.58 36.24 1.67

NiCoP@SSM 74 7.86 10.98 4.58

phosphorization of the NiCo@SSM leads to promotes the charge transfer
rate between the electrode and electrolyte interface by reducing the
resistance in the interface of the material surface, eventually enhancing
the electrochemical reaction kinetics. According to the SEM image
(Fig. 2e), the NiCoP@SSM sample possesses a porous sponge-like
structure with certain gaps within the sponge-like structure, and this
could offer a space for infiltration of the electrolyte and discharge of the
evolved hydrogen, which will eventually accelerate mass and charge
transfer, leading to promoted HER performance.

To enlighten the origin of the high activity towards hydrogen evo-
lution, the electrochemical active surface area (ECSA) of the as-prepared
catalysts was investigated. The ECSA was estimated by determining the
electrochemical double-layer capacitance measured using cyclic vol-
tammetry (CV). It is generally recognized that the ECSA has a linear
relationship with the electrical double layer (EDL) capacitance caused
by the interfacial charging process [60], and cyclic voltammetry (CV) is
the most practiced approach to calculate the EDL capacitance of cata-
lysts. The CV measurements were recorded at various scan rates (20, 40,
40, 60, 80, and 100 mV s 1) in the potential range of 0.55 to 0.61 V vs.
RHE, and the corresponding CV curves are presented in Fig. S8. The EDL
capacitance was determined by plotting the AJ = (J; - J.)/2 at 0.58 V vs.
RHE against the various scan rate, in which the linear slope is the EDL
capacitance Accordingly, the EDL capacitance values for the pristine
SSM, Co@SSM, NiCo@SSM, CoP@SSM and NiCoP@SSM were 0.093,
0.47, 1.43, 1.67, and 4.58 mFem ™2, respectively (Fig. S9). The largest
EDL of the NiCoP@SSM sample (Table 1) means that it retains the
largest ECSA due to its unique porous sponge-like structure and rough
scale structure. It demonstrated that the synergetic effect of the two
metals followed by phosphorization led to achieving a high ECSA, which
can expose abundant active sites, thus lifting the overall HER
performance.

According to the findings that were presented earlier, the NiC-
oP@SSM electrocatalyst possesses greater catalytic activity and is
significantly more effective than the vast majority of SSM-based

electrocatalysts that have been published in the scientific literature
(Table 2). The unique and porous sponge structure can endow appro-
priate contact with the electrolyte and intermediate species, ensuing in
rich active sites for HER. This work demonstrates a feasible method for
converting widely available SSM substrates into high-performance and
durable HER electrocatalysts.

The electrocatalytic stability is an important parameter to take into
account for large-scale applications. To this end, chronoamperometry (I
vs. t at specific potential) was measured to evaluate the stability of the
best-performing electrocatalyst of NiCoOP@SSM. As shown in Fig. 5a,
NiCoP@SSM exhibited a very slight current attenuation after 24
continuous operations at -138 mV overpotential in a 1 M KOH aqueous
solution. Specifically, after 24 h operation, 90% current retention was
recorded, demonstrating its good stability. Besides, the HER polarization
curve before and after stability measurement was also recorded and
compared. As shown in Fig. 5b, the catalytic activity after long-term
measurement presents a trivial decay, signifying its splendid HER sta-
bility. Henceforth, the catalyst offers outstanding kinetics after stability
measurements. The slight decrease in catalytic activity after 24 h
continuous stability measurements could be originated from the

Table 2
Performance comparisons of SSM-based electrocatalysts for HER electrode re-
ported in the literature.

Catalyst Overpotential (mV)  Tafel Stability Refs.
at j =10 mAcm 2 slope measurement
(mV/
dec)

NiCoP@SSM 138 74 90% current This
retention after 24 h work
operation

NiSx/SS 258 100 Remained stable up [61]
to 2000 cycles

NiP@SSM 149 80 95% overpotential [36]
retention after 25 h
test

SSM 209.8 115.6 Good stability after [62]
2000 cycles.

MoS,/SSM 160 61 85 % current [43]
retention after 18 h
test

NASSM 146 60.1 26 mV increase after [63]

100 h operation

Remained stable for [64]
about 100 h

operation

EASS-Ar/Hy 370

Where; NASSM: N-doped anodized stainless-steel mesh; EASS: Etched and
anodized stainless steel.
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Fig. 5. (a) Chronoamperometry stability test at an overpotential of -138 mV for 24 h, and (b) HER polarization curve of NiCoOP@SSM catalyst before and after

stability test.

accumulation of bubbles in the porous sponge-like structure, which
hinders the interaction between the electrolyte and the catalytic surface.
When HER occurs at electrocatalytic interfaces, it releases gas bubbles,
which in turn appear as an undesired increase in overpotential and
simultaneously impair the activity of the electrocatalytic materials.
Henceforth, the slight potential increment after long-term stability
measurements likely arose from the gas bubble effect rather than from
restructuring or deformation of the morphology or crystalline structure
of the catalyst, as it was corroborated by SEM and XRD analysis results
after the stability test.

Furthermore, the NiCoP@SSM sample was further characterized by

XRD, SEM, and TEM after the stability test to investigate its physico-
chemical properties. After the stability test, a scanning electron micro-
scope (SEM) analysis was carried out in order to appraise the
morphological feature of the NiCoP@SSM electrocatalyst. As can be
seen in Fig. 6a, the sponge-like structure that was seen in the NiC-
oP@SSM before the stability test appears to have a comparable
morphology when compared to the SEM image that was obtained after
the stability test. This reveals that its microstructure is exceptionally
stable, as there was no substantial aggregation even when subjected to a
harsh alkaline environment. The transmission electron micrograph
further revealed that the structure of the sample that was noticed prior

*(FeNi) Taenite "NicoP  Scop

(c)

—— After stability test

Before stability test

Intensity (a.u)

2 theta (degree)

Fig. 6. SEM morphological characterization of NiCoP@SSM sample: (a) after stability test; TEM image of NiCoP@ SSM sample (b) after stability test, and (c) XRD

pattern of NiCoP@SSM sample after stability measurements.
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to the stability test is comparable to the morphology of the sample that
was observed after the stability assessment (Fig. 6b). XRD was further
used to assess the crystalline phases. Again, the XRD pattern of the
sample before and after stability measurement remained intact/similar,
as shown in Fig. 6¢, demonstrating its excellent crystalline phase sta-
bility. The intact morphology and unaltered crystallinity of the sample
further highlight its commendable properties for long-term application.

In short, the NiCoP@SSM catalyst exhibited excellent HER perfor-
mance, which can be attributed to the following noteworthy features:
primarily, surface enrichment of SSM with NiCoP/CoP species endows
more active sites on the surface and makes the composite intrinsically
more favorable for HER, as demonstrated by the lowered overpotential.
The NiCoP/CoP sponge-like structure comprises the electroactive phase
of NiCoP and CoP, and the coupling effect of these inter-connected
phases could offer more active sites, resulting in enhanced HER activ-
ity. Secondly, the in situ growth of sponge-like structures on the
conducive 3D substrate ensures high conductivity. The use of polymeric
binders (such as Nafion) for powder-based electrocatalysts tempts to
influence the charge transportation during the reaction. In this case, the
electrocatalyst was prepared without a binder, which not only promi-
nently enhances the conductivity of the electrode but also amplifies the
active site for hydrogen evolution. Thirdly, the SSM substrate with an
open mesh structure substantially improves the electrolyte diffusion,
and the porous sponge-like structure bargains a large ECSA bringing
more active sites, resulting in enhanced HER. Fourthly, the relatively
low charge transfer of the sample could partially contribute to the
enhanced HER performance. Moreover, the PO~ species in the NiC-
oP@SSM sample with a high affinity towards proton-acceptor and Co®*/
Ni®* as hydride-acceptor with moderate interaction towards hydrogen
demonstrates that there is a substantial synergetic effect to expedite the
reaction. Fig. S10 shows the HER polarization curve of the mono and
bimetals of Ni and Co. As it is ostensible, there is a synergetic effect
between the electroactive metals of Ni and Co. The NiCo@SSM catalyst
exhibits higher catalytic activity for HER relative to the monometal
counterparts, suggesting a coupling effect between Ni and Co. The
pristine SSM was also subjected to phosphorization to obtain a P@SSM
sample to explore its catalytic activity for HER. As shown in Fig. S7, the
P@SSM sample exhibits a relatively higher catalytic activity than the
pristine SSM. Nevertheless, the role of P was further pronounced when it
was incorporated into the as-prepared NiCo@SSM, resulting in NiC-
oP@SSNM with excellent catalytic activity for HER. The P dopant has
played a crucial role in further improving the HER performance by
optimizing the electronic structure of the bimetals, altering the
morphology, improving the conductivity, and providing the synergistic
impact between metal and metal phosphide. Henceforth, we can
appreciate the contribution of the Ni/Co metals and P in the NiC-
oP@SSM catalyst, in which the Ni/Co metals are the major electroactive
elements that largely contribute to the observed HER performance,
while the P dopant has further altered the overall physicochemical and
progressed the overall electrochemical activity of electroactive metals.

4. Conclusions

In summary, a NiCoP/CoP hybrid electrocatalyst with a peculiar
sponge-like structure was successfully fabricated on a three-dimensional
stainless steel mesh substrate through a hydrothermal route followed by
a phosphorization process. Electrochemical results reveal that the NiC-
oP@SSM catalyst presents a splendid catalytic activity for HER in 1 M
KOH aqueous solution. In particular, the catalyst required a low over-
potential of 138 mV to derive a current density of 10 mA cm™2. More-
over, it exhibited the smallest Tafel slope, relatively low charge transfer
resistance, and the largest ECSA of the series. More interestingly, it
showed excellent stability during 24 h continuous operation. The high
performance of the NiCoP@SSM catalyst could be attributed to many
factors; firstly, the 3D of SSM provides a large surface area and myriads
of active catalytic sites during the reaction; secondly, the synergetic

Electrochimica Acta 438 (2023) 141538

effect of Ni and Co and the electronic hybridization between these
metals and phosphorus can optimize the energy barrier of a redox re-
action and can change the electronic structure, which effectively expe-
dites the electrocatalysis. Moreover, considering the P°~ species in the
NiCoP and CoP structure with a high affinity towards proton-acceptor,
hence for hydrogen, and also Co®"/ Ni®" as hydride-acceptor with
moderate interaction with hydrogen, it shows that there is a substantial
synergetic effect to expedite the catalytic process. This study presents an
effective approach for transforming commercially available SSM sub-
strates into high-performance and durable HER electrocatalysts for
practical application.
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Text S1. Estimation of the actual surface area of the working electrode

The actual surface area (S) of the working electrode mesh was estimated according to the

reference [1], [2].

3
S =2mbdn(n+ 1) + Endz(n + 1)?

Where; (b) is the pore size, and (d) is the wire diameter, (n) is the number of mesh. The segments

are considered as a cylindrical shape, and the area lost at the junction (cross-over of the segments)

is assumed to be Ya.

Example: The actual surface area for the pristine SSM sample is calculated as follows.

In 1 x1 cm? area; n =12, b = 0.54 mm, and d = 0.6 mm.

3
S = 2mbdn(n + 1) + Endz(n +1)?

Accordingly,

3
S (cm?) = 21 % 0.054 % 0.06 * 12(12 + 1) + ST 0.06%(12 + 1)?

S =6.04 cm?

Table S1. X-ray diffraction (XRD) analysis result

catalyst Crystalline Phases
Pristine SSM (Fe, Ni) Taenite (JCPDS, #47-1417), and Cr (JCPDS, #89-4055)
Co@SSM (Fe, Ni) Taenite (JCPDS, #47-1417), Fe304 (JCPDS, #82-1533);

Co (JCPDS, #70-2633); CosMo (JCPDS, #29-0488), and MoNis (JCPDS, #65-5480)
NiCo@SSM (Fe, Ni) Taenite (JCPDS, #47-1417) and Ni1.71C012004 (JCPDS, #40-1191)
CoP@SSM (Fe, Ni) Taenite (JCPDS, #47-1417), CoP (JCPDS, #65-1474),

and Co304 (JCPDS, #01-1152)
NiCoP@SSM (Fe, Ni) Taenite (JCPDS, #47-1417), CoP (JCPDS, #89-2598),

and NiCoP (JCPDS, #71-2336)
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Figure S1. SEM image of (a) Pristine SSM, (b) Co@SSM, (c) NiCo@SSM, (d) CoP@SSM and
(e)NiCoP@SSM

Figure S2.Optical photograph of pristine SSM (left), NiCo@SSM (middle) and NiCoP-
CoP@SSM (in the right).
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Figure S3. (a)XPS survey spectra of the various samples and high resolution spectra (b) Ni 2p,
(c) Fe 2p, (d) Co 2p, (e) Cr 2p, (f) Mo 3d and (g) P 2p of the different samples.
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Figure S4 . XPS high-resolution spectra of (a) Ni 2p, (b) Co 2p and (c) P 2p of NiCoP@SSM
catalyst.
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Figure S5. (a) Tafel slopes, (b) Nyquist plot measured at 138 mV overpotential.
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Figure S6. Equivalent circuit diagram used to fit the EIS result.
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Figure S7. Nyquist plot of various samples at different X and Y values: (a) at low scale and (b)
large scale.
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Figure S8. Cyclic voltammogram of the as-prepared catalyst at different scan rates.
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GRAPHICAL ABSTRACT

By controlling and optimizing the ratio of CoFe,04 and dopamine, a transformation of the CoFe,04 spinel structure to CoFe alloy/N-doped carbon was
observed. The optimized composite exhibits an excellent catalytic activity and stability towards OER.

CoFe alloy/N-doped C

ARTICLE INFO ABSTRACT
Articlﬁ history: Electrochemical water splitting is an environmentally benign technology employed for H, production;
Received 25 March 2022 however, it is critically hampered by the sluggish kinetics of the oxygen evolution reaction (OER) at
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the positive electrode. In this work, nitrogen-doped carbon-coated CoFe electrocatalysts were synthe-
sized via a three-step route comprising (1) hydrothermal reaction, (2) in-situ polymerization of dopamine
and (3) carbonization. The effect of carbonized polydopamine on the overall physicochemical properties
and electrochemical activity of CoFe catalysts was systematically studied. By controlling and optimizing

Iéz{:‘é‘/‘gds" the ratio of CoFe,;04 and dopamine contents, a transformation of the CoFe,04 structure to CoFe alloy was
CoF ez 4 observed. It was found that CoFe/NCsoy (prepared with 30% dopamine) exhibits an excellent catalytic
Dopamine activity towards OER. A small overpotential of 340 mV was required to generate a current density of
N-doped carbon 10 mA cm 2 in a 1.0 M KOH electrolyte. More importantly, the CoFe/NCsqy catalyst reflected exceptional
Electrocatalysts durability for at least 24 h. This research sheds light on the development of affordable, highly efficient,
Oxygen evolution reaction and durable electrocatalysts for OER.
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Gebrehiwet Abrham Gebreslase, Maria Victoria Martinez-Huerta, D. Sebastidn et al.
1. Introduction

Due to the ever-growing energy demand and environmental
deterioration, innovating and developing efficient and viable
energy conversion and storage systems is indispensable. Electro-
chemical water splitting driven by electricity is one of the most
promising strategies to store surplus renewable energy in the form
of hydrogen [1-3]. It has captivated remarkable attention because
of its high cleanliness and environmental friendliness. Water split-
ting comprises two half-reactions: hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) [4,5]. These two half-
reactions are kinetically slow, demanding a certain overpotential
to derive the reaction process. Predominantly, the efficiency of
water splitting is precluded by the OER, which requires high over-
potential originating from the multi-electron/proton couple reac-
tion [6,7]. Therefore, developing and using an electrocatalyst is
crucial to expedite the reaction. At present, the state-of-the-art
precious metal based electrocatalysts (e.g., RuO, or IrO;) show
good catalytic activity towards OER. However, their scarcity and
unaffordable cost obstruct this technology from a sustainable
large-scale application [8-11]. Hence, developing an affordable
and chemically stable OER electrocatalyst with splendid activity
and efficiency is vital for the development of water splitting
systems.

In recent years, earth-abundant transition metals, chiefly Ni, Co,
Fe, Cu, and Mn-based oxides, alloys, phosphides, sulfides, and
hydroxides, have been demonstrated as the most potential electro-
catalysts for OER because of their abundant reserves, low cost and
considerable electrochemical activity, and stability [9,12-18].
Compared with single metal oxides, a myriad of studies revealed
that bimetallic oxides and alloys of CoFe [19,20], NiCo [21,22],
and NiFe [23] have superior catalytic activity towards OER electro-
catalysis due to the different redox potential, synergetic effect,
adjustable electronic structure, and structural ordering triggered
by the dissimilarity of the lattice strain [20,24] The combination
of two transition metals has recently attracted prodigious atten-
tion for oxygen electrodes due to their low cost, metal-metal solid
coordination, and remarkable stabilization compared to their
monometallic counterparts [25]. However, the electrochemical
performance of the most reported bimetallic-based electrocata-
lysts is unsatisfactory for sustainable water splitting applications.
This is caused by the fact that bimetal oxides and alloys possess
low surface area, poor electrical conductivity, and the tendency
of particle aggregation during preparation and dissolution during
the electrolysis rigorously affects the performance.

One of the best strategies to circumvent these concerns is to
integrate bimetals with carbon materials such as graphene, carbon
nanotube, carbon nanofiber etc., to promote their conductivity and
electrocatalytic stability and also facilitate the charge transfer of
the hybridized system, thus boosting the overall OER performance
[11,23,26]. Carbon materials are an interesting option to disperse
metals, preventing the nanoparticles’ dissolution and aggregation,
minimizing the electrical resistance, and increasing the density (or
number) of active sites [20]. Besides, integrating heteroatoms such
as N into carbon can augment electrical conductivity and modify
the electronic structure of the carbon matrix [26]. The nitrogen
dopant promotes the catalytic activity of materials by inducing a
relatively more positive charge for neighboring carbon atoms,
which is essential to expedite the adsorption of intermediate reac-
tants. The combination of N-doped carbon and metal oxides/alloys
results in a favorable bond due to the high affinity of nitrogen
toward the metal, which can remarkably stimulate interfacial elec-
tron transfer between the surface of the electrocatalyst and the
intermediate reactants [27]. Nowadays, bimetallic formulations
encapsulated in N-doped carbon-based materials are evolving as
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a new class of promising electrocatalysts for OER due to their
low-cost and substantial catalytic activity [28].

Polydopamine (PD) is reported as an ideal carbon source and
surface functionalizing agent among the various carbon sources
[29]. PD is a peculiar biodegradable biopolymer characterized by
its excellent affinity to almost all solid materials (such as transition
metals) via chemical binding stemming from its different func-
tional groups (e.g., it contains catechol, imine, amine...). Besides,
it is an eco-friendly and cost-effective carbon source, which
endows plenty of prospects to modify materials [30-32]. PD can
easily be converted to a peculiar type of carbon, nitrogen-doped
graphitized carbon, at high pyrolysis temperature. The graphitiza-
tion of carbon enhances the electrical conduction of the materials,
and nitrogen doping promotes electron transport which further
boosts the electrical conductivity [31]. Moreover, it was revealed
that PD has a particular tendency of adsorption towards Fe and
Co transition metals [33]. Considering the above merits, integrating
the virtue of PD with the spinel-phase bimetallic oxide (such as
CoFe,04) could be a rational approach to obtaining a satisfactory
electrocatalyst for OER with superb activity and noticeable struc-
tural stability. Substantial works have reported that CoFe,0, inte-
grated with carbon material (such as graphene or nanotube)
exhibits excellent performance [11,34-37]. Complex multistep
processes are generally used in these works, which are energy
and time-consuming synthesis procedures to integrate catalyti-
cally active metals into carbon support [26]. Hence, it is crucial
to find an economical and facile synthesis procedure to combine
bimetals with conductive carbon substrates. In literature, few
research works have been devoted to synthesizing composite Co,
Fe, and CoFe bimetallic catalysts modified by dopamine for oxygen
reduction and evolution reactions for different applications
[28,33,38,39]. However, to the best of our knowledge, there is no
report on studying the electrocatalytic activity of composite elec-
trocatalysts prepared by integrating CoFe,O04 and dopamine for
water oxidation.

Herein, we report the synthesis and electrocatalytic characteri-
zation of composite materials consisting of nitrogen-doped
carbon-coated CoFe (hereafter: CoFe/NC) bimetals as active and
robust electrocatalysts for alkaline OER. The composite materials
are prepared by a facile hydrothermal route and in situ polymer-
ization of dopamine on the surface of CoFe,0, followed by car-
bonization at high temperature. The effect of carbonized
polydopamine on the structural and electrocatalytic activity of
the CoFe catalysts was systematically scrutinized. The as-
prepared electrocatalysts were characterized by physicochemical
and electrochemical techniques, including X-ray diffraction
(XRD), electron microscopy, inductively coupled plasma (ICP), X-
ray photoelectron spectroscopy (XPS), and a three-electrode sys-
tem for electrochemical analysis (OER). Our experimental findings
indicate that dopamine promotes the transformation of CoFe,0,
spinel structure towards the CoFe/N-doped carbon catalyst, which
significantly stimulates the OER performance. Integration of an
optimized dopamine (30 wt%) content with CoFe,04 results in a
CoFe alloy catalyst with a low overpotential of 340 mV at
10 mA cm 2 and a Tafel slope of 77 mV dec™!, which is comparable
to the activity of the benchmark IrO, catalyst.

2. Experimental
2.1. Materials and reagents

Cobalt (II) nitrate hexahydrate (Alfa Aesar), iron (III) nitrate
hydrate (Riedel de-Haen, Sigma Aldrich), dopamine hydrochloride
(MW = 189.64 g/mol, Sigma Aldrich), tris(hydroxymethyl amino-
methane) (ACS, reagent >99.8%%, MW = 121.14 g/mol, Sigma
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Aldrich), potassium hydroxide (Analytical grade, Fischer scientific),
potassium hydroxide pellets, 85% (Alfa Aesar), ultrapure water
(Mili-Q, 0.055 pS/cm, SIEMENS), Nafion ®Perfluorinated resin solu-
tion (5 wt%, Sigma Aldrich), commercial IrO, powder, 99 % (Alfa
Aesar). All the reagents used in this study were analytical grade
and were used without further modification.

2.2. Synthesis of electrocatalysts

First, a spinel oxide of CoFe,04 was prepared by hydrothermal
method[40]. Briefly, Fe(NO3)3-9H,0 (7.6 mmol) and Co(NOs3),-6H,-
O (3.8 mmol) were dissolved in 30 mL of deionized water (stirred
for 30 min), followed by the addition of 30 mL of a 2 M KOH aque-
ous solution and stirred at room temperature for 2 h. The prepared
mixture was transferred into a Teflon-lined stainless steel auto-
clave and maintained at 180 °C for 22 h. The autoclave was
removed from the oven and cooled naturally to room temperature,
and the product was washed with ethanol and water and dried at
60 °C overnight. The cobalt iron oxide composites were prepared
through a simple polymerization reaction of dopamine with CoFe,-
0,4 followed by carbonization. In this case, 0.4 g of the prepared
CoFe,04 was dispersed in 50 mL tris(tris(hydroxymethyl)
aminomethane)-buffer (Tris-HCI, 10 mM, pH 8.5) by sonication
for 30 min to form a suspension. Then, the necessary amount of
dopamine hydrochloride was added to the above mixture in order
to vary the concentration relative to the spinel CoFe,04 (10, 20, 30,
and 40 wt%). The mixture was stirred at room temperature for 24 h
to polymerize the dopamine. Next, the product was centrifuged,
washed with deionized water, and dried at 60 °C overnight. Finally,
the as-prepared product was calcined at 800 °C for 1 h at a heating
rate of 5 °C/min under N, atmosphere to obtain CoFe/NCx, where x
stands for the mass fraction of dopamine hydrochloride relative to
COF6204.

2.3. Physicochemical characterization

The weight percentages of the metals were acquired by induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES) in
a Xpectroblue-EOP-TI FMT26 (Spectro). The X-ray diffraction
(XRD) analyses were carried out in a Bruker D8 Advance diffrac-
tometer with Cu Ko radiation operating at 1600 W. Scanning elec-
tron microscopy (SEM) studies were also obtained in a SEM Hitachi
3400 N microscope. Chemical analyses were performed by energy-
dispersive X-ray (EDX) spectroscopy with an EDX Rontec XFlash Si
(Li) coupled to SEM. Ultra-high resolution imaging (HRTEM) anal-
ysis was made in Titan Cube (CEOS Company). X-ray photoelectron
spectroscopies (XPS) were acquired on a Kratos AXIS Supra system
equipped with a hemispherical electron energy analyzer operating
with mono Al Ko (1486.7 eV) at 120 W (8 mA/15 kV. Analysis
area = 2 x 1 mm), base pressure 10~° Torr. A high-resolution spec-
trum was acquired with pass energy of 20 eV and 0.1 eV step. The C
1s line at 284.6 eV was used to correct all XPS spectra. CasaXPS
software was used to perform peak fitting and quantification,
and Shirley-type background was employed for all peaks. Gaus-
sian/Lorentzian (GL: 30%) line shapes were used for each
component.

2.4. Electrochemical measurements

All electrochemical performance measurements were con-
ducted in a three-electrode system controlled by a potentiostat/-
galvanostat AUTOLAB PGSTAT302 at room temperature. A high
surface glassy-carbon rod, a reversible hydrogen electrode (RHE),
and a rotating ring disk electrode (RRDE) with a glassy carbon disk
(diameter = 5 mm) and a Pt ring were employed as counter, refer-
ence, and working electrode, respectively. The overpotential (n)
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value was determined by n = Egqg — 1.23 V. All the applied poten-
tials were corrected by the ohmic drop considering iRs, where R; is
the series resistance of the system. An ink of 20 pL was deposited
drop by drop cast onto the glassy carbon disk to prepare the work-
ing electrode. The ink was prepared by dispersing and sonicating
5.4 mg of catalyst in 518 pL isopropanol/water (1: 3) with 22 pL
of Nafion solution. A commercial IrO, catalyst was also deposited
on the working electrode following the same procedure for com-
parison purposes. A 1 M KOH aqueous solution was used as a sup-
porting electrolyte throughout the experiment. All OER
measurements were conducted in a Ny-saturated 1 M KOH aque-
ous solution. In the beginning, cyclic voltammetry (CV) was per-
formed at a scan rate of 100 mV s~! in the potential range of
0.05-1.0 V vs. RHE for about 50 cycles. Besides, three CV were car-
ried out at a scan rate of 20 mV s~ ! in the potential range of 0.05-
1.1 V vs. RHE. Before recording OER polarization curve, 10 CV were
carried out at a scan rate of 5 mV s~! in the potential range of 1.1-
1.8 V vs. RHE at 1600 rpm. The electrochemically active surface
area (ECSA) of the electrocatalysts was scrutinized from the elec-
trochemical double-layer capacitance (Cq;) by performing CV from
1.1 to 1.23 V vs. RHE at a scan rate of 20 mV s~ . Electrochemical
impedance spectroscopy (EIS) was measured at 1.6 V vs. RHE in
the frequency range of 100 kHz to 0.01 Hz at a 5 mV amplitude
(rms). Chronopotentiometry (at current density (j) of 10 mA cm2)
was employed to evaluate the long-term stability of the most
active composite electrocatalyst.

3. Results and discussion
3.1. Synthesis and structural characterization of electrocatalysts

The synthesis process for the nitrogen-doped carbon-coated
CoFe electrocatalysts is illustrated in Scheme 1. The typical synthe-
sis procedure employed in this framework is based on three con-
secutive step-reactions. First, CoFe,04 spinel oxide was prepared
by facile hydrothermal route; second, polymerization of dopamine
on the surface of the prepared spinel oxide was performed; and
third, the carbonization process was implemented at 800 °C for
one hour under N, atmosphere, leading to the formation of N-
doped carbon-coated CoFe. For comparison, different mass ratios
of dopamine were mixed with the pristine CoFe;0,4 in order to
investigate the optimum amount.

XRD was used to investigate the crystalline structure of the pre-
pared electrocatalysts. As shown in Fig. 1, a single phase of spinel-
type CoFe,04 (JCPDS, #22-1086) was successfully prepared by the
hydrothermal route for the pristine CoFe. The sharp diffraction
peaks at 20 of 30.25°, 35.63°, 37.27°, 43.31°, 53.74°, 57.29°, 62.9°,
74.5°, and 90.24° correspond to (2 00), (31 1),(2 2 2), (4 00),
(422),(511),(440),(533),and (7 3 1) crystal planes of face-
centered cubic (FCC) structure of CoFe,04 [26,41]. Upon incorpo-
rating 10% of dopamine into the pristine CoFe,0,4, the same spinel
crystal structure prevails but contains few impurities of Fe metal.
The peaks at 20 = 45.04°, 65.6°, and 83.1° are related to (1 1 0),
(200)and (2 1 1) crystalline planes of cubic iron metal (JCPDS,
#65-4899). However, incorporating a higher dopamine content
immensely alters the crystal structure, resulting in CoFe alloys
and iron oxide. Specifically, the catalyst with a dopamine content
greater than or equal to 20% presents a crystal structure of CoFe
alloy with traces of FeO or Fe3;0,4. The diffraction peaks of CoFe/
NCyoz, CoFe/NCsoy, and CoFe/NCyoy at 26 of 44.88°, 65.31°, 82.74°
and 99.48° are related to the (1 1 0),(200),(21 1) and (2 02)
planes of the crystalline cubic CoFe alloy (JCPDS, #49-1568) [42].
The diffraction peaks of CoFe/NCyoy and CoFe/NCsqy observed at
20 of 36.343°, 42.2° and 61.2° are related to (1 1 1), (2 0 0), and
(2 2 0) planes of crystalline cubic FeO (JCPDS, #46-1312).



Gebrehiwet Abrham Gebreslase, Maria Victoria Martinez-Huerta, D. Sebastidn et al.

* KOH (2.0 M)

S CO(NO3)26H20
® FC(NO3)3 6H20

Magnetic stirring Hydrothermal

180°C, 22 h

1 Carbonization
w 800 °C, 1h

CoFe/NC,

4
- ll washing and drying
. h —>
_—

Journal of Colloid and Interface Science 625 (2022) 70-82

Pristine CoFe,0,

* CoFe,04 powder
* Dopamine hydrochloride

washing and drying g
Sl - it -

Polymerization for 24 h
under stirring

Scheme 1. Schematic illustration of the synthesis process of pristine CoFe,04 and CoFe/NCy composite electrocatalysts.
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Fig. 1. XRD patterns of the as-prepared electrocatalysts.

Moreover, CoFe/NCygy and CoFe/NCzgy contain additional phase of
Fe;0,4 (JCPDS, #82-1533), reflecting a multiphase structure forma-
tion by using these dopamine contents. The percentages of CoFe
alloys and oxides for the sample in which CoFe alloy appeared
are also calculated to elucidate the ratio of CoFe alloy and oxides.
As shown in Table S1, the ratio of CoFe alloy and oxides for the
CoFe/NCyox and CoFe/NCsgy samples was found to be 9.34 and
11.47, respectively, while CoFe/NC4o% sample encompasses 100%
of CoFe alloy. From the diffractograms, no prominent diffraction
peak of graphitic carbon was identified, indicating a low degree
of crystallinity of carbon, which was further confirmed by Raman
spectroscopy.

Polydopamine (PD) has the ability to form complexes with
many transition metals, including Co®" and Fe>", since it possesses
various functional groups (e.g., catechol, imine, and amine).
Because of its strong and versatile binding ability, dopamine is
an imperative carbon source to functionalize and transform vari-
ous materials. Notably, thanks to the catechol group that assists
PD in coordinating with Co?'* and Fe**, combining different
dopamine contents with metal ions could ultimately offer various
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structures, morphologies, and functionalities. The amount of PD
coated on the surface of metals alters the overall crystallinity phase
[31,43]. The XRD pattern (Fig. 1) showed an apparent phase trans-
formation from CoFe,0, spinel oxide into CoFe alloy, depending on
the amount of dopamine mixed with the spinel oxide precursor.
The CoFe alloy formation at high dopamine content could be
ascribed to the ability of dopamine to form a complex with Co?*
and Fe** and reduce these metal species, since the reactivity of
PD relies on the concentration of the functional group, pH, and car-
bonization temperature. The active catechol group in PD oxidizes
into the quinine group, releasing electrons and protons, and it
was demonstrated that Fe>* could oxidize catechol to form quinine
species [31]. Increasing dopamine content enriches the concentra-
tion of the catechol group, which potentially plays a crucial role in
transforming the crystalline phase. Hence, it is presumed that
diverse functional groups in the PD play a crucial role in transform-
ing the CoFe,0,4 into CoFe alloy upon changing the content of PD
and carbonizing at high temperatures. In summary, the CoFe,04
coordinated with PD could form carbon-coated CoFe alloy upon
mixing with high content of PD followed by thermal treatment.

SEM and TEM were used to examine the morphology and struc-
ture of the prepared electrocatalysts (Fig. 2, Figures S1-S3). Fig. 2
(a) presents the SEM image of the pristine CoFe,0,4 electrocatalyst,
indicating that the spinel particles are too small to be observed by
SEM. In this regard, the TEM image (Fig. 2(c)) revealed that the as-
prepared pristine CoFe,O, contains octahedron-like structure
nanoparticles with varying sizes in the range from 3 to 45 nm (av-
erage diameter of 9.5 nm). However, incorporating a certain
amount of polydopamine into the pristine CoFe,0,4 significantly
changes the particle size and morphologies. CoFe/NC;oy sample
exhibits a mixture of octahedral-like structure and non-distinct
morphology with a larger particle size than the pristine. Relatively
larger particles with ostensibly octahedral-like structure and irreg-
ular sheet shape can be observed in the other series of catalysts
while increasing the dopamine concentration from 10 to 40 % (Fig-
ure S2). Trivial change in morphology and phase composition was
observed after 20% dopamine incorporation, except that CoFe/
NC4oy sample exhibits pure CoFe alloy, as revealed by the XRD
(Fig. 1).

The particle size distribution for all electrocatalysts is presented
in the supporting information (Figure S3). The other composite
electrocatalysts show a larger particle size and different
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Fig. 2. SEM images of (a) pristine CoFe,0y, (b) CoFe/NCs0%; TEM images of (c) pristine CoFe,04, (d) CoFe/NCso%. HRTEM images with and lattice fringe analyses of (e) pristine

CoFe;04, and (f) CoFe/NCsqy (CoFe alloy).

morphology than the pristine CoFe,0, catalyst. The resulting com-
posite materials’ particle size increases with increasing dopamine
content. Notably, the particle size of CoFe/NCyoy spans from 5 to
30 nm with an average particle size of 16 nm, while the CoFe/
NCyo% CoFe/NC3pz, and CoFe/NCyox unveils large particle size with
an average of 18, 18.2 and 33 nm, respectively.

Focusing on CoFe/NCsoy, the SEM image indicates a larger
nanoparticle than the pristine CoFe,04 with a tangled and irregular
shape (Fig. 2(b)). TEM observation displayed in Fig. 2(d) reveals
that the composite CoFe/NCzgy possesses a mixture of
octahedral-like structure and some irregular shape nanoparticles
with a larger size ranging from 10 to 50 nm (average diameter of
18.2 nm, Figure S3). Many black nanoparticles appear surrounded
by an amorphous carbon layer, forming a “core-shell” network
structure. These carbon network structures are known to enhance
conductivity and expedite mass transfer, thus boosting electrocat-
alytic activity [44]. Furthermore, the high-resolution TEM (HR-
TEM) images disclose several well-resolved lattice fringes for both
pristine and composite materials (Fig. 2(e) and (f), respectively).
The pristine CoFe,0, exhibits some kinds of lattice fringe spacing
of 0.24, 0.25, and 0.16 nm, which are assigned to the (2 2 2),
(311),and (5 1 1) planes, respectively, of the cubic structure of
the spinel, as shown in Fig. 2(e) [45]. Whereas, the HRTEM image
of CoFe/NCs5gy displays a lattice fringe of 0.209 nm, which corre-
sponds to (1 1 0) crystal planes of CoFe alloy, as shown in Fig. 2
(f) [44].

X-ray photoelectron spectroscopy (XPS) analysis was employed
to acquire further information on the catalyst surface, including
the oxidation state of the different species. It is worth mentioning
that the data must be interpreted considering its shortcomings
since the oxidation state of the catalyst surface could likely change
during the electrochemical reaction process. The XPS results
revealed the existence of Co, Fe, and O for all electrocatalysts,
and in addition, both N and C were detected in the composite
CoFe/NC electrocatalysts (Fig. 3 and Figure S4). It is imperative
to state that Fe 2p overlaps intensely with the Co LMM Auger peak
and Co 2p overlaps strongly with the Fe LMM Auger peak, when
the Al Ko X-ray source is used in XPS analysis [46,47]. Specifically,
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cobalt Auger bands are located at around 698, 713 and 771 eV and
iron Auger bands are located at around 784, 834, and 888 eV [48],
in which Co LMM (at 713 eV) overlaps with the main Fe 2p peak
and Fe LMM (at 784 eV) overlaps with the main Co 2p peak. This
impacts for a correct quantitative analysis of the sample’s compo-
sition. Nevertheless, the XPS analysis result provides information
about the surface’s composition.

The XPS spectra of Fe 2p (Figure S4) display a complex profile
with four spin-orbit doublets, including metallic iron, oxidized
iron (I and IIT), and shakeup satellite peaks in the composite sam-
ples. Focusing on the CoFe/NCsqy, the small first peak at lower
binding energy (Fe 2ps); ca. 708.2 eV) is attributed to metallic iron.
The two most intense peaks corresponding to Fe 2ps, at ca.
710.5 eV and 713.4 eV are assigned to Fe (II) and Fe (II)/Co Auger
band, respectively, while the fourth doublet with higher binding
energy is ascribed to satellite peak. The Fe (II) and Fe (III) are attrib-
uted to different bonding states of iron, like Fe?*~0/N and Fe>*-0/N
bonds, reflecting the presence of inevitable partial surface oxida-
tion due to exposure to air [49]. The binding energy for all elemen-
tal species of Fe 2p and Co 2p is provided in Table S 2. It is worth
mentioning that the iron species’ binding energy for the compos-
ites show a slightly positive shift, indicating a stronger interaction
between Fe and N-doped carbon [5].

Figures S4 (b) shows the XPS high-resolution spectrum of Co
2p, which is fitted with three pairs of spin-orbit doublets and a
pair of satellite peaks. In the composite samples, the doublet peak
at lower binding energy (Co 2psj; ca. 777.6 + 1 eV) is attributed to
metallic cobalt. The other three doublet peaks at higher binding
energy (Co 2psj; ca. 780, ca. 783, and ca. 787 eV) correspond to
Co®*, Co?*[Fe Auger band and satellite peaks [44,49], respectively.

The C 1s XPS high-resolution spectra for the CoFe/NC-based
electrocatalysts are shown in Fig. 3 (a). The high-resolution XPS
of C 1s can be resolved into three peaks for all composite electro-
catalysts. The peaks at binding energy (BE) of ca. 284.6, 285.9,
and 288.1 eV correspond to the carbon bonded to oxygen or nitro-
gen atoms in the forms C—C, C—N (C—0), and C=0, respectively
[50,51]. Moreover, an additional peak at BE ca. 283 eV was
observed which is attributed to metallic carbides [52,53]. The
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Fig. 3. XPS high-resolution spectra of (a) C 1s, (b) N 1s for all electrocatalysts.

C—N bond further unraveled the existence of nitrogen-doped car-
bon in the composite. The presence of the N dopant in the carbon
structure can alter and promote the electronic structure of carbon,
thus enhancing the electron conductivity of the materials [54].
Moreover, the appearance of the carbide in the composte electro-
catalyst could partilay contribute to the promoted catalytic activity
compare with the pristine CoFe,04.

Fig. 3 (b) shows the high-resolution N 1s spectra, deconvoluted
into various peaks. The peaks at a binding energy of ca. 398, ca.
399, and ca. 401 eV are assigned to pyridine-N, pyrrolic-N, and
graphitic-N, respectively [55]. When a nitrogen atom is doped into
carbon, the carbon’s spin density and charge distribution are
altered by the neighboring N dopant, prompting an activation
region on the carbon surface [50]. The activated region can be
directly involved in the catalytic reaction and promote the catalytic
activity.

The metal content of the as-prepared electrocatalysts was
investigated by inductively coupled plasma-atomic emission spec-
troscopy (ICP-AES). The result disclosed that the atomic ratio of the
two metals (Fe/Co) is approximately 2 (Table S3), which is in good
agreement with the stoichiometry of the initial precursors used to
synthesize the spinel oxide.

3.2. OER performance measurements

The electrocatalytic activity of the prepared electrocatalysts and
IrO, were measured in a three-electrode cell with an electrolyte of
N,-deaerated 1 M KOH aqueous solution by CV measurements
under a scan rate of 5 mVs~'. Fig. 4(a) displays the OER polariza-
tion curves of various electrocatalysts (positive-going scan). The
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pristine CoFe,04 electrocatalyst presents an overpotential of
440 mV to derive a current density of 10 mA cm~2. Incorporating
carbonized polydopamine into the spinel remarkably alters the
overall catalytic activity. To produce the same current density,
the composite materials display smaller overpotential (nio):
COFC/NCu)% (360 mV), COFe/NCZQ% (360 lTlV), COFE/NC30%
(340 mV) and CoFe/NCyoy (390 mV). Among the various prepared
composite electrocatalysts, CoFe/NC3qy Was considerably more cat-
alytically active for OER and presented analogous activity com-
pared to the reference electrocatalyst of IrO, (110 = 350 mV), as
shown in Fig. 4(a).

Moreover, aiming to evaluate the reaction kinetics of the vari-
ous electrocatalysts, the Tafel slope of these electrocatalysts was
determined. Tafel slope bears the OER kinetics of each material
and is used to assess the rate-determining step (rds). It is worth
mentioning that it is crucial to select an appropriate potential or
current range in determining the Tafel slope. Tafel slope should
be calculated from the range where the currents are generated
from the faradic reaction kinetics. Both high potential and low
potential windows dramatically affect the Tafel slope value. This
is because the inevitable oxygen bubbles block the active sites
and increase mass resistance at high potential, and the contribu-
tion of the non-faradic capacitive current is significant at low
potential; hence, these two extreme conditions should be avoided
[56,57]. Tafel slope can be expressed as follows: overpotential
n = a + b log (j) [56].where j represents the current density, b
means the Tafel slope, and a is constant. Lower values of b reveal
a lower increment of overpotential with the increase of current
density during the reaction, suggesting faster reaction kinetics for
the rds. In this work, the selected log (j) range takes into account
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Overpotential vs. Tafel slope comparison of various electrocatalysts.

the 10 mA cm 2 current density, which is used as a benchmark to
compare catalysts. As shown in Fig. 4(b), there is a remarkable
change in the Tafel slope when comparing the pristine CoFe;04
and composite electrocatalysts, in which the spinel presents a
higher Tafel slope of 106 mV dec™!. In contrast, the composite cat-
alysts of CoFe/NCyqy (78 mV dec™!), CoFe/NCagy (99 mV dec™ ),
CoFe/NCsgy (77 mV dec™!), and CoFe/NC,gy (84 mV dec™!) show
lower Tafel slopes. It is well documented that OER comprises four
sequences of steps with four electron transfer reactions and con-
tains several intermediates such as MO, MOOH (where M is the
active site). Many researchers have reported a profound insight
on Tafel slope determination for OER in alkaline media [56,57],
considering the following reaction mechanism.

M + OH™ «<MOH + e, with a Tafel slope of 120 mV dec™!

(M
MOH + OH™ MO~ + H,0, with a Tafel slope of 60 mV dec™!
(2)
MO~ —MO + e, with a Tafel slope of 45 mV dec™! (3)
2MO — 2 M + O, with a Tafel slope of 19 mV dec™! (4)
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, (b) Tafel plots derived from the OER polarization curve, (c)

Each step has a corresponding Tafel slope value, highlighting
the overall reaction rate. According to the Tafel slope markers
above, the pristine CoFe,04 electrocatalyst with a Tafel slope of
106 mV dec! indicates that the reaction determining steps are
given by equations (1) and (2). Nevertheless, it could be predomi-
nantly determined by the adsorption of the reacting species of OH™
onto the spinel oxide surface (equation (1)). For the composite-
based electrocatalysts, the Tafel slope was lower than the pristine
CoFe,04 but still determined by both reaction mechanisms of
equations (1) and (2). In this case, the decrease of Tafel slope can
be associated with the selective adsorption of some of the interme-
diates species during the different reaction steps [57,58]. The lower
Tafel slope of the composite electrocatalysts (principally CoFe/
NC;oyx and CoFe/NCspy) in the selected region of current density
reflects low overpotential loss. This can stem from the augmented
bond strength for OH™ adsorption on the catalyst surface, which
expedites the electron reaction; thus, a high current density can
be achieved at a relatively lower overpotential.

Materials that exhibit low overpotential and Tafel slope are
regarded as ideal electrocatalysts for OER. Fig. 4(c) summarizes
the overpotential at 10 mA cm™2 (110 vs. Tafel slope of the various
electrocatalysts, which is helpful to captivate the electrochemical
discrepancy among the samples. Among the investigated catalyts,
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CoFe/NCzqy is located at the left bottom of the graph, thus present-
ing the lowest Tafel slope and overpotential, demonstrating its
good electrochemical performance for OER.

Exchange current density (jo) is also an important parameter to
evaluate the catalytic efficiency of materials. The exchange current
density reveals the intrinsic rate of electron transfer kinetics
between the electrode and reactants at zero overpotential. It is
directly proportional to the active catalytic area. Larger exchange
current density usually indicates a faster reaction and a suitable
electrocatalyst for the desired response [57,59]. The magnitude of
the current exchange density was determined from the Tafel plot
(log j vs. E) by extrapolating the linear correlation to n = 0. Table 1
summarizes the calculated electrokinetic parameters of OER for
the various electrocatalysts. The polydopamine-modified CoFe
exhibited higher exchange current density, signifying enhanced
intrinsic catalytic activity. Both CoFe/NCzqy and CoFe/NC; oy present
a comparable Tafel slope. The value of the exchange-current den-
sity of CoFe/NCsgy was determined to be 5.7 x 1072 mA cm 2,
which is more than two-fold greater than that of CoFe/NCyqg. This
result reveals that CoFe/NCsy retains a larger active specific sur-
face area, which is more favorable to the enhanced catalytic activ-
ity. It is noteworthy to mention that CoFe/NCyqy displays a higher
exchange current density of the same order of magnitude than
IrO,. Still, these two catalysts exhibit a higher Tafel slope, which
results in slower kinetics at practical overpotential.

The above electrochemical results demonstrate that an opti-
mum amount of polydopamine is imperative to achieve a satisfac-
tory electrocatalyst. A carbon layer that uniformly surrounds or
wraps the entire surface of CoFe nanoparticles could lead to the
formation of the desired electrocatalyst with good conductivity
and activity. On the one hand, a low carbon content may not fully
cover the entire CoFe nanoparticle, leading to a non-uniform coat-
ing of the active metals. Such materials might exhibit deficient
electronically conducting networks. On the other hand, a high
amount of carbon would diminish the content of the electroactive
materials. It could also possibly mask the electroactive materials
impacting the contact between the active site and electrolyte,
increasing the polarization resistance, thus negatively influencing
the electrocatalytic activity. Hence, the above OER test results
reveal that CoFe/NCsqy displays promising electrocatalytic activity
among all samples, owing to the appropriate content of PD inte-
grated with CoFe active materials. Such an optimum combination
of carbon and active materials aids in lowering the polarization
resistance of the electrocatalyst and the diffusion and mass trans-
port of electrolyte ions, leading to improved electrocatalytic
performance.

The electrocatalytic activity of the material is highly controlled
by the number of active sites exposed and the intrinsic catalytic
activity of each site [60]. Hence, it is important to estimate the
actual electrochemically active surface area of the prepared elec-
trocatalyst. Electrochemical surface areas (ECSAs) were further
used to study the activity difference of the as-prepared electrocat-
alysts. The ECSAs of the electrocatalysts can be determined from
their electric double-layer capacitance (Cq;) using cyclic voltamme-

Table 1
Summary of electrokinetic parameters of OER for the various electrocatalysts.

Electrocatalyst m -iR-free @ jo (MA Tafel slope (mV
10 mA cm~3(mV) cm2) dec™)
CoFe,04 440 54 x107* 105
CoFe/NCjoy 360 20x 10 78
CoFe/NCagy 360 24 %103 99
CoFe/NCsgy 340 57 x 107% 77
CoFe/NCaoy 390 20x107* 84
Iro, 350 34 %1073 101
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try. In literature, the standard CV techniques are generally
employed to investigate the capacitance on a material surface.
The ECSAs of the prepared electrocatalysts were determined
according to ref. [56]. As shown in Fig. 5(a), the specific capacitance
value for the pristine CoFe,04, CoFe/NC;qy, CoFe/NCyqy, CoFe/NCsqg,
and CoFe/NC4y is determined to be 0.22, 0.91, 0.38, 1.94 and
0.87 F g, respectively. A catalyst with higher Cq4 has a higher
ECSAs value since Cq is linearly proportional to the ECSA [56].
The CoFe/NCsgy electrocatalyst with the highest Cq (1.94 F g71)
value of the series reveals that the tailored nitrogen-doped carbon
has remarkably upgraded ECSA, positively influencing the overall
OER catalytic activity. The following equation was applied to calcu-
late the ECSA magnitude for each sample explicitly; ECSA = Cq)/Cs,
where C; is the specific capacitance and is usually assumed to be
0.04 mF cm™2 in 1.0 M KOH electrolyte [61,62]. The specific capac-
itance and ECSA values for the various electrocatalysts are shown
in Table S4. To evaluate the inherent activity of the active site,
we have plotted ECSA normalized polarization curve. As shown
in Figure S5, the intrinsic activity of CoFe/NC,qg is higher than that
of CoFe/NCsgy, Which discloses a reversed profile trend compared
to the geometric area normalized polarization curve (Fig. 4a). Such
circumstances reflect that the improved CoFe/NCsp; mainly origi-
nates from the increased ECSA. Compared to CoFe/NCzgy sample,
the CoFe/NC,oy sample showed an apparent higher ECSA normal-
ized current density (jgcsa). This could be due to the excessive
active sites assembled on a small surface leading to low efficiency
of the active site. As a result, CoFe/NC,qy exhibits relatively higher
jecsa of OER but unfavorable OER normalized by the geometric area
of the electrode. On the other hand, the large ECSA and favorable
geometric normalized OER activity of CoFe/NCsoy uncover that
many active sites are substantially distributed on the surface,
and atomic utilization is efficiently enhanced, promoting the over-
all OER activity. Such phenomena have also been reported in liter-
ature [63,64].

The mass activity was also considered to determine the perfor-
mance of the as-prepared electrocatalysts. It portrays the current
response normalized by the loaded amount of the electrocatalyst.
The mass activity (A g~!) was calculated according to the following
equation: mass activity = j/m [65], where j (mA cm™2) is the current
density at a given overpotential and m is the mass loading
(1 mg cm™2) of catalyst on the glassy carbon. As shown in Fig. 5
(b), the CoFe/NCsoy catalyst exhibits a mass activity of 10 A g~!
at an overpotential of 340 mV, which is much higher than the other
electrocatalysts. This result attests that CoFe/NCsqy electrocatalyst
is highly active for oxygen evolution.

Moreover, the Faradaic oxygen efficiencies for CoFe/NCzqy elec-
trocatalyst were determined to estimate the OER contribution to
the overall measured current from the disk. It is defined as follows.
Faradaic oxygen efficiency € = (4/norr)-jring/(N-jaisk) [66], where (4/
Nogr) represents the ratio of the number of electrons transferred in
the OER at the disk electrode and in the ORR at the ring electrode
(nogr = 4 for the Pt ring), N is the RRDE collection efficiency, and
Jring and jgisk are the ring and disk currents, respectively.

The RRDE collection efficiency N (0.248) was determined from
the ring and disk current ratios in 10 mM Ks[Fe(CN)g] + 1 M NaNO3
solution. This value is in good agreement with the theoretical value
given by the manufacturer (0.25). A constant ring potential of 0.4 V
vs. RHE was chosen for the RRDE studies of the OER, which is
enough to reduce the oxygen evolved from the disk. Fig. 6(a) shows
the disk and ring current measurements for the best composite
electrocatalyst (CoFe/NCsox), and Fig. 6(b) presents the values of
Faradaic oxygen efficiencies of CoFe/NCsqy at different potentials.
At 1.51 V vs. RHE applied potential, the highest Faradaic efficiency
(83%) was obtained and gradually decreased to 48% when the
applied disk potential increased to 1.55 V vs. RHE, as shown in
Fig. 6(b). The decreasing Faradaic efficiency could be attributed
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(b)
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Electrocatalyst

Fig. 5. (a) Cyclic voltammograms of various electrocatalysts measured in 1 M KOH at a scan rate of 20 mV s~!. The measurement was conducted using RDE in idle mode. The
specific capacitance values for the corresponding electrocatalyst are displayed in the legend, determined according to the ref. [56], and (b) plot of mass activity of the different

electrocatalysts calculated at an overpotential of 340 mV.
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Fig. 6. (a) Disk and ring currents of CoFe/NCsqy catalyst deposited on RRDE plotted as functions of the applied disk potential. (b) Profile of faradaic oxygen efficiencies of CoFe/

NCspx electrocatalyst in 1 M KOH at 1600 rpm under N, saturation.

to the undissolved oxygen bubbles that evolve at relatively high
applied disk potential. Apparently, substantial bubbles were gener-
ated at high potentials that could discharge to the electrolyte with-
out having much contact in the ring since the Pt ring electrode
cannot collect the majority of the oxygen in the gas bubbles. Hence,
the Faradaic efficiency achieved at relatively low applied disk
potential (83%) is dominantly ascribed to the OER rather than the
other non-OER reaction such as carbon oxidation, oxidation of
nanoparticles etc. This could be more representative of the OER
efficiency of the CoFe/NCsqy catalyst.

Electrochemical impedance spectroscopy (EIS) was measured to
investigate the reaction kinetics at the electrode/electrolyte inter-
face. It is an essential analytical, diagnostic tool that assists in eval-
uating various resistances related to the charge transfer process in
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the electrical double layer. It helps estimate the charge transfer
resistance (R) attributed to the reaction kinetics and series resis-
tance (Rs) mainly caused by ion conduction at the electrolyte [56].
The OER process is remarkably related to its surface’s charge trans-
fer resistance (R.). Materials that exhibit lower charge transfer
resistance are favorable for OER. Fig. 7 shows the Nyquist plot of
the different electrocatalysts, measured at 1.6 V vs. RHE in 1 M
KOH solution and 1600 rpm. The corresponding charge transfer
resistance (R;) and solution resistance (Rs) for all samples deter-
mined from EIS measurement are shown in Table S5. The value
of R for the as-prepared electrocatalyst was determined to be as
follows: pristine CoFe,04 (96.4 Q cm?), CoFe/NCyqy (3.47 Q cm?),
CoFe/NCagy (4.6 Q cm?), CoFe/NCs0y (1.48 Q cm?), and CoFe/NCagy
(62.7 Q cm?). As it is apparent, the CoFe/NCsqy reveals the lowest
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Fig. 7. EIS spectra of the pristine CoFe and CoFe/NC composite electrocatalysts
measured at 1.6 V vs. RHE in a 1.0 M KOH aqueous solution.

Ret (1.48 ©.cm?) among all the electrocatalysts, demonstrating its
prompt charge transfer and favorable reaction kinetics for OER
[67], which is consistent with the OER polarization curve.

Apart from the activity, long-term durability is another impera-
tive parameter to evaluate electrocatalyst for extensive large-scale
applications. The long-term durability experiment of CoFe/NCspy
for OER was conducted by chronopotentiometry (CP). As shown
in Fig. 8(a), the CoFe/NCsqy electrocatalyst displayed outstanding
durability at a constant current density of 10 mA cm? tested in
a 1 M KOH electrolyte. The CoFe/NCsqy curve showed a constant
potential without a pronounced increase of potential after 24 h
continuous measurements, demonstrating its excellent catalytic
durability under OER conditions. Besides, the OER polarization
curve of CoFe/NCspy (Fig. 8(b)) after the 24 h stability test almost
overlaps with the initial OER polarization curve, proving its excel-
lent stability. In order to assess the catalyst structural robustness
or morphological change after the stability test, the CoFe/NCsqy
catalyst was characterized by TEM. As shown in Fig. 9, the CoFe/
NCjzoy catalyst after 24 h continuous OER measurements at a cur-
rent density of 10 mA cm 2 demonstrated a typical octahedral-
like structure supplemented with another sheet-like shape. The
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Fig. 9. TEM image of CoFe/NC3¢y catalyst after stability measurement.

resembling morphology of the CoFe/NCsgy catalyst before and after
the OER durability test indicates that the as-prepared catalyst
holds a robust structure. This could be stemmed from the N-
doped carbon coating layer that keeps the active metals from dis-
solving and transforming into another structure and phase during
the electrocatalysis under a strong alkaline environment.

The outstanding OER catalytic activity of CoFe/NCzqy could be
attributed to numerous factors: (i) the synergetic/coupling effect
between CoFe and the N-doped carbon, with optimum content of
dopamine; (ii) the improved electronic conductivity stemmed from
the in-situ formed N-doped carbon, as attested by the reduced
charge transfer resistance in the EIS analysis.

In CoFe bimetallic-based electrocatalyst, various explanations
regarding the active sites for OER have been reported in the pub-
lished literature. For example, Zhu and co-workers reported that
Fe sites are the leading active site for catalysis, while Co species
offers conductive networks and favorable synergetic effects for Fe
sites [68]. Other authors suggested that both Fe and Co sites can
be concurrently involved in the catalytic process, known as the
two-site catalytic mechanism [69]. Carbon materials are used as
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Fig. 8. (a) Chronopotentiometry stability test of CoFe/NCsgy conducted at j = 10 mA cm~2 in 1 M KOH at room temperature and rotation speed of 1600 rpm, and (b) OER

polarization curve recorded before and after the stability measurements.
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Table 2
Comparison of OER electrocatalytic activity of CoFe-based electrocatalysts reported in the literature. The no (mV) refers to the overpotential required to generate a j of
10 mA cm ™2
Electrocatalyst Substrate Mo (mV)  Tafel slope Stability remark Ref.
(mV dec™1)
CoFe/NCjs0y GCE 340 77 Showed stable potential of 1.57 V @ j = 10 mA cm 2 for about 24 h. This work
FeCo-N/C GCE 370 52 Experienced 24% of anodic current attenuation during 30,000 s continuous [70]
operation.
Co-Fe-1-1 CP 330 37 After 20 h continuous operation, a small overpotential rise (7%) was observed. [71]
Co304_4 carbon@Fe;_, Co,0  GCE 350 37.6 After 6000 cycles, a slight curve shift of about 20 mV at j = 50 mA/cm? was [72]
observed.
CoFe-MWCNTs NF 300 84 Exhibited stable potential for about 3 h, and after 1000 cycles, a 10 mV potential ~ [73]
shift was observed.
CoFe-CoFe,04/N-CNTs GCE 334 80 After 1000 cycles, a 12 mV overpotential increment was observed. [36]
CoFe@NC-700 GCE 380 110 After 1000 s operation at 1.60 V, a 7% current density decay was observed. [24]
CoFe,04/graphene GCE 300 68 About 83% relative current was reported after 30,000 s testing. [34]
Fe;N@CosN@CoFe NF 225 48 Stable potential for about 20 h. [74]
Cos 47N/CozFe;/NC GCE 380 62.68 After 4000 CV cycles, 10 mV potential shift was recorded. [75]
CoFe/N-HCS NF 292 58 Retained a high relative current of 84.3% after 30 h operation. [25]
CoFe-NCNFs GCE 323 63.9 Stable current density for about 10 h [76]
Fe Co,-NC GCE 356 86.6 Smaller potential change (57 mV) after 12 h testing [77]
Cog ssFep320@NC/CC CcC 260 58.9 After 10 h testing, about 95% current retention was recorded. [78]
Fe-Co/NC-800 CP 279 42.7 Stable current for about 6 h [79]

Where; MWCNT: Multiwall carbon nanotube; NC: Nitrogen-doped carbon, GCE: glassy carbon electrode; NF: nickel foam; CP: Carbon paper; N-HCS: N-doped hollow carbon

microspheres; NCNFs: N-doped carbon nanoflowers; CC: carbon cloth.

a substrate to disperse or coat metal/metal oxides and are essential
to promote conductivity and enrich active sites [20]. Doping nitro-
gen into carbon lattice could remarkably increase the positive
charge density of the adjacent carbon atoms because of its higher
electronegativity and ability to donate electrons [44]. Some
researchers have attempted to elucidate the role of CoFe alloys
and the nitrogen-doped carbon (NC) during the OER process. Wang
and co-workers investigated the role of CoFe alloy and NC in OER.
The adsorption free energies of the oxygen intermediates (OOH*,
0*, and OH*) on CoFe alloy, graphitic N doping (NC), and CoFe/NC
were calculated and revealed the role of the individual and com-
bined species for OER. The rate-determining step of OER was iden-
tified to be the formation of OOH* intermediate, and it was found
that coupled CoFe/NC exhibits the lowest adsorption energy of
OOH* intermediate, reflecting the most preferred OER free-
energy pathway due to the synergetic promotion of both CoFe alloy
and NC in CoFe/NC. Hence, the high electrocatalytic performance of
the CoFe/NC catalyst achieved in this work could be related to the
synergetic effect of CoFe bimetals and nitrogen-doped carbonized
polydopamine.

The as-developed electrocatalyst was compared with similar
materials recently reported in the literature, and CoFe/NCzqy sur-
passed several previously reported electrocatalysts. As it is appar-
ent from Table 2, our catalyst (CoFe/NCszgy) outshines over the
recently published papers, including CoFe alloys, in terms of its
exceptional stability. The noticeable electrocatalytic superiority
of CoFe/NCsgy catalyst will make its prospective to be used for
hydrogen generation in electrochemical water electrolysis.

4. Conclusions

In summary, CoFe/N-doped carbon (CoFe/NCy) electrocatalysts
were synthesized by sequential steps of the hydrothermal route,
in situ polymerization of dopamine followed by carbonization.
Results demonstrated that incorporating different dopamine con-
tent with CoFe,0,4 spinel oxides greatly influences the physico-
chemical and electrochemical properties. Among the obtained
CoFe/NCy electrocatalyst, the CoFe/NCsqy, sample displayed excel-
lent catalytic activity and stability for alkaline oxygen evolution
reaction (OER); it presented a small overpotential of 340 mV to
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derive a 10 mA cm~2 current density, a small Tafel slope of

77 mV dec™! and exhibited exceptional electrochemical stability
for about 24 h. In contrast with the recently reported CoFe/NC-
based electrocatalysts for OER (Table 2), the optimized CoFe/
NCspx electrocatalyst showed better stability, remaining
unchanged for at least 24 h. The excellent OER activity and stability
of CoFe/NCzgy could be stemmed from: (i) the synergetic effect of
CoFe and N-doped carbon coating layer, and (ii) the reduced charge
transfer resistance, as a result of the optimized dopamine content
integration, as corroborated by the electrochemical impedance
spectroscopy analysis. This study could open a new avenue for
developing high-performance, affordable and stable electrocata-
lysts for large-scale OER electrodes.
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Figure S 1. SEM images of (a) CoFe/NCiox% , (b) CoFe/NCz0%, and (c) CoFe/NCaox
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Figure S 2.TEM images of (a) CoFe/NCio%, (b) CoFe/NCao%, and (c) CoFe/NCaov
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Figure S 3. Particle size distribution of the various electrocatalyst: (a) CoFe204, (b) CoFe/NCiov,
, (¢) CoFe/NCao ,(d) CoFe/NC30% , and (¢) CoFe/NCaov .

Table S 1. Amount of CoFe alloys and oxides in the composite samples, determined from the
XRD analysis.

Catalyst CoFe alloy (%) Oxides (%) CoFe alloy /oxides ratio
CoFe/NC20% 90.6 94 9.34

CoFe/NCs0% 91.98 8.02 11.47

CoFe/NCa0% 100 - 100% CoFe alloy
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Figure S 4. XPS high resolution spectra of (a) Fe 2p, (b) Co 2p, for all electrocatalysts
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Table S 2. XPS analysis results of the electrocatalysts

Catalyst BE of Fe Corresponding BE of Co Corresponding
2p3n Fe species 2p32 (eV)  Co species
(eV)
710.0 Fe®* 780.3 Co™*
CoFexO4 712.8 Fe** 784.1 Co*
718.4 Sat. 787.7 Sat.
707.8 Fe? 777.6 Co’
CoFe/NCio 7104 Fe?* 780.1 Co**
713.1 Fe** 783.2 Co*
718.5 Sat. 787.4 Sat.
CoFe/NCay%  707.0 Fe’ 777.8 Co’
710.0 Fe** 779.8 Co**
712.8 Fe** 783.6 Co*
718.3 Sat. 787.7 Sat.
CoFe/NCsov  708.2 Fe’ 771.3 Co’
710.5 Fe** 780.7 Co™*
713.4 Fe** 783.9 Co*
718.5 Sat. 788.4 Sat.
CoFe/NCaov  707.5 Fe’ 771.5 Co’
710.0 Fe?* 779.6 Co**
712.8 Fe** 783.8 Co*
718.3 Sat. 787.5 Sat.
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Table S 3. Elemental composition of the prepared electrocatalysts

Samples Co (Wt.% ) Fe (wt. %) Fe/Co ratio
CoFe204 20.8 40.2 1.93
CoFe/NC10% 24 51.8 2.16
CoFe/NC20% 28.4 57.4 2.02
CoFe/NCa30% 28.7 57 1.99
CoFe/NCa0% 30.1 58.4 1.94

Table S 4. Specific capacitance and ECSA values for the various eletrocataysts

Sample Ca (MF) Ca(Flg)  Cs(mF/cm?  ECSA (cm?)
CoFex04 0.22 0.22 0.04 55
CoFe/NCio% 0.91 0.91 0.04 22.75
CoFe/NC2o% 0.38 0.38 0.04 9.5
CoFe/NCso% 1.94 1.94 0.04 48.5
CoFe/NCao% 0.87 0.87 0.04 21.75

Table S 5. Charge transfer resistance (Rct) and solution resistance (Rs) determined from EIS
measurement

Electrocatalyst Rs (Q.cm?) Ret (Q.cm?)
CoFe204 1.14 96.4
CoFe/NCio% 1.0 3.47
CoFe/NC2o% 0.94 4.6
CoFe/NCso% 1.03 1.48
CoFe/NCao% 0.96 62.7
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ARTICLE INFO ABSTRACT

Keywords: High performance, durable and inexpensive electrocatalyst for oxygen evolution reaction (OER) is of great

Electrocatalyst importance for tenable hydrogen production via water electrolysis. Although spinel oxides (AB5O4, A,

Offyge“ evolution reaction B = metal) represent a class of promising candidates for OER, their intrinsically poor electrical conductivity

g‘Fe . impacts their electrochemical performance. Herein, we employed a facile approach to transform an intrinsi-
opamine

cally low active NiFe,O, into nitrogen-doped carbon decorated NizFe@Fe30, catalyst with improved activity
and stability for alkaline OER. Initially, a pristine NiFe,O4 octahedron-like structure was synthesized by a
hydrothermal route. Then, series electrocatalysts were prepared by incorporating the pristine NiFe,O4 with dif-
ferent dopamine concentrations via in-situ polymerizations of dopamine followed by carbonization. The mor-
phology, crystalline structure, and chemical composition of the catalysts were characterized by scanning
electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray photoelec-
tron spectroscopy (XPS), and inductively coupled plasma (ICP). The OER electrocatalysis performance was
measured in a standard three-electrode system. The effect of the carbonized dopamine on the electrocatalytic
activity and structure of the NiFe,O, precursor was systematically investigated. Among several NiFe electrocat-
alysts, the one with 10 wt% of dopamine (NiFe/NC,,,) exhibited a relatively higher catalytic activity for OER
tested in 1.0 M KOH; unveiled low overpotential (350 mV at 10 mAcm ~2 current density), a low Tafel slope
(56 mVdec™ 1), low charge transfer resistance, relatively higher electrochemically active surface area. Most
prominently, it remained stable for at least 12 h. This work provides a new perspective for functionalizing
metal oxides and affords a facile synthesis approach, low-cost, high-performance, and robust electrocatalyst
for alkaline OER electrodes.

N-doped carbon

1. Introduction

Electrochemical water splitting (EWS) plays a pivotal role in pro-
ducing renewable and green hydrogen energy, especially when inte-
grated with other renewable energy sources, such as electricity and
solar. Hydrogen is distinguished by its high calorific value, ecological
friendliness, and zero greenhouse emission when it is used. EWS is
widely considered as one of the most stimulating next-generation
energy storage and conversion systems, principally to furnish green
hydrogen energy [1-3]. Regrettably, the practical application and per-
formance of EWS is remarkably hindered by the focal electrochemical
reaction process occurring at the electrode, particularly the oxygen
evolution reaction (OER). OER is a kinetically sluggish reaction that
markedly governs water electrolysis' efficiency. It consists of four con-
secutive reaction processes (four-electron transfer process), which

* Corresponding authors.

demand a high overpotential to overcome the energy barrier [4-7].
To this end, developing a high-performance and durable electrocata-
lyst is essential to circumvent the sluggish reaction kinetics of OER,
thus facilitating the EWS. Precious metals such as RuO, and IrO,
and their derivatives are the benchmark electrocatalysts for OER.
However, their high cost and low earth abundance limit their usage
for large-scale and practical applications [8,9]. Moreover, the stability
of these metal oxides is also a major concern. For example, apart from
dissolving during the OER reaction, RuO, tends to oxidize to form
RuO, and IrO, oxidizes to form IrOs, affecting the overall efficiency
[5]. Therefore, exploring alternative materials with cost-effective,
abundant reserves, stable, and highly efficient electrocatalyst is vital
for the penetration of EWS in the market.

Considerable efforts have been devoted to preparing efficient elec-
trocatalysts using earth-abundant transition metals (e.g., Ni, Fe, Mn,
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Co, etc.) [10-16]. Metal oxides [17-19], sulfides [20-24], alloys
[11,25,26], phosphides [27-33], nitrides [34], selenides [35] etc.,
have been amongst the most researched electrocatalysts for OER and
for overall water splitting. Particularly, the bimetallic NiFe,O,4 spinel
structure has been reported as a profound potential for OER electro-
catalysis because of its suitable adsorption/desorption of intermediate
species of OER, low cost, high natural abundance, ample valence
states, and ecological benignity [36-38]. However, the spinel structure
possesses poor electrical conductivity and low surface area, which
impede its widespread application [39-41]. Moreover, many of the
synthesized metal oxides are in powder form; as a result, they tend
to aggregate during the electrochemical reaction process, deteriorating
the structural stability and utilization of the catalyst [42].

Myriads of research findings demonstrated that OER activities mas-
sively rely on the active sites and conductivity of the materials. One
way to transfigure and amplify the active site is by tailoring the elec-
trocatalyst's crystallinity and morphology structure with a larger elec-
troactive surface area that would eventually endow abundant active
sites. This can be achieved by designing nanostructured materials
(nanowires, nanosheets, mesoporous, nanorods, etc...) [18]. Besides,
the number of active sites in electrocatalysts can be supplemented
through different strategies such as creating defect structures, surface
engineering, doping heteroatoms, and tailoring porosity [40]. For
example, Lim and co-workers [40] prepared NiFe,O, spinel nanoparti-
cles, with plentiful oxygen vacancies, through a hydrothermal route
followed by hydrogen treatment. The as-prepared electrocatalyst
revealed a lower overpotential of 389 mV to derive a current density
of 10 mAcm ~ 2. Mahala and co-workers [43] developed 2D nanostruc-
tures of NiFe,O4 for OER, demanding an overpotential of 460 mV to
generate a current density of 10 mAcm ™ using a 1.0 M NaOH aqueous
solution.

On the other hand, the conductivity of metallic electrocatalysts can
be promoted by integrating with carbon or metals—this aids in regu-
lating the electronic structure and promoting the intrinsic conductivity
[18,39,44,45]. Substantial research works have been performed to
prepare NiFe integrated with carbon materials comprising a high sur-
face area. It was demonstrated that integrating metal oxide with con-
ductive carbon materials (such as graphene, carbon nanotube, etc.)
can enhance the catalytic activity and stability since the carbon mate-
rial offers a virtuous coordinating environment with good conductiv-
ity, high surface area, and robust electrochemical stability [46,47].
Carbon materials provide physical support for the discrete metals
and metal oxide and offer a charge transport channel, propagating
overall performance. Doping heteroatoms such as nitrogen into carbon
can also further alter the electronic structure of the catalyst and offers
abundant defects as an active site, which eventually galvanize the
overall catalytic activity [48]. The resulting outstanding performance
of the combined materials stems from the synergetic effect between
the carbon and metal/metal oxide [49]. Although innumerable out-
standing results have been accomplished on bimetals, NiFe integrated
with various carbonaceous materials towards OER electrocatalysis, the
preparation methods for the carbon support are complex, unsafe, and
energy-consuming steps. Hence, it is imperative to pursue alternative
methods and carbon sources to synthesize NiFe integrated with carbon
with inexpensive, easy, and mild synthesis routes to provide unique
structures and enhanced conductivity for OER under alkaline elec-
trolytes. The use of polydopamine (PDA) as a surface functionalizing
agent has recently received remarkable attention because of its excel-
lent and flexible agent for coating various surface materials. PDA is a
mussel adhesive-inspired biomimetic synthetic polymer with admir-
able affinity to numerous solid surfaces [50]. It is characterized by
its prospect of offering nitrogen-doped carbon after carbonization at
high temperatures. Moreover, polydopamine also has the capability
to adsorb on the surface of a transition metal such as Ni** and
Fe® /2% due to its diverse functional groups (e.g., imine, catechol,
amine), which allows coordinating with the metal ions [50-52]. This
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provides a meaningful opportunity to functionalize and synthesize
materials with desired structure and properties. In our previous work
[11], we reported CoFe decorated nitrogen-doped carbon (CoFe/NC)
catalyst prepared by incorporating CoFe,O,4 and polydopamine. Car-
bonized polydopamine altered the crystalline structure and electro-
chemical activity of CoFe,O,4, in which incorporating 30 % PDA
presented excellent catalytic activity and stability for alkaline OER.
Nevertheless, there is no report that elucidates the effect of poly-
dopamine on the physicochemical properties and OER activity of
NiFe,0, spinel oxide.

Herein, considering the merits of polydopamine, we synthesized
nitrogen-doped carbon derived from polydopamine decorated Nis-
Fe@NiFe,0,4 (hereafter NiFe/NC) composite electrocatalyst with
excellent and tailored activity towards OER. The nanocomposite was
obtained by hydrothermal synthesis of spinel oxide of NiFe;O,,
in situ polymerization of various dopamine content (5, 10, 20, and
30 wt%) on the NiFe,O, surface, followed by carbonization at high
temperature. The as-prepared NiFe/NCjqo, electrocatalyst presented
excellent catalytic activity towards OER under alkaline electrolyte, in
which a low overpotential, small Tafel slope, and outstanding durabil-
ity have been recorded. The presence of the carbon layer and the evo-
lution of NisFe and Fe;O,4 phases progressed the catalytic activity of
the sample.

2. Experimental section
2.1. Chemical reagents

Iron (III) nitrate hydrate (98 %, Riedel de-Haen, Sigma Aldrich),
Nickel (II) nitrate hexahydrate (>97.0 %, Alfa Aesar), dopamine
hydrochloride. (MW = 189.64 g/mol, Sigma Aldrich), tristhydrox-
ymethyl aminomethane)(ACS, reagent > =99.8 %, MW = 121.14 g/-
mol, Sigma Aldrich)). Potassium hydroxide (Analytical grade, Fischer
scientific), Potassium hydroxide, pellets, 85 % (Alfa Aesar), Ultrapure
water (Q2, 0.055 pS/cm, SIEMENS), Nafion ®Perfluorinated resin
solution (5 wt%, Sigma Aldrich), commercial IrO, powder, 99 % (Alfa
Aesar). All the chemical reagents were used as received without fur-
ther modification.

Electrocatalyst synthesis.

2.2. Synthesis of NiFe;0y4 electrocatalyst

A facile one-step hydrothermal route was employed to synthesize
NiFe,O4 nanoparticles. Typically, Fe (NO3)3-9H,0 (7.6 mmol) and Ni
(NO3),-6H,0 (3.8 mmol) were dissolved in 30 mL of deionized water
and stirred for half an hour. Subsequently, 30 mL of a 2 M KOH solu-
tion was added and stirred for 2 h. The resulting mixture was trans-
ferred into a Teflon-lined stainless steel autoclave and maintained at
180 °C for 22 h. The precipitate was cooled to room temperature
and collected by centrifugation. The product was washed with ethanol
and water several times and dried at 60 °C overnight.

2.3. Synthesis of dopamine-modified NiFe,O, composite electrocatalyst

The composite electrocatalysts were prepared by mixing NiFe,O4
with dopamine hydrochloride, in situ polymerization followed by car-
bonization at high temperatures. Specifically, 0.4 g of the prepared
NiFe,O4 was dispersed in 50 mL Tris (tristhydroxymethyl) amino-
methane)-buffer (Tris-HCl, 10 mM, pH 8.5) by ultrasonication for half
an hour to form a suspension. Next, a different mass fraction of dopa-
mine hydrochloride relative to the spinel NiFe,O,4 (5, 10, 20, and
30 wt%) was added to the above mixture and stirred at room temper-
ature for 24 h. Then, the product was centrifuged, washed with deion-
ized water, and dried at 60 °C overnight. Finally, the as-prepared
product was carbonized at 800 °C for 1 h at a 5 °C min~! heating rate
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under N, atmosphere. Throughout the manuscript, the samples are
designated as NiFe/NC,, where X refers to the mass fraction of dopa-
mine (x = 5, 10, 20, and 30 wt%) relative to the NiFe,O4 precursor
and NC refers to nitrogen-doped carbon.

2.4. Physicochemical characterization

Scanning electron microscopy (SEM-EDX) was obtained in SEM
Hitachi 3400 N, EDX Rontec XFlash de Si (Li). Ultra-high resolution
imaging (HRTEM) analysis was conducted in Titan Cube (CEOS Com-
pany). The metal's weight percentage was acquired by inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES) in a Xpectroblue-
EOP-TI FMT26 (Spectro). The X-ray diffraction (XRD) analyses were
analyzed in a Bruker D8 Advance diffractometer with Cu Ko of
1600 W. X-ray photoelectron spectroscopies (XPS) were acquired on
a Kratos AXIS Supra system equipped with a hemispherical electron
energy analyzer operating with mono Al Ka (1486.7 eV) at 120 W
(8 mA/15 kV. Analysis area = two X one mm), base pressure 107°
Torr. Survey scans were recorded from O to 1200 eV with Pass
Energy/step (Wide: 160 eV/1.0 eV, Regions: 20 €V/0.1 eV. The C
1 s line at 284.6 eV was employed to correct all XPS spectra. CasaXPS
software was used to perform peak fitting and quantification, and Shir-
ley-type background was employed for all peaks. Gaussian and Lorent-
zian (GL: 30 %) line shapes were used for each component.

2.5. Electrochemical measurements

The electrochemical performance of the electrocatalyst was mea-
sured in a three-electrode system controlled by potentiostat/galvanos-
tat AUTOLAB PGSTAT302 at room temperature. 1.0 M KOH aqueous
solution was used as an electrolyte. Glassy-carbon (GC) rod, reversible
hydrogen electrode (RHE), and rotating ring disk electrode (RRDE)
with a glassy carbon disk (diameter = 5 mm) were used as a counter,
reference, and working electrode, respectively. A 20 pL ink solution
was deposited drop by drop on the GC working electrode. The ink cat-
alyst solution was prepared by dispersing 4.8 mg of electrocatalyst in
461 uL isopropanol/water (1: 1) solvent containing 19.48 uL of Nafion
solution (5 wt%), followed by ultrasonication for 15 min.

To perform OER measurement, first, the electrolyte was de-aerated
with N, for about 30 min. Next, all electrocatalysts were subjected to
50 cyclic voltammetry cycles between 0.05 and 1.0 V vs RHE at a

-

NiF ¢/N@Ex

—
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100 mV/s scan rate for surface activation. In addition, three cyclic
voltammetry was carried out at a scan rate of 20 mV/s in the potential
range of 0.05-1.1 vs RHE. OER polarization curve for all electrocata-
lysts was obtained after 10 cycles of CV in the potential scope of
1.1-1.8 V vsRHE at a scan rate of 5 mV/s at 1600 rpm. The CV curves
were corrected by V = Vipeasured — iRs, Where V jeasured 1S the measured
potential, and Ry is the solution resistance determined by the electro-
chemical impedance spectroscopy (EIS). Electrochemical impedance
spectroscopy was measured at 1.60 V vs RHE in the frequency range
of 100 kHz to 0.01 Hz at a 5 mV amplitude. To evaluate and compare
the electrochemically active surface area (ECSA) of the various electro-
catalyst, cyclic voltammetry (CV) measurements were carried out in
the non-faradaic potential window of 1.1-1.23 V vsRHE at a scan rate
of 20 mV/s. In this case, the catalysts' electrical double layer capaci-
tances (Cy) is determined from the integrated area of CV, and it has
been demonstrated that Cy is directly proportional to the ECSA [53].
The electrochemical stability of the best composite electrocatalyst
was scrutinized using chronopotentiometry at 10 mAcm ™2 current
density.

3. Results and discussion

The composite electrocatalysts were prepared via three sequential
steps as schematically represented in Scheme 1. Firstly, spinel oxide
of NiFe,O4 was synthesized through a hydrothermal route. Subse-
quently, the obtained NiFe,O4 powder was mixed with different con-
tent of dopamine hydrochloride and subjected to polymerize on the
surface of the spinel oxide for 24 h under stirring. Lastly, NiFe/NCx
was gradually obtained by carbonizing the resultant product.

The surface morphology and structure of the electrocatalysts was
observed by SEM and TEM. The SEM images shown in Fig. S1(a-e),
reveal there is an apparent discrepancy in surface morphology
between the samples. Fig. S1(a) shows the SEM image for the pristine
NiFe,O,4 sample in which a rough surface is observed, but it remained
challenging to observe particle size and shape clearly, due to its small
size and limitation of the SEM resolutions. To this end, we employed
TEM to visualize the particle size and shape. The TEM image in
Fig. 1(a) indicates that the as-prepared pristine NiFe,O, encompasses
an octahedral-like structure with uneven particle size in the range of
20-120 nm. Overlapping nucleation and the growing process could
be the reason for the broad-size particle distribution. Moreover, Ost-

Scheme 1. Schematic illustration of the synthesis process employed to obtain NiFe,O, and NiFe/NC, composite electrocatalysts.



G.A. Gebreslase et al.

(111)
NiFe,0,

\/0.48 N

Journal of Electroanalytical Chemistry 925 (2022) 116887

Fig. 1. TEM image of (a) NiFe,04, (b) NiFe/NCsy, (c) NiFe/NCjy, (d) NiFe/NCyoo, (e) NiFe/NCsqo, (f) HRTEM image of NiFe,0,4, and (g) HRTEM image NiFe/

NC; 9, sample.

wald ripening because of the long-time thermal treatment can also
contribute to the relatively broad size distribution [54,55]. In contrast,
the surface images of the composite electrocatalysts show different
morphologies compared to the pristine, as shown in Fig. S1(a-e) and
Fig. 1(a—e). Integrating dopamine as a carbon source into the pristine
NiFe,O,4 ultimately altered the overall morphology and particle size.
The composite samples (Fig. 1(b—e)) reveal an irregular texture and
an entangled network without distinct characteristic morphology,
which could be originated from the nitrogen-doped carbon framework
derived from the thermal carbonization of the polydopamine. The par-

ticle size of the composite samples has exhibited a remarkable increase
compared to the pristine NiFe,O, precursors. The particle size distribu-
tion of the pristine and the composite samples is presented in the sup-
porting information in Fig. S2. The average particle size of the pristine
NiFe,04 is about 53 nm, while the average particle size of NiFe/NCsy,
NiFe/NCjgg, NiFe/NCyge, and NiFe/NCsqq, is determined to be 132,
55, 137, and 110 nm, respectively. It is apparent from this information
that there is a clear particle size difference between the samples
depending on the dopamine contents. The NiFe/NCs, sample shows
a bigger particle size than that of NiFe/NC; o, possibly due to the dis-
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Fig. 2. XRD pattern for the various electrocatalyst.

similarity of crystal phase evolved in each sample. XRD analysis
(Fig. 2) unveiled that NiFe/NCs, contains NiFe,O,4, Ni, and Fe3;04
phases, while NiFe/NC;q¢, comprises mainly NisFe and Fe304 crystal
phases. The evolution of dissimilar crystal phases can lead to the for-
mation of different particle sizes, depending on the nature of surface
chemistries and particle growth. Moreover, the particle size of the
NiFe/NCygy, sample is much larger than the NiFe/NCjqy sample,
which could be due to the dopamine content difference, in which a
high amount of carbonized polydopamine coating layer can encapsu-
late many units, leading to the formation of bigger particles. A similar
trend was also observed in the crystallinity size determined from the
XRD analysis (Table 1). Emphasizing on NiFe/NCq9, sample the
SEM image (Fig. S1(c)) reveals a rough surface with a granular frame-

Table 1
Summary of phase components, lattice parameters, weight percentage, and
crystalline size of each phase obtained from XRD quantitative analysis.

Sample Phases Lattice Amount Crystallite
parameters (a) A) (wt. %) size (nm)
NiFe,04 NiFe,04 8.35 100 53.3
NiFe/NCsg, Ni 3.53 5.93 113.3
NiFe,04 8.37 74.6 113.3
Fe304 8.39 19.47 -
NiFe/NCj g Fe304 8.39 67.55 59.5
NisFe 3.55 32.45 53.2
NiFe/NCpg0 Fe304 8.39 64.92 97.7
NisFe 3.56 35.08 75.2
NiFe/NCsg Fe30,4 8.39 49.83 21.5
NisFe 3.57 39.02 49.0
FeO 4.33 8.97 15.8
Ni 3.51 2.18 11.0

work. Observation of particle size and microstructure of the particles
via SEM was challenging. The TEM image of NiFe/NC,q, discloses
the product contains a mixture of octahedral-like structure and an
irregular structure with a larger particle size (varying from 10 to
120 nm). The apparent morphology and particle size difference
observed between the nanocomposite and pristine NiFe,O, electrocat-
alysts suggest an intimate interaction between the dopamine and the
spinel oxide, which altered the microstructure and crystallinity of
the resultant nanocomposites.

To investigate and compare the crystal structure of pristine NiFe,O4
and carbon-modified NiFe,O4, we employed fast Fourier transform
and inversed fast Fourier transform on a selected area of HRTEM
images using ImageJ software to get information on its lattice fringe
space. Fig. 1(f) shows the HRTEM images of NiFe,;O,, in which the lat-
tice spacing of 0.48 nm corresponds to the (1 1 1) plane of NiFe,0,.
The HRTEM image NiFe/NC o, is shown in Fig. 1(g). The lattice fringe
spacing of 0.205 nm corresponds to the (1 1 1) plane of NisFe. Besides,
the lattice fringe space of 0.242 nm can be assigned to the (2 2 2) plane
of Fe30,4. This result reveals that the NiFe/NC,q, sample consists of
two crystal phases, which is in agreement with the XRD analysis result.
The formation of NisFe alloy could be due to the partial reduction of
the NiFe,O4 by dopamine, and they are presented together in close
contact with Fe;O,4. Such heterogeneous materials usually exhibit
stable activity during catalysis [7]. The formation of NizFe closely con-
tacted with the Fe;0,4 and the coating of the carbonized polydopamine
layer could be favorable for electron transfer, promoting conductivity
and catalytic activity.

X-ray diffraction (XRD) measurement was applied to examine the
samples' composition, concentration, and crystal phases. As shown in
Fig. 2, the pristine NiFe,O,4 sample reveals a pure spinel oxide (NiFe,-
0O,) structure. The major diffraction peaks located at (20 = ) 18.4°,
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30.3%, 35.7°, 37.3°, 43.4°, 53.8°, 57.4°, 63.0°, 71.5°, 74.6°, 75.6°, 79.6°,
87.4°, 90.4° and 95.3° correspond to the (1 1 1), (2 2 0), (31 1),
(222),(400),422),(511),(440),(620),533),(622),
(444),(642),(731),and (8 0 0) planes of a cubic spinel NiFe,O4
structure (Fd-3 m, JCPDS, #44-1485), respectively. No other peak
was observed, revealing that a pure nickel ferrite phase was formed.
In the case of the composite samples, different compositions and crys-
talline phases were obtained. The NiFe/NCs,, sample comprises a stan-
dard XRD pattern of nickel-metal (Fm-3 m, JCPDS, #87-0712) and a
mixture of NiFe;O4 and iron oxide (Fe;O,4 JCPDS, #65-3107). The
major reflection peaks at (260 = ) 44. 5°, 51.8°, 76.4°, and 92.9° corre-
spond to (11 1),(200), (220), and (3 1 1) crystal plane reflections of
nickel, respectively. The contribution of (weight percentage, wt. %) of
each phase (Ni metal, Fe;0,4 and NiFe,0,4) was calculated to estimate
the amount presented in the sample (Table 1). It is important to men-
tion that the diffraction peak of Fez0,4 and NiFe,O4 have similar XRD
diffraction patterns, with slight diffraction angle differences. To differ-
entiate which structure was presented in the samples, the chemical
composition of metals was estimated by coupling both XRD and ICP
analysis. The ICP analysis result was used as a foundation/threshold
to estimate the corresponding phase concentration that could avail
in the product and identify the possible phase structure (NiFe,Og,
Fe304, or both). Accordingly, it was found that the NiFe/NCso, sample
contains Ni (5.93 %), Fe304 (19.52 %), and NiFe,O4 (74.6 %) phases,
indicating the product comprises a multi-phase crystalline structure.
On the other hand, NiFe/NCy, and NiFe/NCyq¢, encompass an alloy
of NisFe and Fe3;0,. The five characteristic peaks at (20 = )
44.1°,51.4°, 75.6°, 92.0°, and 97.0° correspond to (1 1 1), (2 0 0),
(220),(311),and (2 2 2) cubic crystal planes of NisFe (Pm-3 m,
JCPDS #65-3244). It is important to notice the difference between
NiFe/NCjg¢, and NiFe/NCyqo, samples in terms of weight percentage
contribution and crystalline size of each phase, in which less amount
of NisFe was observed for the NiFe/NC, o, sample, and also the crys-
tallite size is relatively small compared to the NiFe/NCyqo, sample
(Table 1). Moreover, NiFe/NCzqo, sample possesses a multi-phase crys-
tallographic structure, including NisFe, Fe;0, FeO, and a trace of Ni
metal. The reflection peaks at (20 = ) 36.1°, 41.93°, and 60.8° are
attributed to the crystallographic planes (1 1 1), (0 0 2), and (0 2 2)
of FeO (JCPDS, #06-0615), respectively. The crystallite size in this
sample is smaller than the other composite counterparts, which could
be due to the segregation of a certain percentage of Fe;O, particles.
The appearance of NizFe crystal structure in the composite samples
could be due to the reduction of the NiFe,O, precursor by the car-
bonized polydopamine. From these XRD analysis results, we can con-
clude that incorporating dopamine and carbonization at high
temperatures has influenced the overall crystal structure of the NiFe,-
O, precursor, which could ultimately offer different catalytic activity
based on the type of crystal structure, quantity, and composition. Add-
ing a low dopamine content results in a mixture of NiFe,O4 and Fe304
with a dominant NiFe,O4 crystal structure, while a further increase of
dopamine content has led to the formation of an alloy of NisFe and
Fe3;0,4 phases, differing in weight percentage, unit cell parameter,
and crystalline size. Table 1 shows a summary of phase components,
lattice parameters, weight percentage, and crystalline size of each
phase obtained from the XRD analysis. The lattice parameter (a) for
the pristine NiFe,04 was determined to be 8.35 A, while it has slightly
increased to 8.37 A in the NiFe/NCs,, sample. Moreover, after dopa-
mine concentration increased, a phase transformation from NiFe,O4
to NisFe (a = 3.56 = 0.01) and Fe304 (a = 8.39 ;\) crystal structure
was observed. The absence of graphitic carbon in the XRD pattern
(Fig. 2) could be due to a low crystallinity degree of the carbon
material.

The electrocatalytic performance of material relies on its surface. In
this case, X-ray photoelectron spectroscopy (XPS) is a vital technique
to unravel the surface chemistry of materials. The surface composition
and valence states of the pristine and nanocomposite catalysts were
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explored by the surface-sensitive XPS technique. The high-resolution
XPS analysis of Ni 2p and Fe 2p for all samples and C1sand N1 s
for the nitrogen-doped carbon-modified NiFe,O,4 is shown in Fig. 3.
The XPS spectrum of Ni 2p (Fig. 3a) can be resolved into three dou-
blets for the pristine NiFe,O,4, while four doublets were obtained for
the composite electrocatalysts. Looking at pristine NiFe,;O,, the first
two peaks of Ni 2ps;,, at binding energy (BE) of ca. 855 and
856.6 eV are attributed to Ni2™ and Ni®*, while the third doublet at
higher BE ca.861.3 eV corresponds to shake up satellites. In the case
of nanocomposite catalysts, the peaks are slightly shifted to higher
binding energy, indicating a strong bond interaction between nitro-
gen-doped carbon and metals. Notably, for the NiFe/NCjq, catalyst,
the peaks of Ni 2p3,» shifted to 855.5, 856.8, and 861.3 eV, which
can be assigned to Ni**, Ni**, and shake-up satellite, respectively.
Moreover, an apparent metallic nickel was observed in all composite
electrocatalysts at a lower BE of ca. 852 eV [56,57]. The relative con-
centration of the deconvoluted chemical species of Ni 2p (Ni**, Ni**,
and Ni°) revealed that there is an actual appearance of metallic nickel
after integrating dopamine with the NiFe,O4 precursor, and the rela-
tive concentration of Ni>* is higher than Ni®*species, as shown in
Table S1.

Fig. 3b shows the high-resolution XPS spectra of Fe 2p, in which
two pairs of spin—orbit signals and two shake-up satellites are unveiled
for all catalysts. The peaks at BE ca. 710, 712, and 718 eV can be
assigned to Fe?', Fe®*, and shake-up satellites, respectively
[57-59]. Again, it is essential to mention that the binding energy for
the composite catalysts indicated a slight shift towards higher binding
energy, suggesting an intimate interaction between the carbon and Fe
metal. Moreover, the relative concentration of the deconvoluted Fe3*
chemical species is higher than the Fe®*counterpart in all samples.
The results demonstrate that the chemical composition of nanocom-
posite catalyst contains Ni%, Ni®*, Ni**, Fe?*, and Fe**. The XPS anal-
ysis for Ni 2p and Fe 2p is shown in Table S1, which explicitly outlines
the corresponding binding energy for the different doublets in each
sample and the relative concentration of the deconvoluted chemical
species. To examine the chemical state of the carbonized poly-
dopamine, the XPS of C 1 s and N 1 s was also evaluated.

The high resolution of C 1 s can be deconvoluted into three promi-
nent peaks (Fig. 3(c)). The peaks at BE of ca. 284.6, 286.2, and
288.4 eV are assignable to the aromatic linked carbon (C—C/C=0),
the C bonded with nitrogen or oxygen (C—N/C—O0), and O-C=0/
C=0, respectively [57,60,61]. The C—N bond confirms the existence
of nitrogen-doped carbon material, which is vital for ion transfer in
the interface due to its favorable electrical conductivity.

The deconvolution analysis of the N 1 s spectrum leads to three
prominent peaks (Fig. 3d) corresponding to different nitrogen species.
The peaks positioned at BE of ca. 398, 399.3, and 401.0 eV can be
assigned to pyridinic N, pyrrolic N, and graphitic N, respectively.
[62,63]. It is decisive to outline that the sample NiFe/NC; o, possesses
a relatively high pyridinic-N and graphitic N content compared to the
other samples. It was demonstrated that pyridinic-N and graphitic N
are among the N atoms considered as potential active sites for OER
[64]. The graphitic carbon is beneficial to improve the durability of
catalysts [65], and the pyridinic-N facilitates the adsorption of inter-
mediates of water oxidation (OH-, OOH-) due to its ability to accept
an electron from the adjacent carbon, thus leading to enhanced cat-
alytic activity [66].

ICP —AES was used to study the composition and metal ratio of the
as-prepared pristine and nanocomposite materials, and the results are
presented in Table S2. It revealed that the weight ratio of iron to nickel
is about 2, which agrees with the initial ratio of Fe and Ni.

To probe the OER electrocatalytic activity, all the as-prepared elec-
trocatalysts were tested in 1.0 M KOH alkaline solution using a three-
electrode system at a scan rate of 5 mVs™'. For comparison, the pris-
tine NiFe,O, and dopamine NiFe,O, modified samples were measured
for their corresponding catalytic activity for OER. As illuminated in
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Fig. 3. High resolution XPS spectra of (a) Ni 2p, (b) Fe 2p, (¢c) C1s, and (d) N1 s.

Fig. 4(a), NiFe/NC;q, displays higher catalytic activity for OER than 10 mAcm 2, which is relatively lower than the other prepared electro-
the other catalysts. Particularly, NiFe/NCjq, electrocatalyst only catalysts. The pristine NiFe,O,4, NiFe/NCsq, NiFe/NCyo, and NiFe/
needs 350 mV of overpotential to obtain a current density of NCszo9, electrocatalysts require an overpotential of 540 mV, 420 mV,
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Fig. 4. Electrochemical measurements in 1.0 M KOH electrolyte: (a) OER polarization curve of different electrocatalysts at a 5 mVs~ ! scan rate and (b) Tafel plot.

370 mV, and 390 mV, respectively, to derive the same current density.
The OER activity of IrO, is also measured and used as a benchmark to
compare the prepared catalysts' performance. NiFe/NCj o, and com-
mercial IrO, exhibited a comparable performance for OER, as it is
apparent from Fig. 4(a). More fascinatingly, NiFe/NCjq, catalyst
shows a profound higher current density with increasing applied
potential, which outsmarted the other catalysts prepared following
the same synthesis condition. The coating layer of dopamine on the
surface of bimetals could be the rationale for the promoted catalytic
activity of the resulting nanocomposite samples. The NiFe/NC; g, sam-
ple presented the most active towards OER with the optimum combi-
nation of dopamine and NiFe,O, precursor, which evidently unveils
the effect of dopamine amount in modulating the microstructure,
active sites, conductivity, and activity of NiFe,O4 precursor. Adding
more dopamine leads to the formation of bigger particle sizes. Also,
the electroactive metals could be covered by a thicker carbon layer,
which increases the polarization resistance of the catalyst and deterio-
rates the activity. On the other hand, low dopamine may not fully
cover the entire metal, leading to a non-uniform coating of the active
metals; as a result, a compromised activity could be achieved.

To study the intrinsic activity of the samples, the OER kinetics of all
catalysts was explored by the Tafel plot. As shown in Fig. 4(b), the cor-
responding Tafel slope of NiFe,O4, NiFe/NCsy,, NiFe/NCjqo, NiFe/
NCs00, NiFe/NCsqy,, and IrO, was determined to be 100, 84, 56, 70,
72, and 80 mV/dec, respectively. The low Tafel slope of NiFe/NCj o
further highlights its extraordinary catalytic activity. Tafel slope is cor-
related to the rate-determining steps. It is well accepted that the OER
process comprises four consecutive steps. The proposed reaction path-
ways for OER under alkaline solution are given as follows [10,67].

M+OH —M-—OH+e (1)
M-OH+OH — M—0+H,0+e" @)
M-0+OH —M—OOH +e¢" 3)
M — OOH+OH™ — M+ 0, + H,0 + ¢~ (4)

where 'M' denotes an active site on the surface; the value of the Tafel
slope varies depending on the rate of determining steps. It differs from
120 mVdec ™! for step (1) if the first electron transfer is the rate-deter-
mining step, and it is less than 120 mVdec ™", if the rate-determining
step is one of the subsequent steps. If the rate-determining steps
approach the end of the reaction steps, it is considered a sign of a good
electrocatalyst. It has been reported that a Tafel slope near 60 mVdec ™"

reveals that the rate-determining step is located at the end of the multi-
electron transfer reaction step (4) [68], suggesting good catalytic activ-
ity. Herein, NiFe/NCq, presented a low Tafel slope of 56 mVdec ™!,
unveiling the rate-determining step presides at the end of reaction
steps. This indicates that optimum dopamine content can commendably
transform and tune the intrinsic catalytic activity of the spinel oxide.
The optimized carbonized polydopamine plays a crucial role in altering
the material's functionality and amplifying the OER activity. Integrating
low and high polydopamine concentration with the spinel NiFe,O4
leads to lower activity. Therefore, it is necessary to optimize the content
of polydopamine to obtain a tailored and promising electrocatalyst. A
thicker layer of carbon on the surface of metal particles would lessen
the electrocatalytic activity of the materials due to the barrier of elec-
tron transfer between the carbon layer and active metals. Hence, devel-
oping a suitable route to synthesize desired carbon layer thickness on a
surface of metals particle is imperative to advance electrocatalyst for
OER application remarkably [35].

Fig. 5(a) illustrates the different electrocatalysts comparisons con-
sidering both overpotential and Tafel slope. Materials with lower over-
potential and small Tafel slope are ideal electrocatalysts for OER.
NiFe/NC; gy, catalyst shows both lower overpotential and small Tafel
slope among the electrocatalyst series, demonstrating its favorable fea-
tures towards OER. The CV method is commonly employed to evaluate
the surface capacitance of catalysts. Fig. 5(b) shows the CV profile of
the prepared electrocatalysts, measured in the potential range of
0.05 and 1.10 V vs RHE at the scan rate of 20 mVs ™~ *. The CV curve
presents a non-rectangular behavior at the selected potential region
and scan rate. The non-rectangular shapes of the CV curves reveal that
the resulting capacitive behavior is mainly characteristic of the pseu-
docapacitance process [69,70]. From Fig. 5b, we can observe an appar-
ent discrepancy with respect to the integrated area under the CV curve
in which the NiFe/NC; ¢, sample showed a relatively higher area. It is
noteworthy to mention that the evolution of the capacitive profile is in
accordance with the anodic OER profile (Fig. 4a), suggesting that the
nitrogen-doped carbon coating plays a key role in modifying the intrin-
sic feature of pristine NiFe,O,.

The catalyst's electrochemical active surface area (ECSA) was esti-
mated through the CV technique to further explore the intrinsic elec-
trochemical features. It is apparent that ECSA has a linear
relationship with the electrical double layer (EDL) due to the interfa-
cial charging process. In this case, a potential window in which no
faradic or no oxidation/reduction reaction occurs is meticulously
selected. The recorded current is attributed only to the surface-con-
trolled capacitance. As shown in Fig. 6(a), interestingly, the NiFe/
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overpotential.

NC; 9, sample presents a relatively higher EDL capacitance. The capac-
itance value for the pristine NiFe;O,4, NiFe/NCso, NiFe/NCjqo,, NiFe/
NCs09, NiFe/NCzgo, was determined to be 0.10, 0.12, 0.57, 0.34 and

0.3 mFem™
NCjgo could provide abundant active sites readily available for the
reactants, ultimately expediting the OER electrocatalysis.

, respectively. The relatively higher ECSA of NiFe/
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Electrochemical impedance spectroscopy (EIS) was utilized to
review the charge transfer resistance of the as-prepared catalysts.
The Nyquist plots of the different electrocatalysts are shown in
Fig. 6(b). Impedance spectra can be best elucidated with the help of
an equivalent circuit model, comprising of the following circuit ele-
ments: uncompensated solution resistance (R;), charge transfer resis-
tance (R.), and constant phase elements (CPE) [71]. As shown in
Fig. 6(b), the Nyquist plot is fitted with equivalent circuit mode
(Fig. 6b, inset), where the intersection of the semi-circle in the X-axis
reflects the resistance of the solution (Ry). The magnitude of the semi-
circle reveals the charge transfer resistance (R.) between the elec-
trolyte and catalyst during the OER, and the constant phase elements
(CPE) is related to pseudocapacitance [72,73]. A material with a lower
value of R.; would have favorable charge transfer between the surface
catalyst and reaction intermediate, ensuing in promoted catalytic per-
formance [74]. The R, magnitude for the different electrocatalysts is
tabulated in Table S3, in which the corresponding R, value for the var-
ious electrocatalysts is given as follows in decreasing order: NiFe,0,4 [ -
NiFe/NCzgo, > NiFe/NCsq, > NiFe/NCyqy, > NiFe/NCjq, Among the
samples, NiFe/NCjo, presents the lowest R, value, suggesting excel-
lent electrical conductivity or the smallest charge transfer resistance,
leading to enhanced OER. In contrast, the pristine NiFe,O4 possesses
high R.; as a result, it shows a sluggish response towards OER. More
stimulatingly, both EIS analysis and kinetics agree with the OER polar-
ization profile. The relatively prominent electrochemical activity of
NiFe/NCjgy could be stemmed from the faster electron process,
enlarged surface area, and tailored surface functionality.

The mass activity was also taken into account when determining
the performance of the as-prepared electrocatalysts. The current
response normalized by the electrocatalyst load is represented by mass
activity. The mass activity (A g~ ') was calculated using the following
equation: mass activity = j/m [75], where j (mA cm ™~ ?) refers to the
current density at a given overpotential (350 mV), and m is the mass
of catalyst (mg cm™2) on the electrode. Fig. 6¢ shows the profile of
mass activity measured at 350 mV overpotential. Accordingly, the
NiFe/NCjqo, electrocatalyst exhibits the highest mass activity of 10 A
g~ ! at a 350 mV overpotential. This finding indicates that the NiFe/
NC;j g9 €electrocatalyst is suitable for catalyzing OER.

Similar materials that have recently been reported in the literature
were compared to the as-prepared electrocatalyst. As shown in Table 2,
the NiFe/NC; o, catalyst outperformed for the many similar electrocat-
alysts reported, principally in terms of its excellent stability. NiFe/
NCg9, catalyst has the potential to be used in electrochemical water
electrolysis for hydrogen generation due to its demonstrated electro-
catalytic superiority.

Where; CF: carbon nanofiber; NC*: nitrogen-doped graphitized car-
bon shell; NC**: nitrogen-codoped porous carbon; NCx: nitrogen-
doped nanocarbon; NC-G: N-doped graphitic carbon shell; rGO:
reduced graphene oxide.

Furthermore, the faradaic OER contribution to the global anodic
current registered in the disk was determined by faradaic oxygen effi-
ciencies (&) using the following expression: ¢ = (4/Nogrr) Ling/ (N-Iaisi)

Table 2
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[76], where nogrg is the number of electrons transferred in the oxygen
reduction reaction (ORR) at the ring electrode (norr = 4 for the Pt
ring), N is the RRDE collection efficiency, I;ing and Iy are the ring
and disk current, respectively. The RRDE collection efficiency N was
determined to be 0.248, as reported in our previous paper [77].

The Faradaic efficiency of the catalyst was determined using
chronoamperometry measurements. Initially, the disk and ring cur-
rents were measured at E = 0 V vs RHE for 1 min, and then, a constant
potential of 1.52 V vs RHE (equivalent to 1 mAcm ™2 OER current den-
sity) was applied at the disk while the Pt ring was maintained at 0.4 V
vs RHE. The Faradaic efficiency was measured at 1 mAcm™? for the
reason that this disk-current density is sufficiently high to produce dis-
solved oxygen while maintaining a low local bubble formation rate on
the disk electrode surface [78]. As shown in Fig. 7(a and b), the cata-
lyst did not produce current at 0 V vs RHE subjected for 1 min. When
1.52 V was applied at the disk electrode, a current density equivalent
to 1 mAem ™2 was registered at the disk (Fig. 7a). The O, generated at
the disk electrode diffuses towards the surrounding Pt ring electrode,
on which it becomes rapidly reduced. Therefore, a current is generated
at the Pt ring, as it is apparent in Fig. 7b. Fig. 7c displays the corre-
sponding profile of Faradaic efficiency as a function of time. The Fara-
dic oxygen efficiency was found to be about 98 % at the beginning and
slowly decreased with increasing time. The decrease of efficiency
through time could be due to the decay of the ring current, which is
evident from the Pt ring current profile (Fig. 7b). Likely, this emanates
from the oxygen bubble formation with elapsing time. Only dissolved
oxygen can be collected at the Pt ring electrode, and the local oxygen
saturation and bubble formation at the disk electrode could negatively
affect the efficiency [79]. Therefore, the Faradaic efficiency estimated
at the beginning of the chronoamperometric test at 1.52 V vs RHE,
accounting for 98 %, is representative of the OER faradaic efficiency
of the NiFe/NCjqo, electrocatalyst, which is predominantly attributed
to the OER rather than other by-products such as carbon and nanopar-
ticle oxidation reaction. The faradaic efficiency of IrO, was also deter-
mined with the same method in order to compare with our sample. As
shown in Fig. S3 in the supporting information, the faradaic efficiency
of the IrO, catalyst is around 99 %, which is in agreement with what is
reported in the literature [79]. The same trend of decreasing faradic
efficiency has also been observed. This could be due to the accumula-
tion of undissolved oxygen bubbles in the vicinity of the electrodes,
limiting the transfer of dissolved oxygen from the disk to the ring
and resulting in a reduced ring current [76]. In summary, the as-pre-
pared NiFe/NCiqo, and the commercial IrO, electrocatalyst exhibited
a comparable faradaic efficiency, suggesting that NiFe/NCjq, is an
efficient catalyst for expediting OER.

Stability measurement is another crucial parameter to elucidate
materials' potential for practical application. The stability NiFe/
NCigo electrocatalyst was evaluated by chronopotentiometry mea-
surements (E-t) at a constant current density (j = 10 mAcm~2) under
1.0 M KOH aqueous solution. As shown in Fig. 8(a), the NiFe/NCjgo,
sample revealed a stable potential during 12 h continuous measure-
ment, suggesting its promising prospect for practical application. This

Comparison of OER electrocatalytic activity of similar NiFe-based electrocatalysts reported in the literature. The 7;0 (mV) stands for the overpotential required to

produce a current density of 10 mA cm ™2

Electrocatalyst ;0 (mV) Tafel slope (mV dec™!)  Stability remark References
NiFe@NCi o 350 56 Showed stable potential for at least 12 h, operated at j = 10 mAcm ™2 This work
NiFe@NC* 360 81 Only decreased by 1.7 % after 12 h operation. [83]
FeNi-NC** 380 115 presented high stability with about 92 % retention after 10,000 s of continuous test [84]
FeNiP@N-CFs 300 47 A stable current density was observed for over 20 h at 1.55 V (vs RHE) applied potential. [85]
NiFe/CNx 360 59.1 Displayed a constant operating potential after running 10000 s, operated at j = 10 mAcm ™2, [86]
NiFe@CN-G 320 41 showed stable performance after 4 h operation, and a 76 % retention of initial current density after 10 h.  [87]
FeNi@N-CNT 300 47.7 Remained stable for about 10 h. [88]
Ni,Fe/rGO 285 96 After 10 h test at the current density of 20 mAcm ~2, the potential increases by 40 mV. [89]

10



G.A. Gebreslase et al.

0.25
1 (@)
0.20 rf
—~ _ Edisk=l.52 V vs.RHE
45: 0'13__ (60-120 sec)
% 010
i © 0'05; Edisk=0‘- vs.RHE
1 (1-60 sec)
| Egig=0V vsRHE
g 0.02 (1-60 sec) Ering=0"' V vs.RHE
2 1) Egiqc= 1.52 V vs.RHE
- -0.04 - (60-120 sec)
;{:‘100-1-.-.-....
'c. 80_ (c)
a 4
12 60
g .
".5 J
= 40“_ E giq =0V vsRHE E ik = 152V vs.RHE
B 204 (160se) (60 -120 sec)
= ]
- I I ' I ' I T T T T
0 20 40 60 S0 100 120
Time (sec)

Fig. 7. Chronoamperometry measurement of NiFe/NC; o, catalyst on RRDE at
1600 rpm in Ny-saturated 1.0 M KOH at a constant potential of 1.52 V vsRHE:
(a) disk current, (b) ring current at E.,;, = 0.4 V vsRHE, and (c) Oxygen
faradaic efficiency profile.

could be due to the carbon coating layer that prevents the electroactive
species from dissolving and deactivating upon exposure to a harsh
working environment. The OER polarization curve was also obtained
after the long-term stability test to compare its catalytic activity with
the initial curve. As shown in Fig. 8(b), the OER polarization curve
after the stability test has almost overlapped with the initial OER pro-
file, signifying its excellent catalytic stability. For comparison, the sta-
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bility of the IrO,, catalyst was also measured under the same condition.
It displays that the potential increased after a few hours (as shown in
Fig. 8(a), indicating the unstable characteristics of IrO,.

Furthermore, the TEM image of the spent NiFe/NCjq, catalyst
(Fig. 9) reveals no apparent morphological changes compared to the
fresh catalyst. These results demonstrate that the nitrogen-doped car-
bon-coated NisFe@Fes0, is efficient and durable for water oxidation
under a harsh alkaline environment. The carbon layer can act as
shielding to protect the metal nanoparticles from dissolving and leach-
ing in the alkaline electrolyte, leading to a stable microstructure. All
these findings underlined the potential of carbonized polydopamine
to functionalize and transform NiFe,O,4 to another crystal phase with
an improved OER activity and stability.

What is the active site for OER? The OER reaction mechanism
based on NiFe-based electrocatalyst is still in debate; nevertheless, sev-
eral researchers have been reporting their discoveries and outlooks. In
NiFe electrocatalyst, the commonly surfaced view is that Fe acts as an
active site for OER and becomes more pronounced active in the pres-
ence of Ni. For example, Mirabella and co-workers [80] studied the Ni
incorporated Fe;0,4 for OER and revealed that the OER intermediates
are located on Fe sites, and the Ni metal has a promoting effect on
the Fe active site. Other researchers, such as Zhang and co-workers
[67], reported that both Ni and Fe sites could act as active sites for
OER, which was determined using density functional theory (DFT) cal-
culations. In NiFe decorated by carbonaceous materials, the mono-
metals and bimetals coordinated with carbon can act as an active site
for OER. Bai and co-workers [81] reported that NisFe-based active
sites are more prominent active than mono-metals counterparts
towards OER, revealing that bimetals can form different active sites
for OER depending on the combination and crystal phase evolved.
M—C—N (M: metals) has been reported as an essential reaction center
where active sites are located for trapping OER intermediates. More-
over, the active sites for OER can also be found at the surface defects
[82]. Henceforth, the combination of active sites of NisFe and Fe;04
decorated by a carbon layer would be an appealing approach to pro-
vide a heterostructured catalyst with favorable reaction kinetics and
stability toward OER.

The excellent electrocatalytic activity and stability of NiFe/NCjgo,
could be attributed to the following features: (i) the tailored surface
functionality and structural character of the N doped carbon assem-
bled with dual phases (NizFe and Fe;0,4) could expose amply accessi-
ble active sites, expedite mass diffusion and electron transfer, thus
stimulating OER activity. (ii) The N-doped carbon alters the morphol-
ogy, particle size, crystal phase, and electronic structure of NiFe;Oy,

80
(b)
initial

60 - —— After stability
40
20

0

T T T T T T
1.1 1.2 1.3 14 1.5 1.6 1.7 1.8

Potential (V vs.RHE)

Fig. 8. (a) Chronopotentiometry stability test of NiFe/NCjqy, and IrO, electrocatalyst conducted at j = 10 mAem ™2 in 1.0 M KOH at a rotation speed 1600 rpm,
(b) OER polarization curve of NiFe/NCjq, before and after stability measurements.
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of NiFe/NC;go,

Fig. 9. TEM after

measurements.

image electrocatalyst stability

which can positively contribute to the improved OER activity. (iii) The
synergetic/coupling effect of the evolved NizFe alloy and Fe3zO,4
together with the N-doped carbon can potentially enhance the OER
activity and durability. All the above aspects could contribute to the
outstanding OER electrocatalytic performance of NiFe/NCjgo,
electrocatalyst.

4. Conclusions

In summary, a spinel oxide of NiFe,O4 was transformed into nitro-
gen-doped carbon-decorated NizFe@NiFe,O, nanocomposite (NiFe/
NCx) electrocatalysts through three subsequent steps comprising
hydrothermal, polymerization, and carbonization. The as-prepared
electrocatalysts were evaluated for their electrocatalytic performance.
Results indicated that integrating carbonized polydopamine with the
NiFe,O,4 appreciably altered physicochemical properties and improved
the OER electrocatalytic activity and stability. The optimum combina-
tion of dopamine and NiFe,O,4 precursor was 10 wt% of dopamine rel-
ative to the NiFe,O, precursor (NiFe/NCiqy). Features such as
microstructure, particle size, crystal phase, and electronic structure
of NiFe,0, can be transfigured by controlling the dopamine concentra-
tion. The NiFe/NC o, catalyst displays a relatively lower overpotential
of 350 mV to derive a current density of 10 mAcm ™2 and a smaller
Tafel slope of 56 mV/dec during OER measurement in 1.0 KOH elec-
trolyte, which is the best performing catalyst among the as-prepared
samples. The improvement could be stemmed from the favorable con-
ductivity network and enhanced electrical conductivity resulting from
the optimum carbon coating and the electroactive sites of NisFe and
Fe30,. The reported NiFe/NC catalyst can be a non-precious alterna-
tive material to advance the development of electrocatalysts for green
hydrogen production by water electrolysis. Our effort also provides a
new perspective on transforming transition metal oxides into active
and robust electrocatalysts for pragmatic electrochemical water
electrolysis.
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Frequency (%)

Figure S1. SEM images of (a) pristine NiFe20a, (b) NiFe/NCsex, () NiFe/NCio%, (d) NiFe

NiFe/NC2o%, and (e) NiFe/NCsox%.

NiFe,0,

100

T T T T T
150 200 250

Particle size (nm)

T
300

T
350

1

400

Frequency (%)

‘ NiFe/NCso,

50

v T
100

T T T T T T T T T T 1
150 200 250 300 350 400

Particle size (nm)



. S NiFe/NCo o
NiFe/NCygo, N | 20%

Frequency (%)

Frequency (%)

\

e . R B B a—" 0 50 100 150 200 250 300 350 400
50 100 150 200 250 300 350 400 Particle size (nm)

Particle size (nm)

s NiFe/NC3q0,
he

=

=

)

=

g N

=

o

T T T T T T

- oy | I — L
0 50 100 150 200 250 300 350 400

Particle size (nm)

Figure S2. Particle size distribution of the various electrocatalyst



Table S1. XPS analysis result

Catalyst BE of Ni Deconvoluted BE of Fe 2ps2 Deconvoluted

2psi2 (eV) Ni  species and (eV) Fe species and
percentage (%) percentage (%)

NiFe204 854.9 Ni®* (63.58) 709.3 Fe®* (43.59)
856.6 Ni3*(36.42) 711.6 Fe3*(56.41)
861.3 Sat. 7175 Sat.

NiFe/NCso% 852.3 Ni°(8.91) 710.0 Fe2*(33.75)
855.5 NiZ*(56.62) 712.0 Fe3* (66.25)
856.8 Ni%*(34.47) 717.6 Sat.
861.3 Sat.

NiFe/NC10% 852.2 Ni®(19.71) 710.0 Fe2* (44.57)
855.4 Ni%* (65.27) 712.0 Fe3*(55.43)
857.5 Ni%* (15.02) 717.7 Sat.
861.2 Sat.

NiFe/NCaoo% 852.3 Ni® (13.75) 710.3 FeZ* (44.36)
855.4 Ni%*(48.17) 711.9 Fe3*(55.64)
856.8 Ni®*(38.09) 717.8 Sat.
861.4 Sat.

NiFe/NCso% 852.3 Ni%(16.36) 710.0 Fe®* (39.98)
855.5 Ni%*(51.60) 7118 Fe3* (60.02)
857.6 Ni%*(32.05) 717.7 Sat.
861.5 Sat.

Note: The value in parenthesis indicates the relative concentration of the corresponding
chemical species in each sample.



Table S 2. Metal composition analysis results from inductively coupled plasma atomic

emission spectroscopy (ICP-AES) analysis.

Samples ] The ratio of
Fe (wt. %) Ni (wt. %) )
Fe/Ni
NiFe204 54 26.35 2.05
NiFe/NCsoy 50.2 24.6 2.04
NiFe/NCi9% 52 25.2 2.06
NiFe/NCz9% 53 26.1 2.03
NiFe/NCso%  54.9 26.5 2.07
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Figure S 3. Chronoamperometry measurement of IrO> catalyst supported on RRDE at
1600 rpm in N2-saturated 1.0 M KOH at constant potential of 1.50 V vs.RHE: (a) disk

current, (b) ring current at Ering = 0.4 V vs.RHE, and (c) Oxygen faradaic efficiency profile.
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Table S 3. Charge transfer resistance (Rct) values obtained from the impedance analysis
result

Samples Rct (0ohm.cm?)

NiFe204 266.17
NiFe/NCso 9.64
NiFe/NC1o% 4.04
NiFe/NC2o% 5.78

NiFe/NCsoe 11.98
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ARTICLE INFO ABSTRACT

Keywords: Designing and developing affordable, high-performance, and stable electrocatalysts for oxygen evolution reac-
Electrocatalysts tion (OER) is decisive for pragmatic water electrolysis to produce green hydrogen energy. In this work, we report
Oxygen evolution reaction cobalt and iron incorporated in phosphorus and nitrogen co-doped carbon foam (CF) derived from petroleum
g::lfon foam pitch as a promising electrocatalyst for alkaline OER. The P, N heteroatoms co-doped carbon foam (PN-CF) was
And P first synthesized via thermo-chemical treatment of low-cost petroleum pitch in the presence of melamine (N

source) and sodium hypophosphite (P source) precursors, followed by carbonization. Then, mono and bimetals of
Co and Fe were impregnated into the as-prepared composite carbon foam (PN-CF) substrate, followed by further
carbonization. Among the different catalysts, the bimetallic CoFe integrated with the PN-CF (CoFe@PN-CF)
reveals an outstanding electrocatalytic activity (320 mV overpotential at j = 10 mA-cm'2), low Tafel slope (48
mV-dec!), and excellent durability during OER measurement in 1 M KOH aqueous solution. The superb per-
formance of the CoFe@PN-CF catalyst stems from the synergetic effect of the bimetals confined on phosphorus
and nitrogen co-doped carbon foam support with high specific surface area, highly porous structure, and for-
mation of graphitic domains, which enhances the electrical conductivity. This work sheds light on the potential
for valorizing petroleum pitch and provides a facile synthesis approach to synthesizing a low-cost, high-per-
formance, and durable electrocatalyst for alkaline OER.

N co-doped carbon foam
Petroleum pitch

1. Introduction

Water electrolysis powered by renewable energy sources (e.g., wind,
solar, geothermal) has been considered as a significant milestone in
developing clean, green, and renewable hydrogen energy sources that
might substitute fossil fuels [1-3]. Hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER) are the two fundamental reaction
steps in water electrolysis. However, the kinetics of OER is a very
sluggish process compared to the HER due to the multi-electron complex
step (four-electron transfer) reactions. Yet, one of the largest hurdles
impeding the performance of water electrolysis is the OER electrode
with high overpotential [4]. As a result, it is paramount to exploit and
use electrocatalysts to expedite the slow reaction. Currently, the
benchmark electrocatalysts are limited to noble metal oxides (IrO3 and
RuO,). However, their application is hampered due to their high price,
poor durability, and limited abundance [5]. To this end, one of the most

* Corresponding authors.

important research works in the field of electrocatalysis is the devel-
opment of a low-cost, stable, and high-performance electrocatalyst
capable of substituting precious metals.

So far, considerable efforts have been devoted to developing elec-
trocatalysts based on the 3d transition metals (Ni, Co, Fe, Mo, etc.),
including oxides [6], phosphides [7], (oxy)hydroxides [8], nitrides [9],
sulfides [10], carbides [11], layered double hydroxides (LDHs) [12],
etc.; nevertheless, the preparation of OER electrocatalysts retaining high
activity and stability that can be obtained through facile and scalable
approach is still challenging. Transition metals are still far from fulfilling
the ideal features required for OER electrocatalysis due to their aggre-
gation tendency during synthesis, low surface area, and unsatisfactory
conductivity [13]. Transition metal oxide-based catalysts have been the
primary focus of the majority of recent attempts to design efficient and
cost-effective OER electrocatalysts. This is due to the fact that metal
species are generally considered to be the active sites for
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electrochemical OER. On the other hand, researchers have been
attempting to design and develop carbon-based metal-free electro-
catalysts for OER in the last few years [14]. Organic-based electro-
catalysts have the benefit of being inexpensive, good electrically and
thermally conductors, easy to tune, and present high surface area [15,
16]. However, developing highly efficient OER catalytic systems that
need little to no metal for OER electrodes remains challenging. In an
attempt to obtain cost-effective and earth-abundant materials, Mirza-
kulova and co-workers [17] reported entirely carbon (N(5)-ethyl--
flavinium ions) based electrocatalyst for OER. Oxygen evolution was
detected when carbon was used as an OER electrode. The OER is pre-
dicted to occur via a peroxide intermediate generated between the
oxidized flavin pseudobase and the oxidized carbon electrode based on
spectroelectrochemical data and the calculation of density functional
theory results. Despite the low OER activity achieved, this finding has
opened up a new avenue for designing and developing carbon-based
metal-free electrocatalysts for OER. These results prompted further
investigation of carbon-based electrocatalysts for water oxidation by
Zhao and co-workers [31]. They prepared nitrogen-doped graphite
nanomaterials from a nitrogen-rich polymer. The as-prepared material
shows a low overpotential of 380 mV at a current density of 10 mA cm ™2
in an alkaline solution. The electrochemical and physicochemical anal-
ysis revealed that the superb OER activity of nitrogen-doped carbon
material originates from pyridinic-N- or/and quaternary-N-related
active sites. Carbon-based metal-free OER electrocatalysts are not
common in the scientific literature because they are prone to chemical
and electrochemical degradation [18,19], which is related to the strong
oxidizing conditions of OER. Nonetheless, the number of publications on
carbon-based metal-free electrocatalysts for OER has recently increased,
with an emphasis on 3D structures and doping with heteroatoms [20].

For many years, carbonaceous materials (such as graphene, porous
carbon, carbon nanotubes, and other nanostructures) have been widely
utilized as metal support. Carbon is vital for stabilizing the metal
nanoparticles, enhancing surface area, increasing the exposed active
sites, and improving stability during long-time measurements [21].
Combining transition metal and carbon can circumvent the shortfalls
mentioned above. Doping heteroatoms (e.g., N, P, S) into carbon
structure can further alter the surface chemistry and electronic config-
uration [22], resulting in enhanced performance. Recent research
revealed that nitrogen-doped carbon-based electrodes modified with
transition metals offer metal-nitrogen (M-Nx) species, widely regarded
as effective active sites that tremendously change the reaction kinetics
[23]. The dopant can alter the electronic properties of the carbon, in-
crease the number of active sites, and maintain the carbon skeleton. It
has been reported that the N atom doped in the C skeleton exits in the
forms of graphitic N, pyridinic N, and pyrrolic N, which plays a crucial
role in catalysis [24]. Besides, the presence of the heteroatom in the
carbon structure reduces the adsorption barrier of reactants by
restructuring the charge and spin density of the carbon atom, thus
promoting reaction efficiency [25]. For example, due to the difference in
electronegativity of N (3.04) and C (2.55), N with higher electronega-
tivity breaks the electroneutrality of carbon to form charged sites (C*) in
the carbon skeleton. N is n-dopant that can improve carbon’s conduc-
tivity by donating electrons, bringing the Fermi level nearer to the
conduction band. Due to the similarity in atomic radius, N (70 pm) and C
(77 pm), N can easily integrate into the carbon lattice, thus forming a
strong N-C covalent bond, promoting the stability of N-doped carbon
[26]. Moreover, adding P dopant to carbon structure can further alter
the conductivity due to its higher electron-donating ability and larger
atomic radius (110 pm). In this case, charged P* species are formed
when P is integrated with carbon due to the smaller electronegativity of
P (2.19) compared to C (2.55) [27]. The P atoms also play a crucial role
in tailoring the local charge density and adjusting the charge state of the
host surface [28]. In this regard, integrating both heteroatom dopants
into carbon can revolutionize the carbon’s microstructure, conductivity,
and functionality. The synergy of metal incorporated with the
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heteroatom (P, N) co-doped carbon could effectively regulate the local
electronic structure and optimize the adsorption and desorption of the
reactant intermediates, ultimately bringing an ideal platform for pre-
paring highly active and robust electrocatalysts.

From the prospect of OER electrocatalyst design point of view, the
materials should encompass abundant exposed active sites to furnish
high catalytic activity and stability during the reaction process. More-
over, a facile and cost-effective synthesis approach is urgently needed
for large-scale applications. Combining transition metal and
heteroatoms-doped carbon is a promising approach to disperse elec-
troactive metal in the carbon structure, thus increasing activity and
stability. Therefore, configuring and fabricating 3d transition metals and
heteroatom-doped carbon composite metals is vital to promoting OER
via suitable doping effect and surface structure tailoring [29]. Numerous
research works have reported on different transition metals integrated
with heteroatom-doped carbon support to enhance stability and
encourage charge transfer efficiency during OER catalysis [9,30,31].
Despite the substantial efforts made on this approach, developing a
facile, reliable, and low-cost carbon precursor for preparing
metal-integrated with heteroatom-doped carbon with high OER activity
and durability is still a considerable challenge.

Petroleum pitch (PP), an inexpensive and abundant industrial res-
idue material, has vast potential for preparing carbon support and
synthesizing metal-encapsulated carbon materials for different appli-
cations. PP is a complex mixture of polynuclear aromatic and aliphatic
hydrocarbons and has been studied widely as feedstock for electrodes
and carbon finer synthesis. These aromatic molecules are not welcome
in today’s pursuit of energy at lower carbon prices. Transforming these
high-carbon precursors into a high-value-added product has recently
received significant courtesy [32]. Preparing porous carbon foam (CF)
from low-cost and waste material of PP offers an economical way to
produce carbon support. CF is sponge-like carbon material with peculiar
characteristics: lightweight, good strength, large external surface area
with a porous and open-cell structure, and tailorable thermal and elec-
trical conductivity [33]. Moreover, CF contains an open-pore structure,
in which macropores are connected with each other and contain
space/holes on their cell wall, which is advantageous for integrating
other foreign materials to change their functionalities [34]. The carbon
foam with profuse porous architecture, large surface area, and promoted
mass transfer capability is imperative for hosing metals [35].

Considering these merits, we fabricated and explored composite
materials composed of Co/Fe incorporated with P, N co-doped carbon
foam (PN-CF) derived from petroleum pitch with high activity and sta-
bility for alkaline oxygen evolution reaction. The composite carbon
support was synthesized through direct thermo-chemical oxidation of
low-cost petroleum pitch in the presence of melamine (N source) and
sodium hypophosphite (P source) precursors, followed by thermal
treatment. The Co and Fe metals were incorporated into PN-CF via a
simple impregnation method followed by further thermal treatment.
The selected metals of Fe and Co are regarded as excellent candidates for
OER electrocatalysis in alkaline electrolytes due to their low cost,
abundant reserves, and relatively high activity [36,37]. The carbon
foam support without heteroatoms was also investigated to individuate
the effect of the heteroatom on carbon morphology and functionality.
The performance of the prepared catalysts is characterized by using both
physicochemical and electrochemical properties, intended to obtain
detailed insight into the characteristics of naturally abundant carbon
sources (petroleum pitch) to diffuse their potential application for water
electrocatalysis. This research work unravels a new avenue for trans-
forming industrial waste products of petroleum pitch into
high-performance electrocatalysts for OER.
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2. Experimental section
2.1. Synthesis of carbon foam and P, N co-doped carbon foam

The carbon foam (CF) was synthesized through the following pro-
cedure: petroleum pitch (50 g) precursor was heated until the melting
state and further subjected to controlled thermo-chemical treatment at
120-200 °C under atmospheric pressure, whereas 10 mL HNOg3 (65 wt.
%, Sigma Aldrich) was added by drops to the mixture under continuous
stirring until solidification. Then, the obtained solid product was
calcined at 850 °C at a heating rate of 10 °C/min for 1 h under N at-
mosphere. The same procedure was employed to prepare P, N co-doped
carbon foam (PN-CF), except that the process was performed in the
presence of NaHoPO,-xH0 (amount = 5 wt. % relative to the CF con-
tent) (Sigma Aldrich) and melamine (amount = 10 wt. % relative to the
CF content) (Sigma Aldrich).

2.2. Syntbhesis of Co, Fe, and CoFe @ P, N co-doped carbon foam

The catalysts were synthesized by impregnation of the as-prepared P,
N co-doped carbon foam with cobalt nitrate (Co(NOgs), 6H0O (Alfa
Aesar)), iron nitrate (Fe(NO3)3 9H20 (Sigma Aldrich)) or both as metal
precursors. In order to enhance the hydrophilicity and dispersion of the
PN-CF in water, the PN-CF was ground to a fine powder using a ball mill.
Then, chemical oxidation of the fine powder of CF (4 g) with concen-
trated HNO3 (50 mL) (Panreac, 65 wt. %) at 80 °C for 1 h under reflux
was applied. The resulting product was washed with deionized water
and dried overnight at 70 °C. Subsequently, 1.5 g of the oxidized PN-CF
was dispersed by sonication in 80 mL Milli-Q water. Cobalt nitrate and
iron nitrate (1:2 metal ratio) were added to the above solution. The
resulting mixture was vigorously stirred using a magnetic stirrer at 80 °C
until the solvent completely evaporated. The total metal content relative
to the carbon material was fixed at 20 wt. %. Finally, the obtained
product was subjected to carbonization at 950 °C for 90 min with a
heating rate of 10 °C/min in a nitrogen atmosphere. For comparison
purposes, single metal Fe and Co were impregnated into the carbon
foam; additionally, catalysts with different ratios of Co/Fe loaded into
the PN-CF were also prepared. Moreover, bimetal incorporated with
carbon foam without heteroatom dopant was also prepared. The ac-
quired catalysts were washed with ultrapure water and dried overnight
at 70 °C. Throughout the manuscript, CF stands for carbon foam, PN-CF
represents phosphorus and nitrogen co-doped carbon foam, Fe@PN-CF,
Co@PN-CF, and CoFe@PN-CF indicate iron and cobalt monometals, and
iron and cobalt bimetals impregnated into PN-CF, respectively.
CoFe@PCF denotes cobalt and iron bimetals impregnated into carbon
foam.

2.3. Physicochemical characterization

X-ray diffraction (XRD) analysis was carried out in a Bruker D8
Advance diffractometer with Cu Ka radiation at 1600W. The weight
percentages of the metals were acquired by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) in a Xpectroblue-EOP-TI
FMT26 (Spectro). Elemental analysis of as-synthesized material was
performed in a CHNS-O Analyzer Thermo FlashEA 1112. Scanning
electron microscopy (SEM) studies were obtained in a SEM Hitachi
3400 N microscope. Ny physisorption measurements were conducted in
ASAP2020 (Micromeritics) to evaluate the specific surface area. The
specific surface area was determined by the multiple-point Brunauere-
Emmette-Teller (BET) approach. The micropore area and pore volume
were acquired by applying the t-plot method. A high-resolution trans-
mission electron microscope (TEM) (a Tecnai F30) was used to observe
the detailed morphology of the samples, operated at an accelerating
voltage of 200 kV. X-ray photoelectron spectroscopies (XPS) were ac-
quired on a Kratos AXIS Supra system equipped with a hemispherical
electron energy analyzer operating with Mg (1253.6 eV) at 300 W (20

Catalysis Today xxx (xxxx) xXxx

mA, 15 kV. Analysis area = 1.75 x2.75 mm). The high-resolution
spectrum was acquired with passing energy of 20 eV and 0.1 eV steps,
and the survey spectrum was recorded with passing energy of 50 eV and
0.5 eV steps. The C 1 s line at 284.6 eV was used to correct all XPS
spectra. CasaXPS software was used to perform peak fitting and quan-
tification, and Shirley-type background was employed for all peaks.
Gaussian/Lorentzian (GL: 30 %) line shapes were employed for each
component.

2.4. Electrochemical measurement

All electrochemical performance measurements were conducted in a
three-electrode system controlled by a potentiostat/galvanostat AUTO
LAB PGSTAT302 at room temperature. Glassy carbon rods and Ag/AgCl
were used as counter and reference electrodes. A rotating disk electrode
(RDE, diameter = 5 mm) or rotating ring-disk electrode (RRDE, disk
diameter = 5 mm, Pt ring) coated with a thin catalyst layer was used as a
working electrode. The catalyst ink was prepared by dispersing and
sonicating 6 mg of catalyst in 588 L isopropanol/water (1: 1) with 12 uL
of Nafion solution (10 wt. %). The working electrode was prepared by
drop-casting an ink of 20 pL on the glassy carbon disk and drying under
Nj flow. A 1 M KOH solution was used as the electrolyte for OER elec-
trochemical measurements. The OER activity of the samples was eval-
uated by linear sweep voltammetry (LSV) at a scan rate of 5mV s ! in Ny
de-aerated 1 M KOH aqueous solution. The applied potentials were
converted to a reversible hydrogen electrode (RHE) according to
following the equation [38]:

ErHE = E Ag/ Agc1 + 0-197 + 0-059 x pH

The overpotential (1) value was determined by = Egrgg —1.23 V. All
the applied potentials were corrected by the ohmic drop considering iR,
where R is the series resistance of the system. Prior to electrochemical
measurements, the electrolyte was saturated by N gas flow for at least
half an hour. Prior to the OER test, certain cyclic voltammetry (CV) was
performed: first, 20 cycles were performed in the 0.05-1.0 V vs. RHE
potential window at a scan rate of 100 mV st ; second, three cycles were
carried out at a scan rate of 20 mV s in the potential range of 0.05-1.1 V
vs. RHE; third, 10 cycles of OER polarization curve was recorded in the
potential range 1.1-1.8 V vs. RHE 5 mV s1at1600 rpm, and then, linear
sweep voltammetry (LSV) was measured for further OER performance
evaluation. The LSV of the electrocatalytic electrode was converted into
a Tafel plot using overpotential (i7) vs. log j. relation (n = b log| j | + a);
herein, the Tafel slope (b) reflects the reaction mechanism of the cata-
lyst. The electrochemically active surface area (ECSA) of the electro-
catalysts was elucidated from the electrochemical double-layer
capacitance (Cg) by performing CV from 1.1 to 1.16 V vs. RHE at various
scan rates (20, 40, 60, 80, and 100 mVs™). Electrochemical impedance
spectroscopy (EIS) was measured at 1.6 V vs. RHE in the frequency range
of 100 kHz to 0.01 Hz at a 5 mV amplitude (rms). The faradaic oxygen
efficiency of the best-performing as-prepared electrocatalyst and com-
mercial IrO, was determined by amperometry measurement at 1 mAcm’
2 current density. Moreover, chronopotentiometry (at j = 10 mA cm?)
and LSV were employed to analyze the durability and activity of the
most active electrocatalyst after and before the stability test.

3. Results and discussion
3.1. Electrocatalyst synthesis

The synthesis procedure employed to prepare the carbon foam (CF),
heteroatom (P, N) co-doped carbon foam (PN-CF), and metal (Fe, Co)
impregnated carbon foam (M@PN-CF) is illustrated in Scheme 1. Firstly,
carbon foam was prepared from petroleum pitch through thermo-
chemical treatment. It was obtained with or without the addition of
the heteroatom precursors to study the effect of the heteroatoms on the
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M@ PN-CF
M = Fe, Co or CoFe
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Scheme 1. Schematic illustration of the preparation process of metal-impregnated carbon foam.

morphology and structure of carbon foam. Then, the as-prepared carbon
foam was oxidized with concentrated nitric acid to enhance its hydro-
philicity or to dispersion in water in the subsequent impregnation pro-
cess. Finally, transition metals of iron nitrate (Fe source) and cobalt
nitrate (Co source) were impregnated with the as-prepared carbon foam,
followed by carbonization at high temperatures. To demonstrate the
impact of the active metal species on the performance of the resultant
composite materials, mono and bimetals of Co and Fe were impregnated
into carbon foam support, and their potential for OER was thoroughly
investigated. Benefiting from the porous and excellent structural sta-
bility of carbon foam support and the coupling effect of Co/Fe metals,
the prepared composite electrode may offer promising electrocatalytic
performance for OER.

3.2. Structure and morphology characterization

The scanning electron microscopy (SEM) images of the CF, PN-CF,
Fe@PN-CF, Co@PN-CF, CoFe@PN-CF, and CoFe@CF are shown in
Fig. 1. From Fig. 1a, the CF mainly reveals an amorphous structure and
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rough surface supplemented with tiny holes due to random aggregation
of the porous carbon matrix. The tiny holes on the surface entail the
occurrence of abundant pores, which are beneficial for immobilizing the
metal species. The SEM image also displays an appearance of cracks on
the surface, which is a characteristic of successfully developed carbon
foam [39]. The SEM image of P, N co-doped CF is shown in Fig. 1b,
presenting an altered microstructure compared with the pristine CF. It
displays an irregularly tangled network and a rough surface without
distinct characteristic morphology, which could result from heteroatoms
fused in carbon foam during the thermal process. In the case of
metal-incorporated carbon foam, as for the Fe@PN-CF (Fig. 1 c¢),
Co@PN-CF (Fig. 1d), and CoFe@CF (Fig. 1f), it exhibits a rough surface
containing a grainy carbon framework with widespread small bright
spherical particles, which reveals the incorporation of metallic nano-
particles due to the thermal reduction of metal nitrates. The supple-
mented electron around the immobilized metal particles delocalizes the
adjacent local carbon shell, thereby forming higher brightness in the
area confining the metal particles [38]. The clear difference between the
metal-embedded CF and pristine CF suggests that metal impregnation

5.00um

Fig. 1. SEM images of CF (a), PN-CF (b), Fe@PN-CF (c), Co@PN-CF (d), CoFe@PN-CF (e), and CoFe@CF (f).
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remarkably changes the morphology of the carbon support. The
CoFe@PN-CF (Fig. 1e) displays a different microstructure than the other
metal-incorporated carbon foam. A mixture of prominent large irreg-
ular, and bright spots and a worm-like structure was observed in this
case. The altered morphologies of CoFe@PN-CF relative to the other
suggest the intimate interaction between the CoFe and PN-CF, which
involves the charge distribution within the network CoFe@PN-CF; it
integrates the polarity and electron donor and acceptor character of the
CF shell, lifts the interfacial bonding between the metal and carbon
foam, promotes the affinity of the surface to electrolyte and normalizes
the adsorption energy for the intermediate reactants [38]. The carbon
foam shields the metal particle from erosion and phase alteration during
electrocatalysis in a harsh environment. Further heteroatoms doping
into carbon could galvanize the catalytic activity of the carbon material
by reducing the surface work function and monitoring the adsorption of
reactants on the surface [38]. The synergy/coupling effect of Co/Fe
metal and PN dopants can promote the overall catalytic activity of the
resulting composite electrocatalyst.

The surface morphology of carbon foam and metal-impregnated
carbon foam was further studied by transmission electron microscopy
(TEM). The composition and elemental mapping of the corresponding
elements of the samples were also analyzed by scanning-transmission
electron microscope (STEM) together with energy dispersive spectros-
copy (EDS). Fig. 2 shows a comparison of TEM images of the different
samples. The morphology of carbon foam presents a typical amorphous
structure due to the random aggregation of a porous carbon matrix.
Layer by layer sheet-like structure with an irregular arrangement was
observed in the CF sample, as shown in Fig. 2(a) and Fig. 2S(a). The TEM
image of the PN-CF sample is shown in Fig. 2(b) and Fig. 2S(b), in which
an amorphous carbon that involves defects or vacancies on its surface
was observed. The apparent morphology difference relative to pristine
CF suggests that the microstructure of resulting composite carbon
derived from petroleum pitch in the presence of nitrogen and phos-
phorous precursors is prominently altered by PN incorporation. Insert-
ing dopants in the carbon matrix could crack the carbon network,
generating defects/vacancies. Moreover, the bubble evolution while
adding a foaming agent of HNO3 during the thermo-chemical reaction
could contribute to the evolved cracks. The defects/vacancies presented
on the carbon matrix can be a crucial hosting site for impregnating
metals. In the case of metal-impregnated carbon foam, the morphology
looked different. In line with the SEM image of the Fe@PN-CF sample
(Fig. 1(c)), the TEM image of the Fe@PN-CF sample (Fig. 2(c)) shows a
widespread distribution of dark spots throughout the carbon matrix. The
dark spots are iron nanoparticles immobilized on the carbon micro-
structure. Apart from the dark spots of iron nanoparticles, a ligamentous
fold-like structure was also observed, as shown in Fig. 2(c) and Figure S1
(c). Similar morphology was also detected in the Co@PN-CF sample, in
which carbon-encapsulated cobalt nanoparticles appeared as black spots
throughout the surface (Fig. 2(d)). Moreover, detailed observation by
TEM reveals the Co@PN-CF sample also contains a ligamentous fold-like
structure, as shown in Figure S1(d). Meanwhile, the morphology of the
CoFe@PN-CF sample exhibits different features. As shown in Fig. 2(e)
and Figure S1(e), ultra-small particles are immobilized in the hetero-
atoms co-doped carbon foam supports. It appeared like a fractured
surface with alternative white and black spots, which is closely related
to the incorporation of metal atoms within the carbonaceous network.
On the other hand, the CoFe@CF sample presents dim spherical particles
surrounded by amorphous carbon bright background. The chemical
composition of these spherical particles was revealed by STEM, in which
the spherical particles are an alloy of CoFe enclosed by a carbon layer.
Besides, it can be attributed to the non-uniform distribution of defects on
the composite surface. It is important to mention that an effort to
determine the lattice fringe of the metal particles was challenging due to
the fact that the metal particles are covered by the carbon layer, which
affects the transmission of the electron beam through the metal parti-
cles; as a result, it is difficult to obtain a precise atomic spacing in which
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metal particles are intruded in the carbon network and surrounded by
carbon sheet layer [38]. In the high-resolution TEM image of
CoFe@PN-CF shown in Figure S1(e), no clear lattice fringes are detec-
ted, and this conforms to the low-crystalline feature observed in the XRD
analysis (Fig. 3). STEM-EDS element mapping of the CoFe@PN-CF
sample was performed to elucidate the distribution of Co, Fe, C, N,
and P atoms. The bulk structure contains Co, Fe, C, N, O, and P atoms, in
which almost all atoms are uniformly distributed in the whole matrix, as
displayed in Fig. 2(g-n). The elemental mappings confirm that hetero-
atoms (P, N) and metals (Co, Fe) are effectively doped and homoge-
neously distributed throughout CoFe@PN-CF composite sample. It is
believed that such composite material can be a far-reaching catalyst for
water oxidation. The P, N dopants are crucial for modifying the electrons
donor/acceptor feature of the carbon, and the immobilized Co and Fe
particles on the P, N doped carbon matrix are electroactive sites; hence,
it is presumed that CoFe@PN-CF materials can deliver an augmented
electrocatalytic activity of CoFe@PN-CF towards OER.

The Ny adsorption-desorption measurements were conducted to
measure the sample’s textual properties. Table 1 shows a snapshot of the
textural properties of the different materials. The pristine CF presents
the highest BET-specific surface area and total pore volume. On the
other hand, the mono and bimetal incorporated CF showed a relatively
lower surface area. Particularly, the BET-specific surface area of the
material is given as follows in decreasing order: CF > CoFe@CF
> Co@PN-CF > Fe@PN-CF > CoFe@PN-CF. The total pore volume at p/
p0 = 0.99 was evaluated, and it was found that CF and CoFe@CF retain
the highest values as presented below in decreasing order: CF
> CoFe@CF > Fe@PN-CF > Co@PN-CF > CoFe@PN-CF. It is apparent
from Table 1 that the incorporation of the heteroatoms substantially
influenced the surface area and the microporosity textures. The micro-
pore contribution was determined by the t-plot method. Accordingly, it
was found that all materials contain a significant amount of micropores
(both in terms of surface area and pore volume). The microporosity
contribution of the CF sample was about 94 % (in terms of surface area),
while it has decreased in the other samples. in which the microporosity
contribution (in terms of surface area) of the materials is presented as
follows in decreasing order: CF > CoFe@CF > CoFe@PN-CF > Co@PN-
CF > Fe@PN-CF. Microporosity contribution (in terms of pore volume)
of the materials was also determined. The CF and CoFe@CF sample
contains about 87 % and 75 %, respectively, while the Co@PN-CF,
CoFe@PN-CF, and Fe@PN-CF present about 39 %, 28 %, and 16 %,
respectively. These results indicate that the incorporated Co and Fe
metals and co-doped P/N dopants cause a more condensed structure and
exhibit remarkable differences in the porosity distribution.

The crystal structure of the prepared samples was characterized by
XRD. As shown in Fig. 3, the XRD pattern of carbon foam exhibits two
apparent weak and broad diffraction peaks between 20 = 20-30° and
40—500, corresponding to the C (002) and C (100) diffraction plane of
carbon, respectively. This discloses that the sample encompasses aro-
matic carbon sheets organized randomly or with a low degree of
graphitization [40,41]. The crystal structure of the P, N heteroatoms
modified carbon foam shows a noticeably unlike diffraction peak
compared to the original carbon foam, suggesting the heteroatoms play
a crucial role in transforming carbon foam precursor into different
crystallinity, composition, and structure. The PN-CF sample contains a
mixture of NasP20; (JCPDS, #10-0187 and #02-0248), P (JCPDS,
#02-0266), and C3N4 (JCPDS, #50-0848) crystal structures. In the P, N
incorporated carbon foam (PN-CF), the diffraction peaks of the carbon
foam are imperceptible due to the higher intensity of heteroatoms
relative to the carbon material. Apparently, low crystallinity is observed
in all subsequent samples due to the nature of the amorphous carbon
foam substrate. Moreover, in the mono metal and bimetals embedded
carbon foam samples, the diffraction peaks belonging to PN-CF or CF are
invisible, possibly due to the lower intensity relative to the strong peaks
attributed to the metals. The Fe@PN-CF sample presents two major
crystal phases (FesP and FeoP). The reflection peaks at 20 = 35.75°,
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Fig. 2. TEM images of (a) pristine CF, (b) PN-CF, (c) Fe@PN-CF, (d) Co@PN-CF, (e) CoFe@PN-CF, (f) CoFe@ CF and (g) STEM image of CoFe@PN-CF and (h-n) EDS
elemental mapping images of Co, Fe, C, N, O and P.
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Fig. 3. XRD patterns of the different samples.

Table 1
Textural properties of the different materials determine by N, physisorption.
Catalyst BET- Micropore Total Micropore Meso/
specific area pore volume macropore
surface (m2/g) volume (cms/g) volume
area (ecm®/g) (em®/g)
(m?/g) @ atp/
0
p
=0.99
CF 386 364 (94 %) 0.163 0.141 (87 0.022

%)
0.017 (16 0.091
%)

Fe@PN-CF 73 41 (56 %) 0.108

Co@PN- 135 99(73 %) 0.103 0.040 (39 0.063
CF %)

CoFe@PN- 55 41 (74 %) 0.063 0.018 (28 0.045
CF %)

CoFe@CF 290 268 (92 %)  0.143 0.107 (75 0.036

%)

" The values in parenthesis present the percentage of micropore contribution
with respect to the total surface area or total pore volume.

41.03%, 42.06°, 42.88°, 44.45°, 45.8°, 49.69°, 51.09°, 51.819, 54.36°,
65.74°,74.05°, and 77.3° can be indexed to the diffraction of the peak of
Fe3P, which correspond to the (301), (321), (330), (112), (420), (141),
(222), (150), (312), (341), (161), (532), and (143) crystal planes of
tetragonal FegP (JCPDS, #87-2712). The diffraction peaks at 260
= 40.30, 47.29, and 52.95° are attributed to hexagonal FepP (JCPDS,
#88-1803), which correspond to the (111), (210), and (002) crystallo-
graphic planes of FesP. The XRD pattern of the Co@PN-CF sample
contains a typical diffraction peak located at 20 = 40.72°, 43.3°, 44.07°,
49.7°, 50.38°, 52.65°, and 69.02 assigned to CoP (JCPDS, #32-0306),
which correspond to (121), (211), (130), (221), (310), (230), and (222)
diffraction crystal planes of orthorhombic Co2P. The XRD pattern of the
CoFe@PN-CF sample reveals two major crystal phases. The appearance
of reflection peaks at 20 = 31.64°, 32.92° 40.73° 42.06°, 44.08,
48.72°, 49.719, 52.03%, 56.20°, 69.02°, 70.53°, 75.34%, and 77.02° are
attributed to the (200), (111), (121), (220), (130), (031), (221), (002),
(320), (222), (132), (312) and (051) crystallographic planes of ortho-
rhombic CoyP (JCPDS, #06-0595). Besides, the reflections at 20
= 44.02° and 44.84° can be indexed to the (101) and (110) crystallo-
graphic planes of tetragonal Cy ggFe; 92 (JCPDS, #44-1291). Moreover,
for comparison purposes and to appreciate the effect of heteroatoms (P,
N) on the resulting crystal phase evolution, the CoFe@CF sample was
also prepared and characterized by XRD. As shown in Fig. 3, the sharp
diffraction peaks located at 26 = 44.75° and 65.11° corresponds to the
(110) and (200) crystallographic planes of cubic CosFe; (JCPDS,
#48-1816). The reflection peaks at 20 = 44.65° and 64.99° can be
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indexed to the (110) and (200) crystallographic planes of cubic CoFe;s 7
(JCPDS, #65-7519). In addition, the diffraction peaks at 20 = 43,540
and 50.77° can be attributed to the (111) and (200) crystal planes of
cubic CoCyx (JCPDS, #44-0962). The XRD patterns of the CoFe@CF
sample obtained after incorporating heteroatoms apparently indicates
the conversion of CoFe alloy into cobalt phosphide and Cg ggFe; g2.
Raman spectroscopy was further applied to elucidate the structural
changes in the materials. Raman affords information on the structure of
carbon-carbon bonds and reveals the materials’ crystallographic and
vibration information. The peak intensity ratio of D and G (Ip/Ig) is
typically employed to appraise the disorder or the graphitization degree
of materials [42]. As shown in Fig. 4, the peaks are deconvoluted into
four peaks (D, D’, G and D’’) using Lorentzian curve fitting. The corre-
sponding Raman shift (cm'l) of the deconvoluted peaks is tabulated in
Table 2. The peaks at 1350-1354 and 1581-1582 cm'! are related to the
D and G bands. The G band is related to the Ey g vibration mode of
graphite and is associated with the stretch vibration of sp-bonded
carbon atoms. The D band reveals imperfections in sp? carbon structures
and results from the breathing modes of six-atom rings and appears in
the existence of the disordered structure. D’ band is related to disorder in
graphite, and D*’ band appears only in amorphous carbon and is con-
nected to interstitial defects [38,43,44]. As shown in Table 2, the ratio of
Ip/I¢ for all samples is higher than 1, reflecting an amorphous structural
material. The ratio of Ip/Ig for the pristine carbon foam was about 1.60.
This value was increased to 1.74 upon incorporating P and N into CF,
reflecting the dopants increased the disorder or created defects in the
carbon structure. On the other hand, the ratio of Ip/Ig for Fe@PN-CF,
Co@PN-CF, CoFe@PN-CF, and CoFe@CF samples is found to be 1.42,
1.28, 1.11, and 1.18, respectively, which suggests a positive contribu-
tion to the graphitization of carbon structure after incorporating mon-
o/bimetals followed by secondary carbonization. Notably, CoFe@PN-CF
presented the lowest Ip/Ig ratio. In this situation, it can be presumed that
the coupling effect of the bimetals together with the P, N co-doped
carbon foam accompanied by secondary carbonization is more favor-
able for the formation of graphitic carbon, which eventually stimulates
the conductivity, reducing the charge transfer resistance during the
electrochemical reaction and henceforth facilitates OER kinetics. From a
practical perspective, materials with a higher graphitization degree are

CoFe@CF

CoFe@PN-CF

Co@PN-CF

Intensity (a.u)

Fe@PN-CF

CF

T T T
1000 1200 1400 1600 1800

Raman shift (cm™)

Fig. 4. Raman spectra of the different samples.
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Table 2
Raman shift (cm™) of the deconvoluted peaks (shown in Fig. 4) and Ip/Ig ratio
comparison.
samples D D" G D’ Ip/Ig
CF 1350 1515 1582 1610 1.60
PN-CF 1350 1515 1582 1611 1.74
Fe@PN-CF 1352 1526 1582 1613 1.42
Co@PN-CF 1352 1526 1581 1613 1.28
CoFe@PN-CF 1354 1510 1582 1615 1.11
CoFe@CF 1352 1525 1583 1616 1.18
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better for water oxidation in which the electrical conductivity highly
depends on the degree of graphitization.

X-ray photoelectron spectroscopy (XPS) was further applied to
analyze the surface elemental chemical compositions of the as-prepared
catalysts. The XPS survey spectra confirm that the elements of Co, Fe, C,
N, P, and O co-existed on the surface of the CoFe@PN-CF sample, as
shown in Fig. 5a. This indicates the successful doping of P, N, Co, and Fe
into the carbon structure. A high-resolution XPS spectrum was further
applied to the selected elements to study the respective oxidation state.
The high-resolution spectra of Co 2p can be decomposed into three
doublets. As shown in Fig. 5b, the XPS peaks at binding energy (BE) of
780 eV, 781.7, and 786.8 eV are ascribed to the Co3+, Co?" and shake-
up satellite of Co 2ps/s, respectively. The peaks at a higher binding
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Fig. 5. (a) XPS survey spectra of CoFe@PN-CF, (b) High resolution of spectrum of Co 2p, (c) Fe 2p, (d) C1s, (e) N 1s, and (f) P 2p.
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energy of 795.4, 797.2, and 803.4 eV correspond to the Co>*, Co*™ and
shake-up satellite of Co 2p; 9, respectively [42]. Likewise, the peaks
corresponding to Fe’ (706.5 and 719.91 eV), Fe2* (709.7 and 723.4 eV),
and Fe>* (711.3 and 725.0 eV) appear in Fe 2p high-resolution spectra.
Besides, the peaks at BE of 713.8 and 726.3 eV are attributed to the
shake-up satellite of Fe 2p (Fig. 5¢) [45]. Moreover, the high-resolution
XPS spectra of C 1s can be fitted into three main peaks; the peaks at
284.6, 286.2, and 288.0 eV are assigned to the C-C, C-N/C=O0, and
0O-C=0, respectively (Fig. 5d) [46]. This result indicates the incorpo-
ration of a nitrogen atom into the carbon structure. The high-resolution
XPS spectrum of N 1s exhibits three major characteristic peaks at about
398.2, 400.0, and 404.0, which are assignable to the pyridinic-N,
graphitic-N and oxidized- N groups, respectively (Fig. 5e) [47]. The
presence of the pyridinic-N functional group can efficiently promote the
adsorption capacity of OH [48] and can serve as an active site by
anchoring the metals. The graphitic N is essential for promoting the
conductivity of the composites [38]. It was demonstrated that the pyr-
idinic N and graphitic N were reported to create a positive charge on
adjacent sp?-hybridized carbon atoms, providing more active sites and
high stability; as a result, expediting the OER performance [23,25].

Furthermore, the high-resolution XPS of P 2p shows three prominent
characteristic peaks; the peaks at BE of 133.4, 134.4, and 136.3 eV can
be assigned to P-C, P-O-C, and P-O, respectively (Fig. 5f), further con-
firming the incorporation of P to the carbon and the inevitable oxidation
the sample’s surface in the air [26,49,50]. Meanwhile, we have also
investigated and compared the XPS spectra of the other samples
(Figure S2, Supporting information). The XPS spectrum of Fe 2p from
the three samples (Fe@PN-CF, CoFe@PN-CF, and CoFe@CF) is shown in
Figure S2a, whereas the Co 2p spectra (from Co@PN-CF, CoFe@PN-CF,
and CoFe@CF) are shown in Figure S2b. It highlights the presence of Fe
and Co on the surface of the corresponding samples. Besides, the XPS
spectra of C 1 s (Figure S2c¢) and N1s ((Figure S2d) are also recorded and
showed similar characteristic peaks in all samples. Finally, the XPS
spectra for the P 2p segment are also shown in Figure S2e, which again
exhibit similar characteristic peaks with slight differences in the PN-CF
sample. The weak peak appeared at about 130 eV designates the pres-
ence of P® (P3/5 and P; ) in the PN-CF sample, while it appeared in
oxidized forms in the other composites prepared by impregnating metals
with the PN-CF substrate. The co-doping of the N and P atoms could
induce reasonable adjustment of the electronic structures in the carbon
structure of the carbon foam, ultimately creating plenty of active sites
readily available for the OER reactants [50].

The samples were characterized by ICP and elemental analysis to
better explore the composition. As shown in Table 3, the pristine carbon
foam support contains about 71 % C, 1.6 % H, and 2.91 % N. After
adding the melamine as N precursor to the CF, the concentration of the N
content has prominently increased. The pristine CF has about 3 wt. % of
N content, while it is doubled after adding 10 wt. % of melamine,
indicating N-enrichment of the composite carbon. Besides, ICP revealed
the presence of a P atom in the bulk composite, in which the PN-CF
support shows the highest P content of 4.2 %, and the metal-
impregnated PN-CF sample reveals about 2 wt. %. The presence of N
and P in the final product could modify the target electrocatalyst’s
overall physicochemical and electrochemical properties. The initial
concentration of the metal content was about 20 wt. % relative to the

Table 3
Composition from ICP and Elemental analysis of the samples.

Elemental analysis (wt. %) ICP (wt. %)

Sample C H N Fe Co P

CF 71 1.6 2.9 - - -
PN-CF 58 2.1 6.1 - - 4.2
Fe@PN-CF 57 0.6 5.2 33 - 2.05
Co@PN-CF 49 0.5 5.8 - 32 2.1
CoFe@PN-CF 42 2.0 6.0 19 10 2.3
CoFe@CF 61 0.6 1.3 15 7.8 -
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bulk carbon foam support, while it has increased in the final product. For
example, initially, the metal content (Co+Fe) of the CoFe@PN-CF
sample was about 20 wt. % relative to the composite carbon foam.
After impregnation, followed by carbonization at 950 °C, the metal
loading increased to 29.7 wt. % (Table 3). This is due to the fact that,
after carbonization of the mixture at high temperature, the carbon
content of the carbon support was decreased due to decomposition;
therefore, it is expected to increase the relative metal content.

3.3. Electrochemical characterization

The electrocatalytic OER performance of the pristine CF, PN-CF
support and all-metal (Fe, Co, CoFe) incorporated carbon foam was
explored in a three-electrode cell system under an alkaline electrolyte, as
shown in Fig. 6a. The carbon support (CF and PN-CF) was evaluated for
its OER activity for a pertinent comparison. As shown in Fig. 6a, both
carbon support present low OER activity in the applied potential range.
Regarding the metal-incorporated carbon foam, all samples show a
substantial progressive activity towards OER. The monometallic Co
incorporated with the PN-CF support (Co@PN-CF) exhibits an
outstanding OER activity, while Fe@PN-CF presents lower activity than
Co@PN-CF. Interestingly, excellent water oxidation was achieved upon
incorporating CoFe bimetals into PN-CF (CoFe@PN-CF). Fig. 6b high-
lights the various metal-embedded carbon foam electrocatalyst with
their corresponding overpotential at j = 10 mAcm™. The CoFe@PN-CF
electrocatalyst requires a small overpotential of 320 mV to yield a cur-
rent density of 10 mAcm™2, which is superior to that of the reference IrO,
electrocatalyst (170 = 350 mV). On the other hand, Fe@PN-CF and
Co@PN-CF sample demands a 420 and 360 mV overpotential, respec-
tively, to derive the same current density. Carbon foam without doping
heteroatoms was also prepared, and CoFe bimetals were embedded into
it and evaluated the OER performance. In this case, the CoFe@CF
catalyst requires an overpotential of 380 mV to derive 10 mAcm™2. This
comparison manifests the promising OER activity of the CoFe@PN-CF
electrode boosted by the encapsulated CoFe bimetal nanoparticles in
the PN-CF support. The notable OER activity of the CoFe@PN-CF cata-
lyst could be emanated from the synergetic effect of the bimetals, an
optimized ratio of Co/Fe, and a higher graphitic phase of PN-CF in the
presence of CoFe alloy nanoparticle, which is vital to amplify conduc-
tivity and the altered microstructure of CoFe alloy embedded PN-CF
compared to the monometallic counterpart. On the other hand, the ef-
fect of the Co/Fe ratio towards OER activity was investigated. Various
electrocatalysts were prepared by varying the ratio of Co and Fe aimed
at investigating the OER activity. In particular, four -catalysts
(COlFel@PN—CF, COlFez@PN—CF, COzFel@PN—CF, and COlFeg@PN—CF)
are prepared and tested for their OER performance. Figure S4 compares
the OER polarization curve of CoFe@PN-CF prepared with different
ratios of Co/Fe. It is apparent that Co;Fe;@PN-CF has the best OER
catalytic performance. This suggests the important role of the bimetals,
depending on the combination, which affects its electronic structure and
conductivity. Hence, the CoFe@PN-CF sample is the best-performing
electrocatalyst in this work, and the Co;Fey@PN-CF (denoted as
CoFe@PN-CF throughout the manuscript) catalyst was further analyzed
considering its superior activity via both physicochemical and electro-
chemical characterization together with the other metal-free carbon
foam and mono-metal loaded carbon foam samples. The relatively
higher OER performance of CoFe@PN-CF may be attributed to the
redistribution of n-electrons spin between Co and Fe (via the bridging
0%), leading to optimized adsorption/desorption characteristics of the
intermediate species on the surface, which eventually improves the
electrocatalytic kinetics [51]. Besides, the excellent OER activity of the
synthesized CoFe@PN-CF electrocatalyst is ascribed to the presence of
the nitrogen, phosphorous, and transition metal sites. They act as proton
and hydride acceptor sites, which may facilitate oxygen evolution by
forming oxy/hydroxides during the OER. In an alkaline environment,
metal-oxy/hydroxides are formed via the following mechanism [25].
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To unravel further insight into the OER kinetics of the samples, the
Tafel slope was determined by plotting overpotential (V) vs. Log (j), as
shown in Fig. 7a. Tafel slope is commonly considered as a descriptor of
OER kinetics. The CoFe@PN-CF sample reveals a small Tafel slope of 48
deec'l, which is much lower than that of Fe@PN-CF (75 mVdec™! and
177 mvdec!), Co@PN-CF (70 mVdec™), CoFe@CF (77 mVdec), CF
(104 deec'l), and PN-CF (163 mVdec and 266 deec'l), and IrO,
(72 mvVdec!), implying the most rapid and expedite mass/charge
transfer for OH™ oxidation at the CoFe@PN-CF catalyst surface.

To further illuminate the excellent OER catalytic activity of the
CoFe@ PN-CF electrocatalyst, ECSAs of the materials were estimated
using the double-layer capacitance layer (Cg) as a descriptor. The Cg
was determined from the CV curves in the non-faradaic region
(1.1-1.16 V vs.RHE) at various scan rates (20, 40, 60, 80, and 100 mVs’
1), Then, the ECSA was evaluated using the following equation: ECSA
= Cq/Cs, where C; is the general specific capacitance (0.04 mF cm™2) of
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metal electrodes in aqueous KOH solutions reported in the literature
[52]. The CV curves of the different electrocatalysts at various scan rates
are shown in Figure S5. By plotting the linear relationship between Aj/2
and scan rate at 1.13 V (vs. RHE), the value of Cg4; can be obtained,
which is the slope of the linear fitting (Fig. 7b). Accordingly, the value of
Cq for the different catalysts is determined to be as follows: CF (8.6
pFem ), PN-CF (0.087 mFem2), Fe@PN-CF (0.4 mFem2), Co@PN-CF
(2.4 mFem?), CoFe@PN-CF (5.5 mFem?), and CoFe@ CF (1.8
mFem™). Using these results, it is straightforward to estimate the ECSA
of each sample considering the C; value and catalyst loading
a mg/cmz). Thus, the CoFe@PN-CF catalyst exhibits an ECSA of about
13.8 m%/ g, while the CF, PN-CF, Fe@PN-CF, Co@PN-CF, and CoFe@ CF
catalyst shows a 0.02, 0.22, 1, 6 and 4.5 m?/g, respectively. Evidently,
the CoFe@PN-CF catalyst displays the highest ECSA revealing abundant
or relatively more active sites for adsorption of the intermediates and
accepting charge/electron through interface charge transfer, which is
prominent for galvanizing OER activity. Based on these results, the
relatively higher electrochemically active surface area of the
CoFe@PN-CF catalyst could partially contribute to the improved OER
catalytic activity achieved. Given the lowest Tafel slope, overpotential,
charge transfer resistance, highest ECSA, and intrinsic OER activity, the
CoFe@ PN-CF material herein is the most promising electrocatalyst for
OER.

Considering the above results, ECSA normalized-OER polarization
was plotted to determine the intrinsic activity of the individual active
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Fig. 7. (b) Tafel plots and (b) capacitive currents as a function of scan rate.
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site. It is essential to mention that ECSA measurement helps quantifying
the electrode-electrolyte interface area of the electrodes; nevertheless,
not all interface is necessarily electrocatalytically active [53]. Figure S6
shows the ECSA-normalized OER polarization curves of the metal-based
electrocatalysts. Notably, the ECSA normalized polarization curve ex-
hibits different OER catalytic performance, which is in reversed trend
compared to the geometric area normalized OER polarization curve
(Fig. 6a). In this case, the Fe@PN-CF catalyst shows the highest
ECSA-normalized polarization curve, and the CoFe@PN-CF catalyst
presents relatively lower activity. This result suggests that the higher
activity of CoFe@PN-CF mainly originates from the increased ECSA.
CoFe@PN-CF catalyst has a large ESCA and favorable geometric
area-normalized OER activity, meaning that the active sites are well
distributed throughout the surface, and the atomic utilization is
remarkably enhanced; all these factors play a critical role in promoting
OER activity [54]. We also observed the same phenomena in our pre-
vious paper [75]. It has also been reported in elsewhere literature,
clarifying ECSA normalized OER polarization curve, which results in
reversed trend compared to the normalization by geometric surface area
[55,56].

Electrocatalyst that comprises carbonaceous materials suffers from
carbon corrosion at a high anodic potential. To this end, it is critical to
differentiate the contribution of water oxidation to the total anodic
current registered. There are several techniques employed to quantify
the evolved oxygen, such as scanning electrochemical mass spectrom-
etry [57], fluorescence oxygen sensors [58], gas chromatography [59,
60], differential and online mass spectroscopy [61], rotating ring-disc
electrode (RRDE) [62], etc. In this work, we employed the RRDE tech-
nique that has a low detection limit, and no sophisticated configuration
is required. In this technique, the oxygen evolved at the disk electrode is
detected at the ring by electrochemical reduction. This can estimate the
OER efficiency of metal/carbon composite electrocatalysts. The dis-
solved oxygen produced at the disk electrode is diffused to the Pt ring
electrode, where it is reduced. The rotating Pt-ring electrode was held at
a constant oxygen reduction reaction (ORR) potential of 0.4 V vs.RHE.
The faradaic oxygen efficiency ¢ was estimated using the following
expression: & = (4/Norr)-iring/ (N-igisk) [63], where norr denotes the
number of electron transferred per Oy molecule (norg = 4 for Pt ring), N
is the RRDE collection efficiency (0.248), and i,y and igisk are the ring
and disk currents, respectively.

Fig. 8a and b show the disk and ring current profiles of the CoFe@PN-
CF electrocatalyst as a function of time measured in 1.0 M KOH at
1600 rpm under Nj saturation. The disk current at which it starts
forming oxygen bubbles affects the accuracy of faradaic oxygen effi-
ciency estimation. Therefore, it is crucial to limit the disk current for a
proper assessment of faradaic oxygen efficiency. The faradaic efficiency
was determined using chronoamperometry measurements by applying a
constant disk potential of 1.51 V vs. RHE (equivalent to 1 mAcm OER
current density) while the Pt ring was kept at 0.4 V vs. RHE. A current
density 1.0 mAcm™ was chosen to evaluate the faradaic efficiency due to
the fact that this current is enough to generate dissolved oxygen while
maintaining a negligible local bubble formation rate on the disk elec-
trode surface [64]. Fig. 8a and b display the disk and ring current as a
function of time. At Eg;x = 0 V vs.RHE, both disk and ring current show
almost zero value, indicating no chemical response. When the disk po-
tential was increased to 1.51 V vs. RHE, a current density equivalent to 1
mAcm™ was produced at the disk. As oxygen is generated at the disk
electrode, it diffuses towards the surrounding Pt ring electrode, where it
israpidly reduced. Fig. 8b shows an apparent current registered from the
Pt ring electrode, which indicates the evolved oxygen in the disk is being
reduced at the ring electrode. The corresponding faradaic efficiency of
CoFe@PN-CF and IrO; as a function of time is shown in Fig. 8c and
Figure S3, respectively. At the start, at 1 mAcm? current density (ob-
tained by applying Egisx = 1.50 V for IrO5 and Eg;x =1.51 V vs.RHE for
CoFe@PN-CF catalyst), the faradaic efficiency of CoFe@PN-CF and IrO,
catalyst was determined to be 95 %, and 99 %, respectively. The faradaic
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Fig. 8. Evaluation of faradaic efficiency CoFe@PN-CF electrocatalyst through
RRDE technique: (a) disk current as a function of time, (b) ring current as a
function of time, measured in 1 M KOH at 1600 rpm under N, saturation, and
(c) faradaic oxygen efficiencies profile as a function of time.

efficiency of the IrO, catalyst determined in this work is comparable to
the values reported in the literature [62]. The faradaic efficiency slightly
decreases with increasing the time of operation. This can be due to
different factors: oxygen bubbles can be formed in the pores of the
electrocatalyst, and this takes time to dissolve and diffuse to the Pt ring
electrode, subsequently decreasing the faradaic efficiency. Undissolved
oxygen bubbles evolved at disk potentials cannot be collected and
reduced at the Pt ring electrode [64]. Besides, several tiny bubbles
would gather in the vicinity of the disk-ring interface, and these oxygen
bubbles may limit the transfer of dissolved oxygen from the disk to the
ring, resulting in reduced efficiency [62,65]. This can be observed in
Fig. 8a, in which the disk current has to some extent, increased with
increasing time while the Pt ring current remained constant. In this case,
it is clear that it has influenced the faradic efficiency value since the ig;s
in faradic efficiency (¢ = 4/norr)-iring/(N-igist) has slightly increased.
Henceforth, the 95 % Faradaic efficiency, which was attained at the
beginning of the chronoamperometry measurement at 1.51 V (vs. RHE),
is determined as the faradaic efficiency of the CoFe@PN-CF electro-
catalyst, which is ascribed to the water oxidation rather than other side
reactions.

EIS measurements were carried out to explore the interfacial prop-
erties of the as-prepared electrocatalysts. EIS is a non-destructive tech-
nique that enables to characterize of the state of a system in terms of
three main electrical parameters: resistance, capacitance, and induc-
tance [66]. Using these parameters, the state of the electronic conduc-
tivity and charge transfer process of the sample can be scrutinized. The
EIS of the different electrocatalysts is measured and compared, as shown
in Fig. 9 (Nyquist plot). All the samples share a semi-circle or an arc at a
high frequency. The two most important parameters can be extracted
from the plot: the total series resistance (R;) and the charge transfer
resistance (R.). The Ry is a sum of the resistance of the solution, active
materials, and ohmic resistance, which can be extracted from the real
axis intercept. The R, which defines the oxidation kinetics of OH™
anions at the catalytic surface, can be obtained from the diameter of the
semi-circle [38]. The value of the R; for all samples is similar, with a
slight difference. The major difference appears in the R.. The R, values
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Fig. 9. EIS measurement measured at 1.6 V vs. RHE in 1 M KOH presented in
Nyquist plot.

for the CF, PN-CF, Fe@PN-CF, Co@PN-CF, CoFe@PN-CF, and CoFe@CF
samples are fitted to be 78.4, 67.6, 20.7, 3.6, 2.2 and 5.3 Q.cm?,
respectively. Considering these results, among the samples, the lowest
R of CoFe@PN-CF (2.2 Q.cm?) catalyst further unveils the faster and
more prominent OER activity. It reveals that the CoFe@PN-CF sample
has an efficient electron transfer process which may be originated from
the merit of the synergy between the graphitized carbon foam and
bimetallic active sites.

Besides the electrocatalytic activity, stability is another key criterion
for developing promising electrocatalysts for practical applications.
Chronopotentiometry (E-t plot) measurement was carried out to assess
the stability of the best-performing catalyst (CoFe@PN-CF) and the
reference IrO, catalyst at a 10 mAcm? current density. The CoFe@PN-
CF electrode presents a smooth potential increase after continuous
operation for 20 h. As shown in Fig. 10a, the 539 of the CoFe@PN-CF
catalyst elevates from 320 mV to 334 mV, which accounts for a 14 mV
increase after 20 h OER measurements. In contrast, the IrO,-based
electrode shows severe activity deterioration or a substantial rise in
potential after 6 h of continuous operation. These results reveal that the
CoFe@PN-CF electrocatalyst retains an excellent performance and
robust durability, opening a new avenue for the valorization of petro-
leum pitch for preparing treasured carbon support. To examine and
compare the activity of the CoFe@PN-CF catalyst before and after sta-
bility measurements, we have also measured the OER polarization

1.65
(@)
CoFe@PN-CF
IrO,
1.60 -
=)
T
=
N
-
2155 -ﬁ//7
z 1.564 V
£ 1.55V
e
[-%
150 -
145 T T T T
0 4 8 12 16 20

Time (h)

Current density (mAcm‘z)

Catalysis Today xxx (xxxx) xXxx

curve. As shown in Fig. 10b, only a slight shift towards a higher over-
potential was observed, indicating that the CoFe@PN-CF has not only
virtuous OER activity but also offers tremendous electrochemical
durability. The superb electrocatalytic performance and durability of
the CoFe@PN-CF catalyst may arise from the well-intertwined interface
structure and synergetic effect of the active metals of Co, Fe, and P, N co-
doped graphitized carbon foam.

The best-performing electrocatalyst was compared with similar
materials recently reported in the literature. As shown in Table 4, the
CoFe@PN-CF-based electrocatalyst outperformed most of the reported
works; in particular, appealing OER activity and high stability are
observed. Moreover, the carbon foam support used in this work was
synthesized from the industrial waste material of petroleum pitch; as a
result, the valorization of petroleum pitch-derived carbon foam offers a
viable method for synthesizing cost-effective and active catalysts for
water electrolysis. Because of its superior electrocatalytic performance,
and low-cost raw material precursors, the CoFe@PN-CF catalyst has the
potential to be utilized for the evolution of oxygen electrodes during the
electrochemical process of water electrolysis.

Where; N-CNF: N-doped carbon nanofibers; CFP: carbon fiber paper;
NPC: Nitrogen-enriched porous carbon; MWCNT: Multiwall carbon
nanotube; NC: Nitrogen-doped carbon; GC: glassy carbon; NF: nickel
foam; CP: Carbon paper; N-HCS: N-doped hollow carbon microspheres;
and NCNFs: N-doped carbon nanoflowers.

For better elucidation of the physicochemical properties of the
CoFe@ PN-CF catalyst after stability, the spent catalyst was recovered,
and its microstructure was analyzed by TEM. As shown in Fig. 11, the
original sample (Fig. 11a) shows a feathered-like structure with ultra-
small particles immobilized in the carbon matrix. An ultrathin layer
made up of Co/Fe covered the carbon substrate. The same phenomenon
has been observed in the spent sample of CoFe@PN-CF (Fig. 11b),
suggesting a robust morphology. Moreover, in both samples, no evident
lattice fringes are observed, which confirms the low-crystalline nature of
the sample again, as XRD elucidated it. (Fig. 3).

The outstanding electrocatalytic performance of CoFe@PN-CF elec-
trocatalyst can be attributed to: i) the porous architecture of the carbon
foam as a substrate, which can endow ample pores and rough surface to
immobilize the active metals with an intertwined interface, meritori-
ously boosting the conductivity; ii) the bimetals coordinated with the P,
N co-doped carbon foam can formulate a peculiar electronic environ-
ment with satisfactory active site distribution density and galvanize the
inherent catalytic activity based on the coupling effect; iii) the open
porous architecture of the carbon foam substrate immobilized with the
active metal can expedite the infiltration of the electrolyte, promoting
intimate contact and thus ensuring favorable catalytic kinetics at the
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Fig. 10. Stability measurements: (a) Chronopotentiometry curve of CoFe@PN-CF and IrO, at a j = 10 mAcm?, and (b) OER polarization curve of CoFe@PN-CF

catalyst before and after stability measurements.
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Table 4
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Comparison of OER electrocatalytic activity of CoFe/carbon-based catalysts reported in the literature. The n;o (mV) refers to the overpotential required to produce a

current density of 10 mA cm™.

Electrocatalyst Substrate 719 Tafel slope (mV dec”  Achieved stability Ref.
@mv) Y
CoFe@PN-CF GC 320 48 Showed stable potential for 20 h during continued operation This
work

CoFe;04 @N-CNFs GC 349 80 Around 7.3 % decrease of current density after 40000 s operation [67]

CosFe;0,/NPC GC 328 31.4 The potential at a J = 10 mA cm 2 [68]
remained stable for about 15 h

FeCo, P polyhedron CFP 320 55 About 10 % drop of the initial current density after a 12 h continuous test. [69]

FeCo-N/C GC 370 52 Experienced 24 % of anodic current attenuation during 30,000 s continued operation. [70]

CoFe/N-HCS NF 292 58 Retained a high relative current of 84.3 % after 30 h operation. [71]

Co304_x carbon@Fe;_y GC 350 37.6 After 6000 cycles, a slight curve shift of about 20 mV at j = 50 mA cm™ 2 was observed. [72]

Co,O

CoFey@NC-700 GC 380 110 After 1000 s operation at 1.60 V, a 7 % current density decay was observed. [73]

CoFe-CoFe;04/N-CNTs GC 334 80 After 1000 cycles, a 12 mV overpotential increase was recorded. [74]

CoFe,04/graphene GCE 300 68 About 83 % relative current was obtained after 30,000 s testing. [75]

CoFe-MWCNTs NF 300 84 Exhibited stable potential for about 3 h, and after 1000 cycles, a 10 mV potential shiftwas ~ [76]
observed.

Cos.47N/CosFe;/NC GC 380 62.68 After 4000 CV cycles, 10 mV of a potential shift was recorded. [77]1

FesN @ Co4N @ CoFe NF 225 48 Showed stable potential for about 20 h. [78]

(a)

50 nm
—_

Fig. 11. TEM image of CoFe@PN-CF electrocatalysts (a) before and (b) after stability test.

electrolyte/electrode interface. In virtue of encouraging activity and
durability of the CoFe@PN-CF electrocatalyst, alkaline water electrol-
ysis using CoFe@ PN-CF as OER anodic electrode can be used for pro-
spective renewable hydrogen production.

4. Conclusions

In summary, an effective route for valorizing petroleum pitch resi-
dues towards OER electrocatalyst is demonstrated. We have successfully
synthesized CoFe-impregnated heteroatom (P, N) co-doped carbon foam
derived from petroleum pitch. First, (P, N) co-doped carbon foam sup-
port was prepared through thermo-chemical treatment; then, the
impregnation of Co and Fe metals into the as-prepared (P, N) co-doped
carbon foam followed by carbonization was employed. This approach
provides the merit of using petroleum pitch waste material to synthesize
carbon foam support with a highly porous and defect-enriched structure
upon incorporating P, N heteroatoms, in which electroactive metals can
be immobilized in the carbon matrix. The as-prepared CoFe@PN-CF
electrocatalyst shows excellent electrocatalytic activity, faster reaction
kinetics, and a durable catalyst under OER measurements due to the
excellent interaction between the PN-CF and the evolved Co,P and iron
carbide phases. Specifically, the as-synthesized CoFe@PN-CF catalyst
requires a low overpotential of 320 mV to generate 10 mAcm'? current
density, low Tafel slope of 48 mV-dec™), relatively low charge transfer
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resistance, and high electrochemically active surface area. Most
importantly, it remained stable for at least 20 h during continuous
operation using a 1 M KOH aqueous solution, demonstrating its poten-
tial to be employed for large-scale water electrocatalysis. This research
work offers a facile approach for fabricating low-cost alternative mate-
rials with high electroactivity and stability for enthralling water elec-
trolysis toward green and clean Hj production.
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Figure S1. TEM image of (a) CF, (b) (PN-CF, (c) Fe@PN-CF, (d) Co@PN-CF, (e,f) CoFe@PN-

CF, and (g) CoFe@CF sample
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Figure S2. High resolution XPS of spectrum of Fe 2p (a), Co 2p (b), C 1s (c), N 1s (d), and P 2p

(e).
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Figure S3. Chronoamperometry measurement of IrO> catalyst supported on RRDE at 1600 rpm
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mAcm2): (a) disk current, (b) ring current at Ering = 0.4 V vs.RHE, and (c) Oxygen faradaic

efficiency profile.
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Figure S5. Cyclic voltammogram at different scan rates: (a) CF, (b) PN-CF, (c) Fe-PN-CF, (d)
Co@PN-CF, (e) CoFe@PN-CF and (f) CoFe@CF.
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ABSTRACT

The deployment of hydrogen as an energy carrier is found to be a vital alternative fuel for the future. It is
expected that water electrolysis, powered by renewable energy sources, be able to scale-up hydrogen
production. However, the reaction kinetic of oxygen evolution reaction (OER) is a sluggish process, which
predominantly limits the efficiency of water electrolysis. This review recapitulates the recent progress
and efforts made in the design and development of two selected earth-abundant bimetallic electrocata-
lysts (NiCo and CoFe) for alkaline OER. Each bimetal electrocatalyst is thoroughly outlined and discussed
in five sub-sections, including bimetal (oxy) hydroxides, Layered double hydroxides (LDHs) structures,
oxides, composites, alloy and nanostructured electrocatalysts, and assembled with heteroatoms.
Furthermore, a brief introduction to an in situ/operando characterization techniques and advantages
for monitoring the structure of the electrocatalysts is provided. Finally, a summary outlining the chal-
lenges and conceivable approaches to advance OER performance is highlighted and discussed.
© 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Energy shortage and environmental impact are among the
world’s contemporary challenges, instigated by the intensive
exploitation of fossil fuels. The persistently propagating energy
demand, the finite reservoir of fossil fuels, and ecological and soci-
etal glitches provoked an urgent need to hunt for an alternative
energy source [1-5]. The deployment of hydrogen as an energy car-
rier was found to be the most vital alternative fuel for the future.
Hydrogen is characterized by its superior thermal efficiency and
gravimetric energy density, and it is environmentally friendly (zero
emission of greenhouse gas) accompanied by good sustainability
[6-8]. Moreover, hydrogen retains the highest specific energy den-
sity (140 M] kg~ 1), which is more than twofold superior to conven-
tional solid fuels (50 MJ] kg~!). Currently, the overall global
hydrogen production is reported to be around 500 bcm per year.
A significant portion of this amount is utilized to synthesize
ammonia, fertilizer production, fuel cells, and petroleum refining
[9-11].

Hydrogen can be produced from numerous sources of renew-
able and non-renewable raw materials, including steam reforming,
coal gasification, biomass, water electrolysis, and nuclear energy
[8,9,11-13]. Among the various sources, it is expected that water
electrolysis, powered by renewable energy sources, can scale up
CO,-free hydrogen production with high purity (99.9%). In water
electrolysis, electricity is applied to split the water molecule into
hydrogen and oxygen entities, and the cost of electricity determi-
nes the price of H, energy production [7,14,15]. The electrolysis
technologies can be classified depending on the electrolyte: alka-
line electrolysis cell (AEC), solid oxide electrolysis cell (SOEC), pro-
ton exchange membrane water electrolysis (PEMWE), and anion
exchange membrane water electrolysis cell (AEMWE). The working
principle, pros, and cons of all those mentioned technologies can be
found in elsewhere myriads of books and review papers
[11,12,15,16].

The liquid alkaline electrolysis cell (AEC) is the most mature
hydrogen production technology, being used on a global commer-
cial scale, possessing features of high suitability and high purity of
hydrogen, which has imminently attracted worldwide devotion
[17]. However, AEC needs to enhance energy efficiency and
improve safety, operability, and stability as the liquid electrolyte
can cause corrosion [10,18]. An anion exchange membrane used
as an electrolyte in AEMWE takes certain advantages compared
to AEC. In this case, it is unnecessary to use a concentrated KOH
solution, making the installation less critical and easier to operate
[17,19]. Furthermore, AEMWE retains certain advantages com-
pared with PEMWE, such as using non-noble metal or earth-
abundant metal oxides based electrocatalyst, due to the increased
kinetics of electrochemical reactions in an alkaline [20,21]. Never-
theless, AEMWE is less developed compared with AEC and PEMWE,
in which further improvements are required.
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Electrochemical water splitting is accredited as an efficient and
environmentally benign technology to obtain hydrogen. However,
the water reduction and oxidation processes that occur at the cath-
ode and anode, respectively, are kinetically sluggish, adversely
affecting the overall efficiency of water electrolysis. Principally,
the water electrolysis is mainly restricted by the indolent kinetics
(high overpotential) of oxygen evolution reaction (OER) occurring
at the anode electrode, ascended from the four-electron transfer:
[40H™ — 2H,0 + O, + 4e~] [22-30]. This impedes the widespread
implementation of water-electrolysis for mass hydrogen produc-
tion. To overcome the energy barrier of the OER process, it is indis-
pensable to exploit electrocatalysts, which could convey a high
current density at low overpotential accompanied by long-term
stability.

The current benchmark of electrocatalysts for OER applications
is based on precious metals (Ir and Ru) and their oxides (IrO, and
RuO,) [21,31-37]. Though those materials showed a magnificent
catalytic activity for OER, their low abundance, high cost, poor
chemical stability in alkaline media obstruct them from the ten-
able application. Therefore, it is vital to develop a more efficient,
stable, and low-cost non-noble electrocatalyst for OER that could
substitute the expensive Ir- and Ru-based catalysts for sustainable
and high efficiency of alkaline water-electrolysis [38-42].

Over the past few years, remarkable efforts have been devoted
to developing non-precious metal-based electrocatalysts for the
OER process. Different transition metals have enthralled a consid-
erable courtesy for voluminous investigators/academicians to
develop a robust and efficient electrocatalyst due to their elec-
tronic modulator structure and tunable physicochemical proper-
ties. Transition metals such as Co [43-45], Ni [46-49], Fe [50,51],
Mn [52,53] have been broadly explored for electrocatalytic OER
[54]. Moreover, combining two or more metals offers high electro-
chemical activity toward oxygen evolution compared with
monometallic counterparts. For example, bimetallic and multi-
metallic compounds based on transition metals such as Co(Fe,-
Ni],x)zp [38] NiC0204 [55] COF6204 [39] COFC—C03F658 [56] P-
CoggNiggoFe; » NCs (NCs: nanocubes) [57], W-NiCoP [29], MoCoNiS
[58], have recently exhibited a noticeable electrocatalytic activity
and stability. Among the different transition metals, Ni, Co, and
Fe based catalysts were demonstrated to be the most prominent
candidates to expedite the OER because of their ubiquitous avail-
ability in nature, low cost, peculiar redox characteristic, abundant
active site, synergistic effects between the coupled metals [59-64].

Although remarkable progress has been made in investigating
of low cost and high performance of electrocatalyst for OER, the
efficiency of the current catalysts is still inadequate in terms of
both catalytic activity and durability; hence, further research is
needed yet to revolutionize catalysts with high catalytic activity
and stability that is suitable for sustainable electrochemical water
oxidation and reduction. This review paper will be encapsulating
the recent progress and challenges in developing NiCo and CoFe
bimetallic-based electrocatalysts for water oxidation. State of the
art and electrocatalytic performance of two selected bimetallic
transition metals (NiCo and CoFe,) in alkaline OER, the fundamen-
tal chemistry of OER, the general electrochemical evaluating
parameter employed to probe OER electrocatalyst are reviewed.
We believe that this review would be a flashpoint for researchers
to design and develop a tremendous NiCo and CoFe based electro-
catalyst for OER in the future.

2. Fundamental principles of alkaline water oxidation

In alkaline water electrolysis, the overall water splitting reac-
tion mechanism consists of two half-reactions: hydrogen evolution
reaction (HER) and OER, as described as follows [65]:
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Cathode: 4H,0 + 4e— —2H, + 40H, (1)
Anode: 40H— —2H,0 + O, + 4e—, (2)
Overall: 2H,0 — 2H, + O,. (3)

OER process is a four-electron transfer system with sluggish
reaction kinetics that sternly hinders oxygen formation. Research-
ers have proposed several reaction mechanisms for OER, and the
most accepted and recognized electrochemical reaction pathways
for oxygen evolution in alkaline media are given below, which is
expressed by four consecutive steps [49,66,67]:

40H~ —OH* +30H™ +e™, (4)
OH* + 30H~ —0*+20H™ + H,0 + e, (5)
O* + 20H™ + H,0 — OOH* + OH™ + H,0 + e, (6)
OOH* + OH™ + H,0 — 0, + 2H,0 + e~ (7)

A schematic representation of the multi-electron transfer is pre-
sented in Fig. 1, which shows an additional O, formation possibility
from the M-0 instead of M-OOH. As evident from the above equa-
tions, four electrons are required to produce one mole of O,, and
multiple electron transfer at one time is kinetically slow, and the
OER process contains numerous steps with one electron for each
step [68]. The energy barrier originated from each step, deters
the kinetics of OER, and demands high overpotential to overcome
the energy barrier. Three intermediates of OH*, O*, and OOH* enti-
ties are formed during the OER process. As mentioned above, the
four steps are thermodynamically non-spontaneous, requiring sub-
stantial energy to progress to the following step. The step with the
superior energy barrier becomes the rate-determining step (RDS),
which eventually governs the catalyst’s efficiency [69].

An ideal catalyst that follows the Sabatier principle [71], a cat-
alyst should bind oxygen neither too strong nor too weakly, is cru-
cial to deliver low overpotential leading to the high energy
efficiency of water splitting. The Sabatier idea gives a volcano-
shaped relationship between catalyst activity and bond strength.
For example, Man and co-workers [66] claimed that a free energy
diagram could be developed using OH*, 0*, and OOH* intermediate
entities, in which O* binding energy to the metal oxide surface can
be used as a descriptor. According to the Sabatier principle, a cat-
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Fig 1. A schematic representation of an alkaline OER mechanism. The green line
designates O, formation potential from M-0 instead of forming an intermediate of
M-OO0H. M: Metal. Reproduced from Ref. [70] with permission from Royal Society
of Chemistry.
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alyst with moderate binding activity is essential since weak
adsorption hinders intermediates formation. When the adsorption
of the catalyst is too strong, then the formed intermediate will not
be desorbed easily. Specifically, when the adsorption of O entities
on the surface of the catalyst is too weak, then the intermediate
OH* could not be easily formed, and also, when the adsorption of
O entities on the surface of the catalyst is strong enough, the
formed OH* could not quickly form OOH* [72]. Scaling ratio (the
relationship between the energy barrier of each step) can be
formed between the binding energies of HO*, HOO*, and O* species
on metal oxide surfaces. The scaling ratio shows that only one
parameter could govern the free energy diagram and hence the
performance. The catalyst activity can be drawn as dependent on
only one factor, such as using oxygen binding energy, which gives
a volcano-shaped relationship between the activity of the catalyst
and the determined oxygen binding energy. A surface that binds
oxygen too strongly and too weakly, the potential is mainly
restricted by the formation of HOO* and oxidation of HO* species,
respectively [69].

3. Electrochemical evaluating parameters of electrocatalysts for
the OER performance

The electrochemical performance of electrocatalyst material for
OER can be assessed using various parameters. In the lab scale, the
electrochemical measurements for OER are usually performed in a
liquid environment in a three-electrode cell controlled by a poten-
tiostat/galvanostat and using a rotating disc electrode (RDE) [73] or
using another support stainless steel (SS) [74], substrate such as
nickel foam (NF) [75]. For the case of RDE, a thin film of the elec-
trocatalysts is prepared by coating a catalytic ink onto the glassy
carbon of the RDE. The ink is obtained from a mixture of catalyst
powder, a binder (Nafion ionomer), and solvent (water, ethanol)
[76,77]. A carbon rod as a counter electrode and reference elec-
trodes such as Ag/AgCl electrode, Hg/HgO electrode, the saturated
calomel electrodes, and the reversible hydrogen electrode (RHE) in
the supporting electrodes are usually used [78-81].

Electrocatalysts can be coated or directly grow on a conductive
substrate such as NF [75,82-85], SS [74], carbon cloth (CC) [86],
fluorine-doped tin oxide (FTO) [87], carbon fiber paper (CFP)
[88], in which they act as a working electrode during the OER. Sub-
strates such as NF and SS are highly porous materials with a large
surface area, excellent electrical conductivity, and good corrosion
resistance at high pH values [89-92]. Comparing RDE and the con-
ductive substrate-based working electrode, it was demonstrated
that those conductive substrates offer excellent catalytic perfor-
mance. This is due to a high specific surface area which is essential
to accelerate the diffusion of electrolytes and liberate oxygen from
the material. Also, the substrate contains abundant active sites and
defects for electrocatalysis, which boost electrocatalytic perfor-
mance [90-93]. In the case of RDE, an ink of catalyst mixed with
a polymeric binder is coated on the surface, and the use of binder
lessens the contact area between the electrolyte and active site of
the electrolyte, thus reduces the conductivity of the electrode, as a
result, deteriorated OER performance is obtained.

Moreover, catalysts coated on the glassy carbon surface can be
scratched or peel off and agglomerate/aggregate during long-term
electrochemical measurements [93-95]. In general, the type of sub-
strate used to grow or coat the catalyst highly affects the resulting
electrocatalyst performance. It is noteworthy to mention that the
substrates (glassy carbon, NF, SS, etc.) should be carefully investi-
gated for their catalytic performance. NF and SS have substantial
catalytic activity towards OER, while glassy carbon has a low
response for OER. For example, Hu and co-workers [90]| endeav-
ored to examine the catalytic activity of NF and SS for OER. It
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was reported both conductive substrates without catalyst unveiled
a remarkable catalytic activity for alkaline OER. Thus, the catalytic
contribution should not be disregarded during the catalyst evalua-
tion by growing or coating on these substrates since these conduc-
tive substrates also contribute to the overall catalytic performance.
Nowadays, few excellent electrocatalysts with extraordinary elec-
trocatalytic performance have been reported using NF as a sub-
strate without any binders [94]. The various conductive substrate
utilized to grow or coat NiCo and CoFe based electrocatalyst are
summarized in Tables (1-9).

In the following section, the most common parameters used for
probing catalytic activity and efficiency, such as overpotential,
Tafel slope, turnover frequency (TOF), electrochemical impedance
spectrum (EIS), stability, and electrochemically active surface area
(ECSA), are succinctly discussed.

3.1. Overpotential

Overpotential (1) is one of the most vital parameters that deter-
mine the electrochemical performance of an electrocatalyst. It is
determined by the potential difference between the potential
required to achieve specific current density and the theoretical
potential (1.23 V), as shown in Eq. (8). The overpotential value
needed to attain a 10 mA cm™2 current density is usually used as
a reference [61], and a lower overpotential value indicates out-
standing catalytic performance.

'/I=ERHE_ 1.23 V. (8)

3.2. Tafel slope

The electrochemical kinetic equation that relates the rate of
chemical reaction and overpotential is known as a Tafel equation.
It is used to investigate the reaction kinetics of the catalyst depos-
ited on electrode materials. Tafel slope is used to comprehend the
reaction mechanism and kinetics and compare the electrochemical
performance of various catalysts. It can be determined by using Eq.
(9) [73,96,97], which gives information about the RDS.

n=blog(}) +a, 9

where b represents the Tafel slope, # is overpotential, j is cur-
rent density, and j, is an exchange current density. The exchange
current density (jo) reveals the intrinsic rate of electron transfer
kinetics between the electrode and analyte. As elucidated in sec-
tion 2, OER is a multi-step process comprising a sequence of reac-
tions and numerous intermediate entities such as MO, MOOH.
Many prospects toward the OER mechanism related to the Tafel
slope have been proposed. One of the most well-recognized expla-
nations for alkaline OER mechanism is Krasil’shchikov’s Path which
is given in Eq. (10-13) with their respective Tafel slope value
[77,98]:

M+OH < MOH+e ,b=120mV dec! (10)
MOH + OH™ & MO~ + H,0, b = 60 mV dec™! (11)
MO~ - MO +e,b=45mV dec! (12)
2MO — 2M + 05, b =19 mV dec™! (13)

Electrocatalysts with lower Tafel slope are considered to be
promising for the OER process. Different Tafel slopes indicate dif-
ferent RDSs. In a given reaction, a smaller Tafel slope specifies that
the RDS is found at the last step of the electron transfer reaction,
which eventually displays an excellent electrocatalyst. The lower
Tafel slope shows a rapid increase of current density with increas-
ing overpotential, signifying fast electrocatalyst kinetics for OER.
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3.3. Electrochemically active surface area (ECSA)

ECSA embodies the electrode area accessible to the media/elec-
trolyte used for transferring charges [99]. It helps quantify the area
of the reacting surface of the electrode and allows to compare the
intrinsic catalytic performance of materials. It can be calculated by
the double-layer capacitance (Cq;) measured by cyclic voltammetry
(CV) [100,101]. In this case, the CV is recorded in the non-Faradic
potential region at different scan rates (v). The CV curve is utilized
to quantify the double-layer charging current (i.). The current is
directly proportional to the scan rates as equated in Eq. (14), which
is vital to determine the double layer charging current (ic) [102]:

ic =0 X Cdl- (14)

The slope of the graph of i. vs. v represents the value of the Cy;.
Based on this, ECSA can be determined using Eq. (15):

Ca
ECSA = T
where Cs is the specific capacitance of alkaline electrolyte (e.g.,
0.04 mF cm 2 for 1.0 M KOH) [103], high ECSA provides a higher
surface density of active catalytic sites exposed to the OER related
species, enhancing the mass transport rate. Hence, the overall cat-
alytic activity could be promoted.

(15)

3.4. Turnover frequency (TOF) and mass activity

TOF is defined as the number of reactant molecules that one
gram of electrocatalyst can convert into a product per time [104].
TOF and mass activity are also commonly used to study the elec-
trochemical performance of the electrocatalyst. The TOF can be
determined according to the following Eq. (16) [105]:

()

where ] (mA cm~2?) represents the current density at a given
overpotential, A is the active working electrode area, F is the Fara-
days constant (96485C mol~!), and n is the number of moles. It is
difficult to determine the exact value of TOF as all the elements in
the catalyst may not be electrocatalytically active during the oper-
ation. Yet, it is essential for evaluating parameters to compare the
catalytic activity of similar materials, and the high value of TOF
embodies higher catalytic activity. The mass activity of the catalyst
can be determined as mass activity = | g~!, where m is the mass
loading of the working electrode (mg cm?2), and j is measured cur-
rent density (mA cm™2) at a particular potential [105].

JxA

T4xFxn’ (16)

3.5. Exchange current density (Jo)

Exchange current density (J,) is also commonly used to scruti-
nize the catalytic efficiency, which can be determined using Eq.
(17)[106].

Jo = RT[nFRe, (17)

where R represents the gas mole constant (8.314 ] mol~! K1), T
is the experimental temperature (298 K at room temperature), n is
the electron transfer number, F is Faraday’s constant (96485C
mol~!), and R is the charge transfer resistance that can be
obtained from EIS. High-performance electrocatalysts in OER
should display low overpotential, low Tafel slope, and high
exchange current density.
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3.6. Faraday efficiency (FE)

Faradic efficiency (FE) describes the electrochemical perfor-
mance of materials by interrelating the percentage of the actual
and theoretical products. In OER, FE is the ratio of the amount of
oxygen gas produced by the experiment to the amount of oxygen
gas determined theoretically [107]. This parameter elucidates the
conversion efficiency from electrons to oxygen molecules. FE can
be defined as follows:

o 4Fn02
oIt
where F is the Faraday’s constant (96485C mol™!), ng, is the

amount of molecular oxygen produced, I is the current applied,
and t is the reaction time.

FE

x 100%, (18)

3.7. Stability

Electrocatalyst stability is very indispensable for extensive scale
application. Two methods are commonly employed to explore cat-
alyst stability: chronoamperometry (E-t curve), chronopotentiom-
etry test (I-t curve), and CV. In practice, the structure of catalyst
and composition severally alters during the electrochemical reac-
tion, and the fundamental phenomena that happen during the
reaction are subtle. Recently, several cutting-edge instruments
help us control the OER in situ or operando process to probing cat-

h
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Fig 2. The standard figure of merit for comparative probing of electrocatalyst for
OER system. Reproduced from Ref. [109] with permission from the Elsevier Ltd. Lies.
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alysts’ structure, composition, and electrochemical behavior dur-
ing the OER process [108]. Intended to compare electrocatalyst
activity and stability for OER, Wang and co-workers [109] pro-
posed a standard protocol to explore the real catalyst activity
and stability simultaneously. A standard figure of merit depicted
with the overpotential @10 mA cm ™2 at the initial time plotted
against overpotential @10 mA cm™2 at certain hours was proposed,
as shown in Fig. 2. The protocol was designed to be applicable for
alkaline and acidic media, a more practical application. During a
comparison of various catalysts, precaution should be taken on
the amount of mass loading and the intrinsic nature of the
electrode.

Any electrocatalyst materials that show a overpotential in the
range of 200 to 300 mV would be the most promising material
for the OER process, mainly if the overpotential remained less than
300 mV after a 10 h operation. Besides, any electrocatalyst material
that lies its overpotential from 300 to 400 mV in any axis is very
good for the OER process. If the overpotential remains in the stated
range after 10 h, then this catalyst is considered excellent for OER
application. If after 10 h operation lies its overpotential in the
range of 400 to 500 mV, it is still a suitable catalyst with low sta-
bility. However, any electrocatalyst materials that exhibit an over-
potential greater than 500 mV in either axis are not promising for
the OER process. In general, the above discussion of OER catalysts
can be grouped into different classes based on the overpotential:
ideal class = 200 to 300 mV, excellent class = 300 to 400 mV, good
class = 400 to 500 mV, and satisfactory class > 500 mV.

4. Synthesis method and ideal characteristic of electrocatalyst

The activity of an electrocatalyst is highly determined by its
structure and morphology, which, in turn, depends on the route
of the synthesis technique. Different synthesis methods might offer
a distinct feature in the bulk and surface of the materials and the
cation oxidation number/state [110]. In this review, we have
attempted to encapsulate the various synthesis methods utilized
to prepare NiCo and CoFe electrocatalysts, which are indicated
throughout the tables (Tables 1-9) and schematically shown in
Fig. 3, which highlights a snapshot of the various synthesis tech-
niques, and the ideal characteristics of electrocatalyst for OER.

The synthesis methods can be generally categorized into two
groups: physical and chemical methods. The chemical methods
are based on the bottom-up approach, i.e., different distribution
sizes of nanostructured materials are formed by an assembly of
atoms or molecules. In contrast, the physical methods are based
on the top-down approach in which nanomaterials are formed by
unraveling bulk material counterparts [111,112]. Chemical synthe-

Solvothermal
Hydrothermal
Co-precipitation
Sol-gel

Chemical reduction
etc..

e o e

|— Chemical method

<+ Electrodeposition
Physical method < Electrospinning
<+ Laser ablation in

Liquid etc.

Fig 3. An overview of ideal electrocatalyst characteristics and different synthesis methods employed to synthesize NiCo and CoFe based electrocatalyst.
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sis methods including hydrothermal [113-115], solvothermal
[97,116,117], sol-gel [118], co-precipitation [119], chemical vapor
deposition (CVD) [120], etc., are among the extensively used meth-
ods to synthesize bimetallic electrocatalysts.

A solvothermal method is a comprehensive synthesis method
that occurs in a closed system, necessities a high temperature
and pressure to provoke a chemical reaction or decomposition of
the materials precursor to form the sought compound from the
solution. It has advanced remarkably over the past decades and
is reported to be a versatile strategy to obtain a well-controlled
morphology and particle size of metal nanostructures. The pre-
dominant factors that govern the quality of the product prepared
by the solvothermal route are temperature and time, solvent and
ligand effect, reductant and capping agent effects. A detailed expla-
nation of how all these key factors influence the synthesis process
can be found in an elsewhere review paper [121]. This method is
mainly applicable for nonaqueous forms or generally for organic
solvents. When the solvent is water or aqueous solution, it is called
hydrothermal. Solvothermal and hydrothermal involve mixing
precursors in a given solvent and then sealing them in an auto-
clave, followed by heating at a high temperature above the sol-
vent’s boiling point. They are relatively facile in which the
reaction can be completed in one pot or single step. This endows
to control the structure and morphology of the electrocatalyst by
tuning the reaction parameters such as time, composition, temper-
ature, or pH. The pressure and temperature expedite the dissolu-
tion of the chemical reagent and crystallization formation of a
product. With appropriate selection of the precursor composition,
solvent, and reaction conditions, products with high purity, homo-
geneously dispersed nanoparticles with narrow size distribution
can be obtained [122]. Polyol, part of the solvothermal method,
is a promising route to obtain a product with well-controlled crys-
tallinity, size, and morphology. This method involves heating the
precursors with a stabilizer and reducing agent in an organic sol-
vent such as ethyl glycol, diethyl glycol, pentanediol, glycerol,
butanediol. It benefits to prepare high-quality metal nanoparticles
and possesses several advantages such as low cost, ease of use, and
already proven for large-scale applications [117]. General descrip-
tion of both solvothermal and hydrothermal can be read in ref.
[123]. The sol-gel method is one of the wet-chemical techniques
used to prepare nanostructured materials. The synthesis process
of sol-gel comprises several steps, including hydrolysis of metal
alkoxides to form sol, condensation, aging, and drying of the mix-
ture. Finally, calcination is performed to obtain nanoparticles
[111]. The co-precipitation method works by heat treatment of
the precursor metal in a given solvent with a precipitant. The pre-
cipitant can be removed by post-treatment, such as washing dur-
ing centrifugation and calcination. Particle aggregation-
agglomeration can occur in this method, negatively affecting the
resulting catalyst performance [124]. Likewise, CVD is a type of
chemical synthesis method, which is a crucial tool to synthesize
atomically thin 2D nanomaterials with high quality and controlled
thickness. In this process, gaseous or vaporous materials react at a
certain temperature in the gas or gas-solid interfaces to form solid
products with certain structural defects. Detail working principles
and descriptions, the merits of CVD over other synthesis methods
can be found elsewhere [125].

Moreover, apart from the chemical synthesis methods, physical
methods such as electrospinning [126,127], laser ablation in liquid
(LAL) [114], and electrodeposition [128-130] are also employed to
synthesize bimetallic electrocatalyst including NiCo and CoFe.
Electrospinning is a promising synthetic route to prepare 1D nano-
fibers with different structural morphologies such as nanocables,
porous tubes, and nanorods. These offer an effective route for
large-scale electrocatalyst production and thus have immense
potential application. In this technique, a polymer solution mixed
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with the desired metal precursors are first prepared, and then
nanostructured materials are prepared by electrospinning the
solution onto a given substrate. This technique is usually consid-
ered a low-cost, clean, and efficient synthetic method [131-134].
Few researchers have used LAL to prepared NiCo and CoFe based
electrocatalysts for OER. This technique is rapid and can control
different properties (size, composition, or crystal phase) indepen-
dently, and surfactant is unnecessary. The detail underlying the
synthesis procedure, its merits over other synthesis methods can
be found elsewhere [135].

Furthermore, the electrodeposition technique is a relatively easy
method, in which electrocatalysts such as layered double hydrox-
ides (LDHs) forms can be prepared within a short period on the sur-
face of the electrode such as NF, SS mesh (SSM), and CFP [136,137].
Despite its fast process, precisely controlling the morphology distri-
bution of the catalyst on the substrate is yet perplexing. NF was
demonstrated to be an ideal substrate to directly design electrocat-
alyst on it due to its robust macroporous structure with a high sur-
face area and commendable electrical conductivity [138]. A
substantial number of researchers have employed NF to grow mate-
rials for efficient electrocatalysis [113,139-144]. Besides, SSM and
CFP were reported to be a remarkable potential for growing cat-
alytic materials on the surface and showed a magnificent catalytic
activity for OER [138,145-150]. This review has attempted to rum-
mage the various substrate materials exploited to design and grow
NiCo and CoFe bimetallic electrocatalysts, as shown in the following
sections (section 5.1 and 5.2, in Tables 1-9). An electrocatalyst that
displays low overpotential and Tafel slope and high stability/dura-
bility is required for stunning water oxidation. To obtain such
appealing performance, it is necessary to produce a material with
plenty of active catalytic sites, excellent electrical conductivity,
and a robust structure with abundant defects.

5. Bimetallic (NiCo and CoFe) based electrocatalyst for OER
application

In recent years, transition metals such as Ni, Co, and Fe based
bimetallic electrocatalyst received an incredible devotion by
researchers/scientists aimed to be used as an operative electrocat-
alyst for alkaline OER, owing to high intrinsic catalytic activity,
eco-friendly and low cost (due to their earth abundance) [151].
Transition metal-based electrocatalysts in different combinations
(mono metal, bimetal, and ternary metals) have been uncovered
as promising candidates for OER due to their active sites, attractive
electronic conductivity, and synergistic effect, affordable and envi-
ronmental friendliness. Innumerable efforts have been made in
probing and investigating monometallic Ni, Co, and Fe-based elec-
trocatalyst for OER. For example, Lyons and co-workers [152] stud-
ied the electrocatalytic activity of Ni, Co, and Fe towards OER. The
finding revealed that the catalytic activity of these metals in terms
of decreased overpotential is ordered as follows: Ni > Co > Fe. Ni-
based electrocatalyst displayed higher catalytic performance than
Co and Fe. It was suggested that the difference catalytic activity
originates from the bond strength of OH-M?°(0 < 6 < 1.5) in which
the order was claimed to be: Ni < Co < Fe, which is in the inverse of
the activity. More information on the comparison of parameters
associated with the OER catalytic activity of the monometallic Ni,
Co, and Fe can be found elsewhere [153].

Incorporating a secondary metal into another metal can modify
and modulate the local electronic structure, leading to an improved
intrinsic catalytic activity towards water oxidation [154]. And also,
simulations have uncovered that binary or ternary (oxy)hydrox-
ides composed of Fe, Co, and Ni have the highest activities
stemmed from the optimized M-OH bond strengths [155]. More-
over, an electrocatalyst prepared by combining two metals can
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have unique morphology with an abundant active site, different
crystallographic properties, and desired electronic structure. All
these traits could boost catalytic activity [148,156,157].

It has been reported that the intrinsic catalytic activity of mate-
rials for OER strongly depends on adsorption Gibbs free energy for
the binding strength of the reaction intermediate species of OH/O/
OOH (AGoy+, AGo+, and AGoon-+), Where * refers to the active site on
the catalyst surface. As explained in section 2, the volcano plot for
OER is used as the general explanatory scheme of the Sabatier prin-
ciple in electrocatalysts, which states that superb catalytic activity
can be attained if the material’s surface possesses optimal binding
energy for the reaction intermediates. The theoretical overpoten-
tial versus Gibbs free energy (1 vs. (AGo-—AGon+)) in the volcano
plot reveals outstanding consistency with the electrocatalytic
activity for OER [66]. Metal oxides such as IrO,, RuO,, and PtO,,
located at the top/apex of the volcano plot, possess optimal biding
strength for OER intermediates and exhibited a small overpotential
for OER. However, these aforementioned noble metal/metal oxides
are expensive materials that hamper their extensive application.
Metals next to the noble metals in the volcano plot, such as Ni,
Co, and Fe, are getting a substantial devotion for an efficient OER
electrocatalyst [158]. These three transition metals were discov-
ered to be positioned close to the top of the Sabatier volcano
curves, thereby displaying that these metals encompass optimal
binding strengths with the OER reacting intermediate species and
possess high active sites for OER. Due to the synergetic effect and
other factors, the bimetals of NiCo and CoFe are demonstrated to
be promising electrocatalysts towards OER.

There are specific review papers published devoted to NiFe-
based electrocatalyst for alkaline OER, covering recent progress
and advanced development of NiFe-based materials and their cor-
responding reaction mechanism, and its challenges and prospects
on NiFe-based materials development electrocatalyst for OER
[62,159]. However, no systematic review of the high performance
of bimetallic (NiCo and CoFe) based electrocatalyst for the OER pro-
cess has been reported yet.

In the last two decades, substantial research interest has been
growing in developing NiCo and CoFe based electrocatalysts for
the OER. This can be corroborated by the number of published
papers per year increasing progressively every year, especially in
the last 10 years, as shown in Fig. 4. It appears that in recent years,
remarkable effort and progress have been made in preparing NiCo
and CoFe based materials for water oxidation. In particular, the
number of published papers has shown a steady increase in the last
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Fig 4. The number of publications per year (from 2000 to 2021) for NiCo and CoFe

based electrocatalyst for OER, as derived from Scopus (Last checked on June 20,
2021).
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decade (2010-2021). A few hundred articles were published before
2010 (2000-2009, not included in Fig. 4). Among the two bimetals,
NiCo based electrocatalyst was found to be extensively researched
materials compared with CoFe counterparts by referring to the
number of published papers.

OER can be performed under different electrolyte solutions:
acidic, neutral, or alkaline. In acidic solutions, Ir and Ru oxides are
considered a reference for OER electrocatalysis. Besides, transition
metals, including NiCo and CoFe, have been responsive to OER under
acidic media. However, due to the harsh acidic environment, these
transition metals are not sable for long-term operation [160,161].
Currently, Ir and Ru are the principal metals exploited for OER elec-
trocatalysis. OER under neutral conditions has also been practiced.
The neutral solution is beneficial to the electrocatalyst and appara-
tus due to the minor corrosion issue. However, OER electrocatalysis
under a neutral medium suffers from sluggish kinetics, compared
with alkaline and acidic conditions, due to the lower proton/OH con-
centration [160]. Bimetals such as Co,Ni,P [162], CoFe,04 [163],
CoFeP [164], are among the bimetals tested for OER under neutral
media. Few review papers on transition metals, including NiCo
and CoFe, based electrocatalyst for OER under neutral medium,
can be found in ref. [ 165]. On the other hand, electrocatalysis under
an alkaline solution is more favourable for water oxidation than
acidic [166]. In addition to the precious metals of Ir, Ru, and their
oxide, earth-abundant transition metals such as Ni, Co, and Fe have
been demonstrated to be efficient OER under alkaline media [23,24].

For industrial applications, a catalyst with high catalytic activity
and long-term stability under intermittent polarization in an alka-
line environment is indispensable. A robust electrocatalyst that can
efficiently deliver a current density above 500 mA cm 2 with long-
term stability at an overpotential of less than 300 mV is required
[167,168]. Few NiCo and CoFe based electrocatalysts have been
reported that fulfil the requirements for a large-scale application.
For example, Shao and co-workers [168]| prepared Co-Fe-OH
nanosheet arrays in-situ grown onto the iron foam (Co-FeF),
unveiling an outstanding electrochemical performance towards
OER. An ultralow overpotential of 208 and 298 mV was required
to derive a current density of 10 and 500 mA cm 2, demonstrating
its potential for a commercial water electrolyzer. At a lab-scale,
commonly, electrocatalysts are measured their electrochemical
performance using a three-electrode system. However, measuring
their performance in two-electrode systems that approach to the
practical water electrolyzer is crucial. This review is dedicated to
summarizing NiCo and CoFe based electrocatalysts used for alka-
line OER. Each bimetal electrocatalyst is thoroughly outlined and
discussed in five main sub-sections, including bimetal (NiCo or
CoFe) assembled with heteroatoms of P/N/S, bimetal LDHs struc-
ture, bimetal-(oxy) hydroxide, bimetal oxide or spinel, and lastly,
bimetal of composite, alloy, and other electrocatalysts.

5.1. NiCo based electrocatalysts for alkaline OER application

In this Section, the recent progress of NiCo based bimetallic
electrocatalyst used for alkaline OER is reviewed. The state-of-
the-art review is divided into five main subsections: NiCo (oxy)
hydroxide, NiCo LDHs, NiCo oxide, and spinel, NiCo combined with
hetero atoms of S/P/N, and finally composite, alloy, and other elec-
trocatalyst containing Co and Ni.

5.1.1. NiCo (oxy) hydroxides based electrocatalysts

Substantial efforts have emphasized developing bimetallic
(oxy) hydroxide for water oxidation. Theoretical calculation and
experimental results have disclosed that M-OH (M: metal) with
high valence cations offers outstanding electrochemical water
splitting in an alkaline aqueous solution. This is due to the highly
oxidized cation that expedites the adsorption process of the inter-
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mediates and facilitates the kinetic reaction, thus stimulating the
OER. Besides, the electrophilic nature of the high-valence cation
is essential to adsorb and decompose water molecules, which is
vital for the OER process [114,169,170]. It is generally recognized
that materials with high-OH surface functional groups are effective
catalysts for OER. Among the myriads of 3d transition metal-based
electrocatalysts, Ni and Co in the state of oxide recently display a
remarkable potential for water oxidation [171]. Preparing nanos-
tructured bimetal NiCo oxide with low overpotential and rapid
oxygen evolution kinetic have received significant attention due
to their high earth abundance, high theoretical efficiency, and
eco-friendly compared with a noble metal oxide such as IrO,. How-
ever, the underlying route of preparing nanomaterials with aug-
mented surface area and conductivity is yet challenging. Several
researchers have been endeavored to design bimetal NiCo-(oxy)
hydroxide with a nanostructured framework [114,115,171,172].
Zhao and co-workers [172] attempted to prepare bimetals of
NiCoOH-based catalysts for water oxidation. A distinctive sand-
wich like the coaxial structure of the 3D [Ni (>*/**) Co(OH)s_7]x
nanotube arrays was prepared by thermal solution treatment fol-
lowed by co-electrodeposition. A substrate of nickel nanotube
arrays with an open channel coated with Ni and Co-OH nanosheets
[Ni(?***)Co,(OH)s_7] is presented. The Ni substrate is vital to offer
a large surface area and rapid charge transport, and it supports the
active layer of [Ni(>*>*)C0,(OH)s_7]x. The distinctive feature of the
large surface area boosted electron transport. The coupling effect of
the two metals provided tremendous OER activity, reaching a cur-
rent density of 10 mA cm~2 at 460 mV overpotential. It has also
retained an excellent catalytic activity after 1000 cycles. Wang
and co-workers [114] prepared an electrocatalyst of Cog75Nig2s
(OH), nanosheets via LAL for the alkaline OER process. It was
reported that rich trivalent cations were propagated on the interior
wall of porous nanosheet and the Co®* enhanced electrical conduc-
tivity and the OER. According to He and co-workers [173], the OER
of the Co-based electrocatalysts seems to be associated with the
oxidation state of Co®" and Co**, which are responsible for the
adsorption of OH~, while Co?* would be responsible for the oxygen
reduction reaction. Therefore, the novel catalyst of Cog75Nigs5(-
OH), nanosheets exhibited a remarkable OER activity, demanding
ultra-small overpotential of 235 mV to reach a current density of
10 mA cm~2. Moreover, very recently, Wang and co-workers
[115] prepared Nig25C0g75(0H), catalyst with different molar
ratios of Ni and Co via hydrothermal method. They revealed that
the dopant Ni was able to revolutionize the local electronic struc-
ture, tune the bandgap, morphology, surface area and the charge
distribution of Ni,Co,(OH), at microscale level. All these features
enable the catalyst to exhibit a remarkably stimulated electro-
chemical reaction for OER. The optimum Nig5C0g 75(OH), electro-
catalyst displayed an overpotential of 352 mV to reach
10 mA cm~2. Importantly, the as-made electrocatalyst displayed
a remarkable current density stability for about 12 h without sig-
nificant decay, operated at 1.60 V vs. RHE generating 12 mA
cm™2, this surpasses for the benchmark of RuO,, in which the cur-
rent density decreased fast when the RuO, was tested at the same
condition.

On the other hand, it was claimed that preparing amorphous
nanostructured material can stimulate catalytic activity. Materials
with superaerophobic (extreme bubble repellency) propensity can
be ideal for electrocatalysts for water oxidation [174]. Relieving the
bubble-related issue in the catalyst is indispensable for OER since
the accumulation of bubbles on the surface of the electrode con-
sumes more operating voltage due to the ohmic loss, thus leading
to poor efficiency of water electrolysis. This bottleneck can be mit-
igated by engineering the catalyst’s surface to liberate the gener-
ated gas bubbles quickly [171]. One of the great methods to
develop superaerophobic and nanostructured catalytic layers is
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electrodepositing of catalyst on a conductive substrate such as
NF, which helps to control the morphology and alignment of the
structure’s building block and crystallinity [175]. This technique’s
principal problem is developing a deposit with suitable character-
istics such as amorphous crystal structure, nanoscale alignment,
and hierarchal morphology to exploit the catalyst exposure. Bal-
ram and co-workers [176] introduced a mechanism to grow nan-
odentrite amorphous metal hydroxide on 3D substrate via
electrodeposition for the first time. The growth of this nanoden-
drite particle was expedited by adjusting the water content in
the alcoholic deposition solution and employing high deposition
voltage. A a-Ni-Co hydroxide deposited on the SS surface pre-
sented high OER catalytic activity with ultra-small potential
(255 mV) to derive a current density of 10 mA cm™2 in 1.0 M
KOH basic solution. Interestingly, the novel material showed
encouraging stability over 10000 cycles of measurement, which
could be stemmed from the superaerophobic nature of the cat-
alytic layer underwater that repelled the produced gas bubbles
and synergetic effect of the metals. This novel preparation
approach could foster an avenue for future researchers to design
new bimetallic hydroxide or oxide materials on other 3D sub-
strates with superior catalytic activity for OER electrode and full
water electrolysis electrode construction.

Moreover, it was demonstrated that generating oxygen vacan-
cies in the catalyst structure is paramount to substantially boost
the active site’s reactivity and offer favorable binding energy to
the oxygen intermediates, thus enhancing. However, the develop-
ment of 3d transition metal catalyst that owns both well-defined
nanostructures accompanied by abundant oxygen defects/vacan-
cies is yet a perplexing phenomenon [177]. One study of Guo and
co-workers [113] recently attempted to fabricate nanostructured
materials with rich oxygen defects by doping nickel into cobalt
hydroxide, giving CoNi-OH hexagonal nanoplates. It was reported
that the existence of Ni in the CoNi-OH was vital to foster OER
activity. A three-electrode system was employed to probe the elec-
trocatalytic performance of the prepared materials. Fig. 5(a) shows
the polarization curve of four different materials examined in
1.0 M KOH electrolyte using a 5 mV s~! scan rate. The bimetallic
NiCo hydroxide-based electrocatalyst unveiled superior OER activ-
ity generating a current density of 10 mA cm~2 at 238 mV (Fig. 5b),
which is much higher than monometallic hydroxide of Ni and Co
catalysts and the bare NF. This superior catalytic activity of CoNi
—OH/NFs was supported by the lowest Tafel slope of 60.2 mV dec™ "
as shown in Fig. 5(c). Besides, long-term measurements were also
conducted in chronoamperometry at a voltage of 1.53 V for 7500 s
to examine their stability (Fig. 5d), where CoNi-OH/NF maintains a
superior current density of 6.25 mA cm2, suggesting its excep-
tional stability. Besides, the long-term chronopotentiometry test
at a current density of 10 mA cm 2 was also conducted to examine
further the durability of the catalyst CoNi-OH/NF, where trivial
potential change was observed during 40 h continuous measure-
ment (Fig. 5e). These results confirmed an outstanding activity
reinforced with the long-term stability of CoNi-OH/NF. Further-
more, various NiCo bimetallic (oxy) hydroxide-based electrocata-
lysts for OER have been reported and summarily presented in
Table 1.

In summary, various NiCo (oxy) hydroxides-based electrocata-
lysts have been demonstrated to be responsive for OER in alkaline
electrolytes. Preparing nanostructured materials with high surface
area, tuning the local electronic structure, creating oxygen vacan-
cies, and amorphous nanostructure are among the standard routes
employed to obtain a promising electrocatalyst. Superior catalytic
can be obtained by growing NiCo (oxy) hydroxides on porous con-
ductive substrates such as NF, CFP. Few researchers have reported
that NiCo (oxy) hydroxides-based electrocatalysts can deliver a
current density of 10 mA cm~2 at a small overpotential (less than
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Fig 5. Comparison of OER activity (a) LSV polarization of curve of different materials, (b) comparison of overpotential at a current density of 10 mA cm~2, (c) Tafel slope of the

different catalyst, (d) chronoamperometry test of different catalyst at 1.53 V and (e)
Reproduced from Ref. [113] with permission from Elsevier.

300 mV). Despite their profound OER activity, preparing a robust
electrocatalyst for long-term and large-scale applications is chal-
lenging. The catalyst irreversibly or reversibly restructures into
another phase during the reaction process, affecting the overall
electrochemical performance. Hence, monitoring of catalysts’
structure evolution during the reaction is imperative.

5.1.2. NiCo LDHs based electrocatalysts

LDHs based electrocatalysts were demonstrated to be one of the
most competing categories of catalysts, presenting an unsettled
electrochemical performance in energy storage and conversion,
owing to a high active site accessible to the electrolyte solution
by anion exchange. The flexibility and modulatory nature of LDHs
endow to design of materials with different structures by tuning
the cation and anion interlayer [178]. The general chemical for-
mula of LDHs can be represented as [M3*,M>*,(OH),]* (A" )xn-mHa-
0O, which entails positively charged brucite-like host layers
accompanied with interlayer anion and water as charge balancing,

stability test for OER at a current density of 10 mA cm~2 using CoNi-OH/NFs as a catalyst.

enabling it to offer distinctive redox characteristics [179]. Few stud-
ies indicated that LDHs prepared using Ni/Co can be a tempting elec-
trocatalyst for the OER system. In this frame, usually, catalysts are
in situ grown onto the porous substrate (NF, SSM). This is essential
to expedite electron transfer, boost electrolyte penetration to the
porous architecture, and enrich ECSA [180]. For example, Jiang and
co-workers [116] prepared NiCo LDHs electrocatalyst using NF as a
substrate via a simple solvothermal process. Briefly, metal precur-
sors of Ni and Co were dispersed in a mixture of methanol and dis-
tilled water, followed by adding clean NF for subsequent thermal
treatment. Then, the active metals are in situ grown on the 3D
macroscopically porous NF substrate. The prepared catalyst showed
a remarkable activity toward OER, offering a low onset potential of
290 mV and a large current density with excellent stability for about
4000 s. Such high catalytic activity can result from the unique lay-
ered structure, interconnected layers with peculiar redox features
of the NiCo-LDH nanosheet. Although this study brought a remark-
able achievement, the catalytic activity of NiCo LDHs is limited by
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Table 1
State-of-the-art review of Ni-Co-(oxy) hydroxide based electrocatalysts for OER.
Electrocatalyst Substrate  Overpotential (mV) Tafel slope Synthesis Catalyst loading ~ Stability Ref.
@10 mA cm 2 (mV dec™1) method (mg cm~2)
Ni3S,@Co(OH), NF 330 53.2 Solvothermal 6.1 Stable for 20 h during CP® test at 770 of 330 mV  [97]
NiyCo; »(OH) NF 270 59 Hydrothermal 1.0 Nearly stable for 10 h, tested at 1.55and 1.58 V@ [139]
30 and 100 mA cm~—2.
SL*- NiyCo;_x(OH), GC*© 329@5 49 Hydrothermal
0.02
Showed good [171]
stability for
over 3000 s
a-Ni-Co - 255 24 Electrodeposition - Stable during 10,000 cycles at 710 of 255 mV [176]
hydroxide
MLP- Ni,Co;_x(OH), GC 341@5 54 Hydrothermal
0.02
Remained stable [171]
for few hours,
deposited
1.2 ug of
catalyst in GC
(3 mm
diameter)
[Ni(?*3) ITo¢ 460 145 Electrodeposition - Remained stable during 1000 cycles of [172]
Coy(OH)6_7]x accelerated stability test,
Ni-doped Co NF 238 60.2 Hydrothermal - Stable for over 40 h, tested at 7,0 of 238 mV [113]
(OH),
Coo.75Nip25(0OH), CFP 235 56 LAL 0.2 95% retention after 12 h [114]
Nig25C00.75(0H),  GC 352 72 Hydrothermal 0.1 Remained stable for over 12, tested at 1.60 Vto  [115]

produce 12 mA cm 2.

2 SL: single layer; ® ML: multilayer; € GC: glassy carbon; ¢ ITO: indium tin oxide; © CP: Chronopotentiometry; f 51o: overpotential at 10 mA cm

its low electrical conductivity and durability. Also, there is inevitable
aggregating and restacking of nanosheets. One typical route to over-
come this problem is impregnating conductive substances such as
metal and carbon to LDH materials. In another study, Xiang and

co-workers [181] prepared novel 2D NiCo-LDH@NiCo-
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hydroxysulfide (NiCo-LDH@HOS) heterostructure nanosheets using
NF as substrate by fast (30 s) in situ surface sulfurization of the
NiCo-LDHs in Na,S solution at ambient temperature. The electro-
chemical performance of the as-prepared NiCo-LDH@HOS electro-
catalyst for the alkaline OER process is shown in Fig. 6(a-d). The
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Fig 6. Schematic diagram of (a) polarization curves of various catalysts in 0.1 M KOH, (b) comparison of Tafel slopes of various catalysts, (c) EIS spectra of different electrodes,
(d) graph the current density vs. the scan rate. Reproduced from Ref. [181] with permission from American Chemical Society.
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figure explicitly compares the performance of the various prepared
catalysts and the precious and commercial catalysts of RuO,. The
electrode catalytic activity of the NiCo-LDH@HOS exhibited excellent
performance and stability for OER, demanding a low overpotential of
293 mV to obtain 10 mA cm ™2 current density in 0.1 M KOH elec-
trolyte and stable during 62 h continuous measurement. This galva-
nized OER activity and stability are higher than that of NiCo-LDH
nanosheets and reference RuO, catalyst. The excellent electrocata-
lyst activity NiCo-LDH@HOS can be credited to the NiCo-hydroxy
sulfides layer, which remarkably stimulates the electrical conductiv-
ity, thus boosting active sites’ reactivity. Besides, Yu and co-workers
[182] prepared NiCo-LDH material supported on CFP substrate with-
out a binder. Carbon fiber is used as a current collector, and its
robust feature is essential for stimulating mass diffusion and elec-
tron transport. The as-prepared NiCo-LDH nanoarrays exhibited a
low overpotential of 307 mV to derive a current density of 10 mA
cm~2 in an alkaline medium. Such superb activity was claimed to
be originated from the large surface area arisen from the vertically
aligned LDH nanoarrays, which promote intimate contact of the elec-
trolyte with the catalytic layer. A breakthrough and an exceptional
NiCo-LDH based electrode material were prepared by growing on
3D nickel-cobalt foam substrate [183]. N, and argon radio frequency
plasma reformed the microstructure and physicochemical character
of the NiCo-LDH. The plasma was helpful to nitridize the material,
leading to improve electrocatalyst activity. The overpotential
required to derive a current density of 10 mA cm™2 was only
190 mV in a 1.0 M KOH electrolyte solution. This novel material with
ultra-small overpotential was able to outmaneuver numerous transi-
tion bimetallic-based electrocatalysts utilized for alkaline OER appli-
cation. Other NiCo-LDH based electrode materials were also reported
to be an effective and high catalytic performance for alkaline OER
[119,183,184].

Moreover, it was explored that the active site of transition met-
als is predominantly found at the edge sites. The metals’ electro-
chemical reaction site is stalled by the close pack basal planes.
Therefore, working on the basal planes is essential to boost the
materials’ catalytic activity [185]. One possible route to galvanize
the basal planes is through defect engineering and the nanostruc-
ture of the materials. Preparing 2D nanosheet-based LDH electrode
material can galvanize the OER catalytic activity. For example,
Song and co-workers [186] synthesized a nanosheet of NiCo LDH
catalyst by exfoliation of bulk NiCo LDHs. Metal (oxy) hydroxide
consists of edge-sharing octahedral MOg layers. The exfoliation
helps to expose the edge-sharing MOg octahedral layers (which
are the active sites) separated from the bulk materials.

After anion exchange, the prolonged inter-layer space endowed
the bulk NiCo LDH materials delamination into a single layer
nanosheet, which was confirmed by laser beam irradiation of the
solution. Besides, the non-appearance of [00n] growth plane peak
in the X-ray diffraction (XRD) pattern indicates single layer nature.
The exfoliated NiCo LDHs showed a remarkable higher OER activity
in 1.0 M KOH electrolyte, using an overpotential of 300 mV, a 3.4
fold of current density increment was recorded and compared with
the bulk NiCo-LDHs. The excellent OER activity of the nanosheets
compared with the bulk LDHs was probed due to proliferated sev-
eral active edge sites and superb electronic conductivity while
maintaining similar ECSA. Similarly, Jiang and co-workers [116]
prepared NiCo-LDH nanosheet with improved OER catalytic activ-
ity in an alkaline environment. The electrode materials were pre-
pared by in situ directly growing of bimetallic NiCo-LDHs on a
substrate of NF. The substrate with a peculiar porous structure
and meander architecture was essential to increase the active sur-
face area. The nanosheet of NiCo-LDHs with the layered arrange-
ments is interconnected to the surface of NF, forming 3D
nanoarray networks which maintain both excellent structural sta-
bility and electrical connection, facilitating electron transport. It
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disclosed an appealing OER activity (670 mV@50 mA cm 2)
exceeding the commercial RuO, electrocatalyst. Besides, Liang
and co-workers [187] reported NiCo-LDH nanoplate with an
enhanced activity that was prepared via high pressure hydrother-
mal continuous flow reactor. The nanoplate materials offered a
current density of 10 mA cm 2 at a small overpotential (367 mV)
in 1.0 M KOH. Furthermore, remarkable stability has been achieved
at 1.593 V, generating a current density of 10 mA cm 2. After 6 h,
the amount of potential required to generate the same current
density has somewhat increased to 1.615 V. The superb OER activ-
ity could be stemmed from the high surface area and high content
of putative active sites. Besides, X-ray photoelectron spectroscopy
(XPS) confirmed that the NiCo-LDH nanoplate that was formed by
exfoliation of bulk materials was found with a significant change in
its electronic structure.

Overall, CoFe based electrocatalysts are among the most active
for alkaline OER due to their high active site accesses to the elec-
trolyte solution by anion exchange. Similar to metal hydro(oxy)ox-
ides, LDHs contain stacked layers of edge shared octahedral MOg.
However, LDHs consist of positively charged brucite-like host lay-
ers and charge-balancing interlayer anions, differing from metal
hydro(oxy)oxides. The flexible and tunning nature of LDHs enables
designing materials with numerous structures by modulating the
cation and anion interlayer. The close basal planes restrict NiCo-
LDHs during water oxidation. Creating defects and nanostructured
materials can circumvent such problems. The intercalated anions
and water between the layers and various metals cations create
larger interlayer space with peculiar redox characteristics. Such a
unique structure enables to obtain super electrochemical perfor-
mance. Some efforts have been made in preparing NiCo-LDHs for
OER, and good performance has been achieved in both activity
and stability. Table 2 presents some of the NiCo-LDH electrocata-
lysts employed for alkaline OER.

5.1.3. NiCo oxide-based electrocatalysts

Spinel oxide-based electrocatalysts have shown a tremendous
performance for water oxidation because their peculiar physical
and chemical properties stemmed from the tunable cations in
the structure. The general formula of spinel oxide is expressed as
AB,04, where A and B are cation metals with tetrahedral and octa-
hedral coordination, respectively [191-193]. Metal oxide and spi-
nels are characterized by their surface-rich chemistry resulted
from their various oxidation state. They are also known for their
durability in an alkaline environment and have palpable electrical
conductivity [194]. There are two types of spinel structures
depending on the location of the metals in the crystallographic site
(octahedral (Oy) and tetrahedral (Tq4) sites). Spinel structure with
the formula of (A%} (B3i,)> O4 in which divalent cation resides in
the tetrahedral site is known as normal spinel. The second type is
called inverse spinel with a configuration of (A3L) (B34) (B3h)2 Oa,
where divalent cation A2" is located in the octahedral site. Unlike
in perovskite, transition metals can be found in both tetrahedral
and octahedral sites, leading to acquiring different d-band splitting
frameworks [195,196]. Besides, in a spinel structure, electron hop-
ping can take place between the different oxidation states that even-
tually enhance electrical conductivity [69]. Substantial research
work has been conducted in the preparation and characterization
of spinel oxide for OER electrocatalyst. Cui and co-workers [197] pre-
pared a spinel oxide of NiCo,0,4 nanoplatelets via a co-precipitation
decomposition strategy using NaOH as a precipitant. By adjusting
the molar ratio of the Ni and Co precursors, controlling the operating
temperature and time, a spinel with a core-ring NiCo,04 nanoplate
was obtained (Ni/Co = 1:4 and decomposed at 200 °C for 1 h), which
was confirmed by high-resolution transmission electron microscopy
(HRTEM). A considerable Co content was observed in the inner core
of the nanoplates, and the surface of the edge was found retaining Ni
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Table 2
State-of-the-art review of NiCo-LDH based electrocatalyst for OER.
Electrocatalyst Substrate Overpotential  Tafel slope Synthesis Catalyst loading  Stability Ref.
(mV)@10 mA mV dec™! method (mg cm~2)
cm 2

NiCo-LDH@HOS NF 293 72 Hydrothermal 0.45 Overpotential increased by only 2.4% after 62 hof [181]
stability test

CogSs@NiCo LDH NF 278@30 103 Hydrothermal 1.8 Slight increase of overpotential after 12 h [188]

NiCo LDHs NF 367 40 Hydrothermal 0.17 Slightly increased from 1.593 to 1.615 V to [187]
produce 10 mA cm~2 after 6 h test

NiCo-LDH NS* NF 420 113 Solvothermal 1.76 Steady current density at potential of 1.52, 1.76, [116]
and 1.96 V for about 4000 s.

NiCo-LDHs GC 314 77 Solvothermal 0.35 Remained stable for over 8 h with 1.48% loss of [189]
potential.

3D-NICo-LDHs SSM 270 61 Electrodeposition - 85% current retention after 36 h test [190]

N-doped NiCo LDHs  Carbon 190 123 PECVD® - Stable for 24 h at # of 190 mV [183]

rod
NiCo-LDH CFP 307 64 Wet thermal 0.8 Stable after 20 h testing at J of 100 mA cm 2 [182]
nanoplates

NiCo LDHs GC 290 31 Co-precipitation 0.2 8.38% current loss after 30 h test [119]

NiCo-LDHs NF 334 141 exfoliation 1.0 nearly constant during 13 h test at J of [186]
10 mA cm 2

NiCo-LDH NSs CFP 299 45 Hydrothermal 0.467 Stable for 10 h; at the potential of 1.53 V. [191]

NiCo-LDHs NF 271 72 Wet thermal 1.0 Showed 17 mA cm™2 stable current at 1.76 V for  [140]

18 h during water splitting

2 NS: Nanosheet; ® PECVD: plasma-enhanced chemical vapour deposition; € J: current density.

and Co at a molar ratio of 1:2. The peculiar core-ring nanostructure
endows an enhanced active surface area and an abundant number of
the active site of Co atoms, which remarkably stimulated the OER
activity. Consequently, a small overpotential of 315 mV was required
to generate a large current density of 100 mA cm~2 using core-ring
NiCo,0,4 as anodic materials for alkaline OER. In comparison, a large
overpotential of 438 mV was claimed to reach the same current den-
sity using NiCo,04 without a core-ring structure. The high electro-
catalytic activity of the core-ring NiCo,04 could be emanated from
the high roughness factor (Rf = 870 + 23) and high capacitance
(C=52.2 + 1380 uF m~2), which was higher than NiCo,0, (without
core-ring) with a roughness factor of 445 + 8 and capacitance of
26.7 + 480 uF m 2 Shi and co-workers [87] prepared NiCo,0,
directly grown on FTO substrate. The electrochemical water oxida-
tion potential of NiCo,0,4 with needles and nanosheets was investi-
gated. The anode with NiCo,04 nanoneedle catalytic layer presented
a noticeable performance, endowing a current density of 10 mA
cm 2 at 223 mV of overpotential. State-of-the-art NiCo oxide and
spinel-based electrocatalyst with their corresponding OER perfor-
mance are summarized in Table 3. Recently, Alegre and co-workers
[126] prepared an exceptional spinel bimetallic NiCo,04 electrocat-
alyst for alkaline OER. An ultras-mall over-potential of 223 mV
was observed to derive a current density of 10 mA cm2, which is
hyper-performance compared with other bimetallic materials and
even outshined for the state of the art precious metals employed
for OER. The high performance was believed to be originated from
the high oxidation state of the active metals (Ni and Co with + 3 oxi-
dation state) and well-defined crystallographic structure.

Preparing electrocatalyst materials reinforced with 2D or 3D
configuration could stimulate the catalytic activity for the electro-
chemical water splitting process because 2D and 3D substrates offer
the maximum number of active units and upsurges the contact area
with the solution. For example, Yan and co-workers [198] prepared
Ni,Cos_x0O4 nanowires directly grown on NF conductive substrate by
hydrothermal reaction. The as-developed NiyCos_,O, nanowires
showed a remarkable potential for the OER process, attained a cur-
rent density of 10 mA cm 2 by applying an overpotential of 335 mV.
This high OER catalytic is ascended from the coupling effect of the
material’s two metal and amorphous oxide nature. In 2017, Deng
and co-workers [199] prepared well-ordered mesoporous NiCo
oxide via the nano-casting technique. At an optimum composition

112

ratio of 4:1 (Co/Ni), CoNi was turned to be the most effective for
alkaline water oxidation; an overpotential of 336 mV was required
to fetch a current density of 10 mA cm 2, which overwhelmed sev-
eral other reported bimetallic electrocatalysts. Electrochemical
measurements divulged that the embedded nickel was responsible
for boosting the catalytic activity. The XPS characterization revealed
that the content of Ni(OH), species was augmented after testing for
OER. Besides, Zhao and co-workers [75] prepared a hollow CoNi
oxide microsphere anchored by nanosheet by controlling Co/Ni
molar ratio via the self-template technique. The chemical composi-
tion and size of the hollow voids of the prepared materials can be
modulated using the bimetallic precursors. The optimum Co,-Ni;-
0O material exhibited an overpotential of 310 mV to develop a cur-
rent density of 10 mA cm™2 and a small Tafel slope of 57 mV dec™!
in 1.0 M KOH. The high performance for OER is stemmed from the
large ECSA, and the charge conduction is enhanced due to the cou-
pling effect of the two metals.

On the other hand, it was established that materials with a
nanostructured framework exhibit a hyper catalytic wave of activ-
ity for OER process due to their peculiar architecture and chemical
composition [200]. One way to fabricate nanostructured materials
is based on a template. Wu and co-workers [74] synthesized
nanostructured NiCoO, anchored on SS via electrodeposition
method using silica as a template. Shortly, the NiCo-SiO, compos-
ite film was first synthesized through potentiostatic. Then, the sil-
ica template was chemically etched, and the bimetal NiCo was
liberated and formed NiCoO, layer while scanning by CV in the
alkaline medium. The prepared materials revealed a galvanized
catalytic activity for OER, which demanded a 326 mV of overpoten-
tial to generate a high current density of 100 mA cm 2 in 1.0 M
KOH medium accompanied with excellent stability for about
20 h. Besides, Elakkiya and co-workers [82] prepared nanoporous
NiCo,04 spinel with a flower-like structure for water oxidation.
The nanoscaled spinel oxide materials with high ECSA, high poros-
ity, and enriched active site exhibited a considerable OER and HER
activity in alkaline medium, furnishing higher current density at
lower overpotential.

Moreover, various NiCo bimetal oxide and spinel with nanos-
tructured framework have been reported and showed a remark-
able potential for sustainable OER [87,201-203]. In general,
oxides, including spinels, are among the widely investigated mate-
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Table 3
State-of-the-art review of NiCo Ni-Co-(oxy) hydroxide and oxide based electrocatalysts for OER.
Electrocatalyst Substrate  Overpotential Tafel slope Synthesis method Catalyst Stability Ref.
(mV)@10 mAcm™2 (mV dec™!) loading (mg
cm?)
NiCo,04 FTO 323 292 Hydrothermal 0.53 Stable current density for 3 h [87]
nanoneedles
NiCo,0;@0MC" GC 281 96.8 Solvothermal 0.567 Stable for 230 h [204]
Core-ring NiCo,04 Ni 315 @ 100 54 Co-precipitation - - [197]
NiCo,04/CNT-150  TFS*® 360 129 Hydrothermal 7.3 Showed good current density stability after  [205]
3000 s.
Core-shell C/ cC 168 57.6 Hydro/solvothermal  0.875 Showed stable potential after applying [86]
NiCo0,04 constant density of 10 mA cm—2
NiCoalloy@C/ NF 300 106 Solvothermal 0.32 - [83]
NiyCo;_,O/NF
NiCo,04/NiO GC 360 61 Hydrothermal 1.06 Unchanged current density for 11 h [206]
HMP NiCo,0, NP GC 340 75 Template based 0.25 After 500 cycles, 20 mV increase of potential [202]
to generate 10 mA cm 2
NiCo,04-rGO GC 390 63 Two-step solution 0.24 At 1.66 V maintains 94% of its original [207]
current density after 1000 CV cycles,
NiCo-NiCoOy SS 389 74 Deposition - Stable current density of 100 mA cm~2 for [74]
20 h
NiCo,04 3D GC 360 50-60 Solvo/hydrothermal 0.4 Stable current density of 10 mA cm~2 for [208]
nanosheet about 5 h
CS-Ni-Co NWN¢© CFF¢ 302 43.6 Hydrothermal - Stable J of 10 mA cm 2 for 10 h [209]
NiC0,04/GNs® GC 383 137 Solvothermal - Retained 47.1% of current density after 1 h [210]
operation
NiCo,04@C - 267 46.5 Hydrothermal - Potential increased from 1.50 to 1.55 V to [211]
produce J of 10 mA cm 2 after 30 h
NiCo,04 NW FTO-GPf 460 90 Hydrothermal 1.0 Stable J for over 10 h [212]
NiCo,04 GC 265 82 Hydrothermal - Stable J of 10 mA cm~2 for 10 h [203]
nanoframe
HU%-NiCo,04 GC 4193 51.3 Thermal 0.069 Trivial decrease of anodic current after 1200 [213]
decomposition cycles
Ni-Co,-0-HNSs" GC 362 64.4 Thermal 0.2 - [214]
decomposition
NiCo,04 PN} PtP 264 89.8 Hydrothermal - Almost no change of J at overpotential of [215]
264 mV for over 12 h
N-doped Graphene 373 156 Heterogeneous - Less than 10% anodic current loss after 1000 [216]
graphene films reaction cycles
NiCo,0, film
Co/Ni 4/1 GC 336 36 Nano-casting 2.0 Stable-current density of 10 mA cm~?2 for [199]
14 h
NiCo,04 GC 398 49 Hard template 0.55 pug cm 2 Stable current density of 10 mAcm 2 for3h [194]
Co,-Ni;-0 NF 310 57 Solvothermal 1.0 6% current density loss after 12 h [75]
NiCo,04 CNF* 223 - Electrospinning - Stable current density for over 24 h [126]
Ni-Co-OH/Ni,P,0; NF 197 63 Chemical - Durable current density for over 12 h [217]
Ni-Co304 GC 300 82 Aqueous chemical - Excellent stability of J for about 40 h [218]
growth
NP'-NiC0,0,4 NF 360 150 Hydrothermal 0.12 Stable current density for about 10 h [82]
Ni;Co,0, NWs™ GC 248 41.8 Hydrothermal - A slight shift of potential after 48 h test [201]
NiyCo3_xO4 NF 335 75 Hydrothermal 0.7 A slight J decrease after 6000 s operation [198]
NiOy/NiCo,04/ Ni 315 76 De-alloying - Stable current density of 10 mA cm~2 for [219]
Co304 12 h.
NiCo0,-400 GCE 280 74 Hydrothermal - Stable current density at 1.5 V for over [220]
3000 s

3 TFS: Ti foil substrate; ® HM: Hollow mesoporous; ¢ CS/NWN: Carbon—shelled/nanowirev network; ¢ CFF: carbon ﬁber fabric; € GNs: graphene nanosheets: f FTO-GP:
fluorine-doped tin oxide glass plate; & HU: hollow urchins; " HNS: hollow nanosponges; ' PN: porous nanotubes; J PtF: platinum foil; ¥ CNF: carbon nanofiber; ' NP:

nanoporous; ™ NW: nanowires,  OMC: ordered mesoporous carbon.

rials for OER using NiCo bimetals. Substantial progress has been
advanced in preparing NiCo based electrodes for water oxidation.
Some of them surpassed the reference electrocatalysts, Ir and Ru.
However, preparing NiCo-based oxide catalyst with a high active
site, robust structure, and long-term stable for large-scale applica-
tion is still challenging.

5.1.4. NiCo composite, alloy, and other electrocatalysts

Carbon material and its composites have been reported as a
promising alternative to expedite electrochemical reactions in
the water-splitting process. Primarily, graphene, carbon nanotube
(CNT), and multi-wall carbon nanotube (MWCNT), have been
broadly utilized to improve the conductivity of bimetallic electro-
catalyst to facilitate the reaction and activity of the catalyst for OER
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[221,222]. NiCo bimetallic catalysts can be upgraded to their activ-
ity by incorporating foreign materials that retain large surface area
and porous structure.

Metal-organic frameworks (MOF) have been utilized to con-
struct enormous enhanced bimetallic electrocatalysts for anodic
water oxidation. MOFs are notorious for their peculiar large surface
area, high carbon content, well-defined structure, and adjusted
pore texture. All those properties are very decisive to speed up
electrochemical reactions [200,222,223], and many scientists have
been extensively working with MOFs and MOFs-derived electro-
catalysts for OER application. MOFs were demonstrated to be an
essential sacrificial precursor or template to develop an excellent
electrocatalyst [224]. Moreover, pristine MOFs were also discov-
ered as potential electrocatalysts. Pristine MOFs contain numerous
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redox-active metal centers such as Ni, Co, and Fe and functional-
ized ligands, expediting electron transfer. Furthermore, the porous
structures of MOFs are imperative for mass and electron transfer.
However, most pristine MOFs exhibit intrinsic low conductivity
due to the inaccessibility of the active center restricted by the sur-
rounding organic ligand and poor electronic coordination between
the metal center and organic ligand, which hamper their electro-
catalytic performance [225]. Hence, it is essential to mention that
the direct employment of pristine MOFs for OER application is still
at the early stage, and there is a big room for further improvement.

The recent development and progress made on Ni, Co, and Fe-
based pristine MOFs utilized directly for OER can be found else-
where [225-228]. This review predominantly focuses on two
bimetallic NiCo and CoFe based electrocatalysts, including MOF-
derived bimetals. Myriads of effort have been made in preparing
NiCo MOFs derived electrocatalyst for OER. For example, Zhang
and co-workers [229] prepared NiCoP/nitrogen-doped carbon
polyhedral nanocage material via chemical etching, and it was
found to be an active composite material to expedite the OER pro-
cess. NiCo based bimetallic zeolite ZIF (ZIF: zeolitic imidazolate
framework) polyhedra were transformed into NiCoP/N-doped
polyhedral nanocages through tannic acid chemical etching and
calcination. Interestingly, the prepared catalyst with a hollow
structure exhibited excellent catalytic activity for water oxidation.
A current density of 10 mA cm ™2 was generated using an overpo-
tential of 297 mV and showed appealing long-term stability. In
2018, Yu and co-workers [230] reported a porous hollow NiCoS
derived from MOF-ZiF-67. The template of ZIF-67 was vital to fab-

(a)

N’
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ricate a material with porous hollow architecture. NiCoS was syn-
thesized via the hydrothermal/solvothermal sulfidation reaction
method followed by the calcination process. Catalysts with various
compositions of NiCoS were prepared and probed their catalytic
wave of activity for OER. The as-developed NiCoS-3 exhibited a
large surface area of 123 m? g !, which is favorable for exposure
of the active sites and ease of transport electrolyte and oxygen,
hence promoting the overall catalytic activity. A current density
of 10 mA cm~2 was achieved using 320 mV of overpotential, which
is comparable with the precious metal of RuO; (332 mV to reach
the same current density) (Fig. 7a), and presented a low value of
Tafel slope (Fig. 7b), which indicates favorable kinetic reaction
for OER. Also, the charge transfer resistance of NiCoS-3 was deter-
mined to be lower than CosS,, highlighting its rapid electron trans-
fer rate (Fig. 7c). Moreover, the long-term stability of the NiCoS-3
electrocatalyst was investigated and exhibited tremendous dura-
bility (Fig. 7d). NiCoS-3 electrocatalyst showed insignificant decay
(maintained over 95%) of initial current density during 40000 s
measurement. Besides, in recent years, myriads of reports have
been disclosed offering a profound capability of MOF-derived
materials to enhance bimetallic electrocatalyst water oxidation
(Table 4).

Moreover, preparing composite materials that comprise het-
eroatoms assembled with carbon materials can enhance catalytic
activity. Singh and co-workers [231] prepared a composite mate-
rial entailing of bimetals of NiCo doped with nitrogen and porous
graphene oxide (NiCo/pNGr) via a hydrothermal reaction. The
nitrogen-doped graphene oxide was essential for an excellent dis-
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Fig 7. Schematic diagram of (a) LSV curve result of various catalysts tested in 1.0 M KOH, (b) comparison of Tafel slopes, (c) EIS Nyquist plot two selected catalysts, (d)
stability test of two selected catalysts using Chronoamperometry. Reproduced from Ref. [230]| with permission from Elsevier Ltd.
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Table 4
State-of-the-art electrochemical performance of Ni/Co composite and alloy-based electrocatalyst for OER.
Catalyst Substrate  Overpotential (mV) Tafel slope Synthesis Catalyst Stability Ref.
@10 mA cm 2 (mV dec!)  method loading (mg
cm2)
NiCo@NiCoOy SSD*? 295 31 Hydrothermal - Increased its potential from 1.56 to 1.62 V after  [235]
20 h tested at J of 100 mA cm 2
NiCoDH/NiCoS GCE 303@20 77.6 Solvothermal 0.136 Trivial increase of overpotential (AV = 54.6 mV) [236]
after 50 h operation
NiCo-CH GCE 343 66 Co- - Stable current for about 9000 s, tested at the [237]
precipitation potential of 1.573 V
NiCo/pNG,* GCE 260 87 Co- 1 30% activity loss after 12 h [231]
precipitation
U-NiCo® GCE 387 49 Hydrothermal  0.40 Stable current for 3 h tested at the potential of [238]
1.63 V
C-NiCo* GCE 430 44 Hydrothermal  0.40 A slight shift of overpotential from 430 to 455 mV ~ [238]
at J of 10 mA cm 2
Ni-Co304 NF 310 59.5 Hydrothermal  0.62 Stable current for about 12 h [239]
nanosheets
Co0304@Ni,P-CoP/ NF 298@50 75 Hydrothermal - Stable current for 40 h, tested at J of 1.56 V [240]
NF
CoeNisC/Ni @ C GC 325 112.45 Solvothermal 0.2 A stable current density of 10 mA cm™2 at an [241]
overpotential of 325 mV after 100000 s
Phf NiCoS-3 - 320 58.8 Solvothermal - Maintained above 95% of its initial current [230]
polyhedron density after 40000 s testing,
PB# Ni-Co Oxide GCE? 380 50 Chemical - Stable current for 10 h [242]
etching
NiCo,04@NiO@Ni NF 240 43 Hydrothermal 1.66 Stable current density of 20 mA cm~? for over [143]
C/SNAP 10 h.
Cog.sNig5)3(PO4)2/ NF 273 59.3 Hydrothermal 4.4 Trivial decay after 30 h, tested at potential of 1.  [141]
Ni 57V
NiO/NiCo,O/NF NF 264 79.3 Hydrothermal 0.5 Showed 9.40% increase of potential after 12 h [142]
testing
NiCoP NWASs'/NF NF 370 54 Hydrothermal 8 Showed good stability for 28 h. [243]
Ni-Co aerogels - 184@100 - Sol gel - - [244]
NiCo,04 NrA! NF 320 69.4 Hydrothermal 4.0 Stable at potential of 1.7 V for over 12 h [245]
NiC0,S,@NiC0,S,/ NF 200@40 31.1 Hydrothermal - Stable current density for over 12 h [246]
NF
NiCo-PBAJ/NF NF 280 97 Hydrothermal 1.9 93% retention of current density after 50 h testing  [247]
CdS@NiCo-LDHs NF 132 39.3 Chemical - Stable current density for 45 h [248]
oxidation
Nij 34-C0S,/CC CcC 370@100 106 Hydrothermal  0.97 Stable current density for 12 h [249]
NiCoP/C GC 330 96 Annealing - Showed stable current density for 10 h [200]
NiCoP/NC™ PHCs GC 297 51 Chemical 0.28 Constant potential of 1.55 V for 10 h [229]
etching
NiCo0,04/XC-72 Ni 419.3 51 Hard 0.069 Showed stable polarization curve after 1200th [213]
templating cycles.
NiC0,04@Nig796Co0  NF 193 37.59 Hydrothermal - Stable current density of 25 mA cm~2, for over [233]
LDHs 22 h operation
NiCo LDH@FeOOH  CFP 224 38 Hydrothermal - Superb stability at 100 mA cm~2 for 25 h [234]
NiC0,S4@Co1Niy4- CC 337@100 111.2 Co- 5 A slight shift of potential from 1.56 to 1.59 V after [250]
LDHs precipitation 40 h operation
Ni/Co3 04@NC GC 350 52.27 impregnation- 0.2 The polarization curve remained unaltered after  [251]
calcination 1000 cycles
NiCo- MOF NF 270@50 354 Solvothermal - Stable J of 10 mA cm 2 for about 30000 s [252]

2 SSD: stainless steel disk; ® GCE: glassy carbon electrode; ¢ PNGr: N-doped porous graphene; ¢ C-NiCo: cetyltrimethyl ammor_lium chloride (CTAC) stabilization of NiC0,04-
NiCo; € U-NiCo: urea-stabilized NiCo,04-NiCo:  Ph: porous hollow; & PB: Prussian-Blue; " C/SNA: core/shell nanocone Array; ' NWA: nanowire arrays; ' PBA: Prussian blue
analogues: ¥ NC-PHCs: nitrogen-doped carbon polyhedral nanocages; ' NrA: nanorod arrays; ™ NC: nitrogen-doped carbon.

tribution of bimetal NiCo nanoparticles on the surface of the por-
ous sheet. The porous structure is helpful to bring an extra benefit
through the coupling effect of the interacting materials. Besides,
dopant N in the porous structure is indispensable to establish syn-
ergetic interaction between the two metals of NiCo nanoparticle
that tune the material’s electronic structure and catalytic activity.
The schematic illustration of the synthesis route for the composite
material of NiCo/pNGr is shown in Fig. 8. A comparison of NiCo
nanoparticle distribution in N-doped porous graphene oxide and
without nitrogen doping was explored. It was found that NiCo
nanoparticles were well dispersed in N-doped graphene oxide with
smaller particle size distribution than in graphene oxide without
doping nitrogen. The particle size of NiCo/pGr was found to be in
the range of 30-50 nm, while NiCo/pNGr (75:25) as determined
to be in the range of 5-10 nm particle size. Such a significant par-
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ticle size discrepancy could primarily originate from the excellent
interaction between the nitrogen-doped porous graphene oxide
and the bimetals NiCo synergetic interaction during the prepara-
tion process. The prepared composite material of NiCo/pNGr
(75:25) showed an insightful electrocatalytic performance for
OER, which required a low overpotential of 260 mV to reach a cur-
rent density of 10 mA cm~2 with long term stability. Recently,
Zhang and co-workers [232] prepared CoS,-NiCo,S4/N, S-co-
doped graphene nanosheet (NSG) catalyst using NSG as a conduc-
tive substrate, and CoCl,-6H,0 and NiCl,-6H,0 as precursors of Co
and Ni, respectively. Briefly, NSG was synthesized following of
Hummers’ method and hydrothermal route. Then, Ni-Co sulfide/
NSG was prepared by dissolving of the NSG, and the Co and Ni pre-
cursors in distilled water and thioacetamide were added to that
mixture. The prepared catalyst showed an excellent OER perfor-
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Reduced Graphene Oxide (rGO) Nitrogen-doped Porous
Graphene (pNGr)
i
® ) . . . Co(ac), + Ni (ad), dissolved in
Pyrrolic-N  Pyridinic-N NiCo alloy oxide EtOH;H;O (3:2)
nanoparticles 4

NiCo alloy growth on the dfected
and doped Nitrogen sites (NiCo@pNGr)

Sonication (30 mig) + Stirring (24h)

Nitrogen-doped Porous Graphene

Fig 8. Schematic illustration of the preparation method for composite NiCo/pNGr electrocatalyst for OER. Reproduced from Ref. [231] with permission from WILEY-VCH.

mance with a small overpotential of 272 mV at 10 mA cm 2 cur-
rent density. The hyper-performance of the catalyst could be
attributed to the synergetic effect of the bimetallic and the suitable
electrical conductive substrate has arisen from the N, S co-doped
graphene. CoS,-NiC0,S4/NSG electrocatalyst revealed long term
stability during 10 h continuous testing at 1.50 V, showing loss
of current density just not greater than 1.0%, suggesting that the
electrocatalyst is durable and outperformed for the commercial
catalyst of RuO,, which exhibited ca. 6% of current density loss
after 6 h during alkaline OER testing [35]. After 2000 cycle opera-
tions, C0S,-NiCo,S4/NSG displayed a trivial potential increase to
obtain 10 mA cm~2 current density, mesmerizing their great elec-
trocatalyst wave activity for OER.

In summary, NiCo composite, alloys, and nanostructured based
electrocatalyst have shown a tremendous catalytic activity for OER.
NiCo bimetallic catalysts can be improved their activity by incor-
porating foreign materials that retain large surface area and elec-
trically conductive. In this case, preparing NiCo composite doped
with carbon, alloy with nanostructure is among the widely prac-
ticed methods. Surface engineering, incorporating foreign materi-
als, creating oxygen vacancies, and nanostructure are among the
followed routes to improve NiCo catalyst. Excellent electrocata-
lysts with lower overpotential (less than 250 mV) to derive a cur-
rent density of 10 mA cm~2 have been reported. For example,
NiCo0,04@Nig 796Co LDHs [233], and NiCo LDH@FeOOH [234] cata-
lyst exhibited an ultralow overpotential of 193 and 224 mV,
respectively, to deliver a current density of 10 mA cm~2. However,
there is still ample room to investigate these catalysts for practical
large-scale application.

5.1.5. N, S, and P doped NiCo based electrocatalysts

Findings revealed that doping/incorporating heteroatom or
anions such as P, N, and S into NiCo bimetallic oxide or hydroxide
can notably change the electronic structure and improve overall
electrochemical performance, including activity and durability in
alkaline OER. Modulating the electronic structure helps overcome
the kinetic barrier persisted in the material, thus improving the
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activity [253,254]. It was demonstrated that phosphorization or
sulfurization of metals could ameliorate the intermediate reac-
tant’s binding energy on the catalytic layer’s surface, leading to
ideal Gibbs free energy that is crucial for water electrolysis [255-
257]. The peculiar eg orbital occupancy of 3d transition metals,
including metal phosphide /sulfide, oxide, and hydroxide, trigger
them to retain high catalytic activity to adsorb the reactant inter-
mediate (like *OOH, *OH), thus offers superior electrocatalysis
[133,257]. Besides, doping of heteroatoms can accelerate the elec-
tron transfer from d-band to 2p orbitals of those 02~ to favor the
adsorption potential of OH™ hence revolutionizing the materials’
structure. Moreover, incorporation of heteroatom such as N into
metals can create a defect or oxygen vacancy in the structure
[113] which is vital for the adsorption of the intermediates. Table 5
shows myriads of attempts of bimetallic NiCo electrocatalysts with
doped/incorporated heteroatoms of P, N, and S, which present a
great OER activity in alkaline electrolytes.

Fang and co-workers [249] prepared Ni; 34-CoS; electrocatalyst
by directly growing on CC intended to use for both OER and HER
electrodes. The prepared materials uncovered a profound electro-
catalytic activity in which a high current density of 100 mA cm 2
was obtained using a low overpotential of 370 mV for OER. And
also, during overall water splitting measurements, a 1.66 V of cell
voltage was necessitated to provide a current density of 10 mA
cm~2. Besides, Yu and co-workers [257] reported an enhanced
OER activity via bimetallic NiCo doped with phosphorous. At an
optimum molar ratio of Ni/Co, Nigs5;C0g.49P, it was demonstrated
that a small overpotential of 239 mV was required to fetch
10 mA cm~2 and exhibited a small Tafel slope (45 mV dec™!) in
1.0 M KOH. Such superb performance was believed to be instigated
by the enhanced electrical conductivity that boosted the reaction
kinetics and the high surface area resulted from the layered archi-
tecture. Moreover, the development of a nanostructured NiCo
bimetallic electrocatalyst reinforced with a heteroatom can stimu-
late the catalytic capability for water oxidation. Liu and co-workers
[258] prepared nanowire arrays comprising of NiCo,S, directly
grown on the substrate of CC. This was obtained by converting
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the spinel oxide NiCo,04 nanowires into sulfide assembled NiCo
bimetallic oxide supported on CC. For the synthesis of the nano-
wires, a piece of chemical cleaned CC was used to grow NiCo,04
arrays on its surface through hydrothermal route. After that, NiCo,-
S, nanowires array was prepared by sulfidation of the previously
prepared spinel oxide. A mass of 0.4 mg cm 2 was calculated to
be the mass load of NiCo,S,4 on the CC. The two prepared materials
and commercial RuO, were evaluated their OER activity using
1.0 M KOH electrolyte solution, as shown in Fig. 9. It is apparent
from Fig. 9(a) that NiCo,S4 nanowire showed a remarkably higher
current density than the NiCo,04, which is comparable with RuO,.
The NiCo,S4 nanowire electrocatalyst generated a current density
of 20 and 100 mA cm™2, by applying an overpotential of 280 and
340 mV, respectively. In contrast, NiCo,04 nanowires required an
overpotential of 390 and 470 mV to reach the same current den-
sity. This was also supported with a Tafel slope in which 89 and
90 mV dec! Tafel slope was determined for NiCo,S, and NiC0,04,
respectively (Fig. 9b). The outstanding OER catalytic activity was
attributed to the low resistance of the catalyst that EIS confirmed.
Moreover, the high value of capacitance (NiC0,S4 = 31.5 mF cm 2
while NiCo,0,4 = 12.4 mF cm~2) highlights high surface roughness
and specific surface area are beneficial for OER process. The novel
NiCo,S, catalyst showed a trivial current density loss during 500
CV scans in 1.0 M KOH at 2 mV s~! (Fig. 9c) due to its strong mor-
phology integration, which led to good stability for about 12 h
(Fig. 9d) [258].

Yan and co-workers [223] reported that Co4Ni{P NTs (NTs: nan-
otubes) electrocatalyst exhibits a remarkable higher catalytic
activity and stability in alkaline OER system. Different Co,Ni,P (x,
y=0,1, 2,3, 4, and 9) electrocatalysts were synthesized using
two steps of solid-state reaction: (i) Co,Ni,O was obtained by oxi-
dation reaction at a temperature of 350 °C in air atmosphere, and
(ii) CoxNiyP was obtained by the phosphorization calcination with
NaH,PO, at 300 °C in a nitrogen atmosphere. By varying the molar
ratio of Co and Ni in MOFs precursors, different phases of NiCo
bimetallic phosphides were synthesized. They noticed that Co4Ni;-
P NTs exhibit superior OER activity and active surface area than Co-
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P and Ni-P. The Co4Ni;P NTs contain nanotube-like structural mor-
phology with crystalline Co,P and hexagonal NiCoP phases, and it
holds a porous structure with a high specific surface area
(55.6 m? g !). Co4Ni; P NTs showed an outstanding electrochemical
performance for alkaline OER, furnishing a current density of
10 mA cm~2 at 245 mV. Also, it required a low voltage of
1.59 mV to achieve 10 mA cm~? current density for overall water
splitting using both anode and cathode catalyst, which is compara-
ble to the reference electrocatalysts of Pt/C and RuO, counterparts.
Coy4Ni;P NTs revealed a trivial decay after 3000 cycles of CV, with
low current density decay (97.2% retention) at # of 245 mV oper-
ated for 20 h in 1.0 KOH, signifying its excellent stability. Besides,
Yan and co-workers [259] prepared bimetallic NiCo nanorod doped
with sulfur supported on NF via two-step steps. Firstly, NiCo-OH
supported on NF was fabricated by electrodepositing of the metal
precursor. Then, NiCoS was prepared by hydrothermal sulfuriza-
tion of the previously prepared material. It was demonstrated that
the bimetallic NiCoS/NF catalyst retained high OER activity com-
pared with CoS,/NF. A current density of 100 mA cm 2 was
attained by applying an overpotential of 370 and 390 for NiCoS/
NF and Co,S/NF, respectively. The Tafel slope calculation also sup-
ported this. A low Tafel slope of 145 and 157 mV dec™! was
obtained for NiCoS/NF and CoS,/NF, revealing a more favorable
reaction kinetic in the bimetallic NiCoS/NF electrocatalyst. Qiu
and co-workers [260] synthesized NiCoP nanocage electrocatalyst
via template-based technique for electrode water oxidation. By
tuning the molar ration of Co/Ni, an optimum electrocatalyst of
NigsCoq 4P with nanocage structure was obtained and exhibited
an unusual catalytic activity compared with the monometallic
complements. It was validated that a low overpotential of
300 mV was demanded to derive an OER current density of
10 mA cm 2 with a small Tafel slope of 80 mV dec ™. Density func-
tional theory (DFT) calculation was used to inquiry about the supe-
rior performance of the prepared electrocatalyst, which revealed
that the optimum molar ratio of Co/Ni was Nig sCo4 4P. This catalyst
enhanced its charge density at the Fermi level. It enabled the d-
state more proximal to the Fermi level, thus leading to high charge

b
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Fig 9. Comparison of OER activity (a) LSV curve of various electrocatalysts in 1 M KOH, (b) Tafel slope of different materials, (c) polarization curve obtained before and after
500 CV cycle at a scan rate of 2 mV s~!, (d) stability test during 12 h continuous measurement. Reproduced from Ref. [258] with permission from the Royal Society of

Chemistry.
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carrier density and small adsorption energy. In general, nanotube,
hollow nanostructure, and nanoparticles own large surface areas,
which are essential to contact with the electrolyte solution, thus
stimulating electrocatalytic performance. Saad and co-workers
[261] observed mesoporous bimetallic catalysts impregnated with
nitride enhanced catalytic activity and stability. A silica-based hard
template was used to synthesize the 3D ordered mesoporous
bimetallic NiCo,;N, followed by impregnation, silicon removal,
and nitridation process. Due to the large surface area, uniform con-
figuration, accessible pore texture, and improved electrolyte infil-
tration to the porous structure, the as-developed mesoporous
NiCo,N showed excellent anodic electrode performance for oxygen
evolution. For the geometric current density of 10 mA cm™2, a
small overpotential of 289 mV was necessitated. This outshines
the benchmark catalyst of IrO, and the corresponding mesoporous
monometallic of NisN and CoN. Qin and co-workers [262] prepared
an amorphous 2D nanosheet consisting of bimetallic Ni and Co
accompanied with sulphurization. Due to the synergetic effect of
Ni and Co, and 2D structure doped with S species, the NiCoS
nanosheet exhibited superior catalytic activity for OER with a small
overpotential of 280 mV at 10 mA cm 2 of current density. The cat-
alyst also showed outstanding durability in a 1.0 M KOH alkaline
electrolyte. Besides, NiCoS outperformed for the many electrocata-
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lysts used for overall water splitting with a low overpotential of
1.58 V at a current density of 20 mA cm~2 with remarkable pro-
longed stability. Moreover, other NiCo doped with N, P, and S were
reported as active and robust electrocatalysts for the evolution of
oxygen in anode electrode [168,232,261,263-265].

Recently, Amorim and co-workers [266] found an optimum
bimetallic NiCoP nanowire electrocatalyst for OER by controlling
the molar ratio of the metal precursors. They found that the
bimetallic CoNiP nanowire with a molar ratio of 1:1 disclosed the
best performance in OER measurements, reached 10 mA cm~2 cur-
rent density with an overpotential of 301 mV. A high value of TOF
(0.022 s~') was obtained at an overpotential of 350 mV, which out-
strips many other reported bimetallic catalysts and the precious
metals utilized for OER. The superior value of TOF of the prepared
materials denotes its high intrinsic OER activity. Besides, nitrogen-
doped bimetallic nanostructured materials have also shown an
extraordinary competency for OER. More recently, a discovery
ultra-small an overpotential of 214 mV was recorded to derive a
current density of 10 mA cm~2 using Ni,Co-N as anode electrode
for OER, which exceeded the myriads of transition metals used
for OER and also for the commercial RuO; and IrO, electrocatalysts
[267]. According to Table 5, the breakthrough and the lowest over-
potential ever is reported with an overpotential of 133.8 mV to

Table 5
Electrochemical performance of Ni-Co S/P/N based electrocatalyst for OER.
Catalyst Substrate Overpotential — Tafel Synthesis Catalyst Stability Ref.
(mV)@10 mA  slope method load (mg
cm? (mV cm?)
dec™!)
NiCoS GC 280 112 Solvothermal - A slightly decrease of J after 15 h [262]
NiC0,S4 cc 336@20 141 Hydrothermal 0.43 Stable J of 20 mA cm 2 for 12 h [258]
Co4NiiP NTs - 245 61 Solid-state 0.28 Stable J at potential of 1.55 V for over 10 h [223]
reaction
NiCo,S4 GCE 337 64 Solvothermal 0.07 Trivial decay of J after 30 h operation, and 95.8% of FE [269]
Co-Ni(1:1)/PI- GCE 365 59 Electrodeposition - Stable J of 10 mA cm™2 for 8 h [270]
CNT
Nig.51C00.49P NF 239 45 Electrodeposition - Stable J of 10 and 50 mA cm 2 for 100 h [257]
Co-Ni hybrid ITO 203 87 Co-precipitation - Stable J of 20 and 40 mA cm™2 for 10 h [263]
oxides
CoNi,Sy/NCP GCE 280 71 Co-precipitation 2.5 Only 3.151% current reduction after 10 h operation [264]
NiCo- GC 318 136 Hydrothermal 0.26 After 12 h testing, 93.8% retention of current density [271]
NiCoO,@NC
NiCoS/NF NF 370@100 145 electrodeposition - no apparent decrease of | for over 10 h [259]
NiCo/NiCoP GC 290 55 hydrothermal 0.25 After 20 h operation and 1000 CV cycles, little decay was [265]
observed
NiCo/ NiCo,S4@NiCo NF
294 59.6 Electrodeposition - Superb stability for over 100000 s operation [272]
Ni;Co;-P NF 300@35 71 Wet thermal 0.35 Stable J for over 12 h [222]
CoNi,S, NF 328 129 Solvothermal 3.8 Constant potential after 10 h operation [273]
CogNi;P GC 245 61 Solid state 0.19 Retention of 97.2% and 95.7% of the initial current was obtained [223]
reaction for 10 and 20 mA cm ™2 after 20 h operation
NigsCo1.4P GC 300 80 Pearson’s-HSAB*  0.35 a decay 10% in the current density after 10 h [260]
nanocages
NiCo,N GC 289 56 Nanocasting 0.2 - [261]
CoxNiq xS GC 290 46 Solvothermal 0.285 Less than 5% current loss observed after 10 h operation [274]
NiyCo-N CcC 214 53 Hydrothermal 2.0 Merely 3.3% increase of overpotential was exhibited after 60 h  [267]
operation
Ni;o-CoPi GC 320 44.5 An oil -phase 0.35 Stable J of 20 mA cm™2 was retained for 20 h with less than 5%  [275]
decay
CoNiPP-600 NF 264 60 Hydrothermal - Only 3.46% current losses after 10 h [276]
Nij 34-CoS; cc 370@100 106 Hydrothermal 0.97 91% ] retention after 12 h operation [249]
CoS,-NiCo,S4/ GC 272 62.8 Hydrothermal 0.22 After 10 h operation, a trivial J loss of 2.4 and 1.0% was observed [232]
NSG for J of 10 and 50 mA cm~2, produced at potential of 1.50 and
1.62 V, respectively
Nig3C047Ss NF 133.8@20 194.2 Hydrothermal 4 Good stability for about 8 h [268]
NiCoP-NWAs NF 270@20 116 Hydrothermal 8 On the 1st 20 min, the potential increased from 1.35 to 1.52 V. [243]
and remained stable for 28 h
NiCo,S4 NW/NF  NF 260 40.1 Hydrothermal - Showed 85% of its initial activity retention after 50 h [277]
NiCoP Ti foil 310 52 One-pot hot- - Slight decrease of J of 10 mA cm~2 after 8 h operation [278]
solution
Co,NiS4(0H);2  GC 279 52 Precipitation 0.25 long-term durability at J of 10 mA cm~2 for about 28000 s [279]

# HSAB: hard and soft acid-base.
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derive a current density of 20 mA cm~2which was achieved by
bimetallic sulfide of Nis3Co47Sg [268] (Table 5). This could be an
essential avenue to design and develop an affordable, active, and
stable electrocatalyst for large-scale water electrolysis applications
that could substantially substitute the precious metals utilized to
expedite OER.

In general, doping/incorporating heteroatom or anions such as P,
N, and S into NiCo bimetals dramatically revolutionizes the
microstructure, electronic structure, and electrical conductivity
and improves the overall electrochemical performance. Modulating
the electronic structure helps to overcome the kinetic barrier in the
material, thus improving the activity. Combing heteroatoms with
metals can also change the binding energy of the intermediate reac-
tant on the catalytic surface, leading to ideal Gibbs free energy,
which is essential for OER. Growing NiCo bimetals assembled with
heteroatoms on conductive substrates, such as NF, is a promising
strategy to acquire a good electrocatalyst for OER. Despite the sub-
stantial progress made in improving NiCo by incorporating heteroa-
toms, a robust NiCo electrocatalyst with high activity and stability
suitable for extensive scale application is still required.

5.2. CoFe based electrocatalysts for alkaline OER application

Bimetallic electrocatalysts comprising cobalt and iron are
among the widely scrutinized electrocatalysts for the alkaline
OER realm due to their powerful catalytic capability. This section
is devoted to reviewing the state-of-the-art CoFe based electrocat-
alysts employed for OER. To briefly elaborate state of the art, we
made five main sub-sections similar to the NiCo section, including
CoFe hydroxides, CoFe LDHs, CoFe oxide and spinel, CoFe compos-
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ites alloy, and other electrocatalysts, and CoFe assembled with het-
ero atoms of S/P/N.

5.2.1. CoFe (oxy) hydroxides based electrocatalyst

CoFe based electrocatalysts with a hollow structure containing
hydroxide can boost the catalyst reaction, activity, and stability
for OER. Feng and co-workers [144] prepared a hollow hybrid elec-
trocatalyst comprising FeOOH and Co supported on NF via elec-
trodeposition routes. The synthesis process is schematically
presented in Fig. 10. Briefly, the hybrid catalyst was prepared as
follows: (i) the NF substrate was thoroughly cleaned and treated
with various chemicals, including acetone, HCl, and distilled water;
(ii) using the galvanostatic electrolysis technique, ZnO nanorod
arrays were synthesized using 0.01 M zinc nitrate and 0.05 M
ammonia nitrate solution; (iii) Co metal was coupled with ZnO
by electrodeposition; (iv) the prepared ZnO@Co/NF was then
immersed into NaOH for 3 h to remove ZnO nanoarrays, resulting
in Co nanotube arrays, and (v) FFOOH/Co/FeOOH was synthesized
by electrodepositing of FeOOH precursor solution on both the inner
and outer surface of Co nanotubes arrays. The Co metal was
designed to be placed between two FeOOH, and this was important
for some reason. Firstly, the Co sited in the middle aids can achieve
fast electron transfer due to its high electrical conductivity, allevi-
ating the low electrical conductivity of the FeOOH. Secondly, the
hollow structure of FeEOOH/Co/FeOOH can facilitate ion transport.
Lastly, due to the coupling effect of the two metals, the catalytic
reaction, activity, and stability could be boosted. Electrochemical
measurements showed high catalyst activity and durability, which
demanded low overpotential for OER. EIS measurement demon-
strated that the prepared hybrid electrocatalyst possesses high
electrical conductivity, which was estimated by measuring the
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Fig 10. Synthesis route of FFOOH/Co/FeOOH-NF electrocatalysts. Reproduced from Ref. [144] with permission from WILEY-VCH.
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capacitance of the electrical double layer (EDL) (using 5 mV s~!
around 306 mF cm™2 capacitance was obtained). The prepared
hydride electrocatalyst showed an interesting essence of perfor-
mance for OER with a low overpotential of 250 mV to furnish a cur-
rent density of 20 mA cm~2 with a small Tafel slope of 32 mV
dec™'. Furthermore, it has also shown a fantastic catalytic activity
for about 50 h in 1.0 M NaOH. Zhang and co-workers [280] also
prepared Co-doped Fe-OOH through gelatin-assisted hydrothermal
technique, which gave excellent electrocatalytic activity in OER,
demanding 290 mV overpotential to generate a current density
of 10 mA cm 2. However, the reaction mechanism and role of Fe
incorporated/doped into Co oxide remained subtle. More recent
studies by Enman and co-workers [281] revealed that oxidized iron
species participated as active sites in the OER on the CoFe (oxy)
hydroxyl catalysts, that was probed by operando X-ray absorption
spectroscopy (XAS) and DFT. They found that OER was different in
the presence and absence of iron, being less active in Fe-free CoO,-
H, electrocatalyst.

On the other hand, Han and co-workers [282] prepared iron
modulated cobalt hydroxide nanostructured electrocatalyst for
alkaline OER. It was designed by a conversion tailoring technique,
in which the iron modulated cobalt (oxy) hydroxide was anchored
onto graphene oxide to develop two-dimensional nanohybrids. The
iron was essential to change the micro sized sheet into the
nanometer-sized particle, leading to a susceptible iron-influenced
feature. Both iron and cobalt were crucial for catalytic activity. At
the same time, graphene was essential for the dispersion of Fe-
CoOOH nano-sized particles and helpful for linking the conducting
networks, vital for fast electron transport during the reaction. The
DFT calculations unveiled that the iron added into the Fe-CoOOH
materials resulted in a quick catalytic response due to the boosted
adsorption competence for the intermediate entities involved in
OER. The as-prepared Fe-CoOOH connected in graphene oxide
showed a remarkable electrochemical performance in OER,
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demanding only 330 mV overpotential to offer 10 mA cm ™2 current
density. Moreover, a small Tafel slope of 37 mV dec! was
obtained, which denotes that fast reaction kinetics is persisted in
the prepared catalyst. The existence of iron was able to alter the
electronic structure of Co, leading to suitable adsorption of inter-
mediates on the catalyst surface and hence accelerates the OER
kinetics [283]. Besides, Wang and co-workers [284] prepared
CoO@FeOOH core-shell nanowire grown directly on 3D CC by
hydrothermal and electrodeposition process to obtain CC@CoO@-
FeOOH. Taking advantage of the nanowires with good facet expo-
sure to the reactant, the conductive 3D CC, which is vital for
rapid electron transfer, and the synergetic effect of Co and Fe,
CC@CoO@FeOOH electrocatalyst exhibited an excellent electro-
chemical wave of performance, demanding only 255 mV overpo-
tential to produce a current density of 10 mA cm™2 along with
good stability, Zhou and co-workers [285] prepared a bimetallic
hydroxide catalyst comprising of Co and Fe.

By controlling the ratio of Fe and Co, Cog;Feq3(OH), was found
to be the most appealing electrocatalyst for OER, requiring a quite
low overpotential of 220 mV to afford a current density of 10 mA
cm 2. Co-Fe hydroxide nanosheet arrays were directly grown and
incorporated into 3D copper foam. The resulting catalyst showed
a low Tafel slope and less charge transfer resistance, confirming
its right candidate for OER. Besides, the stability of the prepared
electrocatalyst was appealing, which remained almost stable for
around 100 h continuous measurements. Furthermore, Inohara
and co-workers [286] developed an efficient electrocatalyst of
Co-doped Fe-OOH for OER by modifying the ratio of Co and Fe.
The prepared electrocatalyst showed low overpotential and excel-
lent stability. The list of the state of the art of bimetallic electrocat-
alysts based on Co and Fe (oxy) hydroxide employed for alkaline
OER is presented in Table 6.

Moreover, preparing amorphous Co-Fe hydroxide structures
can enhance catalytic reactivity and activity for OER since amor-

Table 6
State-of-the-art review of CoFe (oxy) hydroxides based electrocatalyst for OER.
Catalyst Substrate Overpotential  Tafel Synthesis method Catalyst Stability Ref.
(mV)@10 mA  slope loading
cm 2 (mV (mg
dec™) cm?)
Cog20Feq.8000H GC 383 40 Precipitation 0.20 Nearly unaltered potential for over 12 h [286]
operation
FeOOH/Co/ NF 250@20 32 Electrodeposition 0.5 Constant overpotential of 250 mV to produce J of [144]
FeOOH 20 mA cm2 for over 50 h
HNTAs®-NF
CC@CoO@FeOOH- CC 255 80 Hydrothermal/electrodeposition 1.9 After 20 h testing, the same operating potential  [284]
NWAs was retained to produce a J of 10 mA cm 2
@255 mV, and 50 mA cm~? @305 mV
Cop.54Fep.4600H GC 290 47 Gelatin assisted soft template 0.20 89% retention of current density after 25000 s [280]
testing
CoFe(OH), Cu-Df 275 34 Wet chemical - The potential changed from 1.505 to 1.507 V [291]
after 10 h operation to produce a J of 10 mA cm 2
Fe-CoOOH/G GC 330 37 Solvothermal 0.20 Showed stable operating potential of 1.58 V for  [282]
over 5 h
Coo7Feq3(OH), Cup® 220 62.4 Anodic oxidation - no apparent decline in current density after [285]
100 h operation
Cogg75Fen.12s00H  CC 300@20 83 Hydrothermal 3.6 Revealed reveals negligible J loss after 1000 [292]
cycles, and after 50 h, stable J of 20 mA cm 2 was
retained
Am€.CoFe-OH Graphite 280 28 Electrodeposition 0.035 Stable J of 10 mA cm? for over 36 h testing [290]
Am.CoFe(OH)y GC 293 67.4 Template method 0.305 Stable current for over 10 h operation [288]
Am.Co-Fe-OH FeF® 208 47 Wet chemical - Superb stability of J for over 60 hMeasurements [168]
NSA4
FeCoOOH CcC 259 34.9 Hydrothermal 1.0 Superb operating potential stability for 100 h [293]
CoFe(OH), GC 293 67.4 CuO, Template based 0.306 After 10 h testing, a stable current was observed [288]
CoFeOH/NF NF 360@400 43.7 Electrochemical - After 320 operations, the potential remained [294]
below 1.6 V to achieve a J of 400 mA cm 2
Cop.sFeqps(OH)y GC 320@100 58.3 Etching and precipitating - Stable J of 5 mA cm~2 for 10 h [295]

2 HNTAs: hybrid nanotube arrays; ® CuF: copper foam; ¢ Am.: amorphous: ¢ NSA: nanosheet arrays; °FeF: iron foam;  Cu-D: copper disk.
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phous materials retain high defects and active electrochemical
sites than the corresponding crystalline structure [287], essential
to augment the catalytic activity. And also, good structural stability
and corrosion resistance in harsh environments can be found in
amorphous materials, which can keep an interesting property such
as superhydrophilic and superaerophobic states for controlling the
bubble formation and release during OER [288]. Considering all
these merits, myriads of researchers have been dedicated to fabri-
cating Co-Fe hydroxide electrocatalysts with amorphous structure
[288-290]. For example, Yue and co-workers [288] prepared amor-
phous material of CoFe(OH), through a template-assisted route.
The as-made electrocatalyst surpassed the benchmark of commer-
cial RuO, electrocatalyst. A low overpotential of 293 mV was used
to export an OFR current density of 10 mA cm 2 in a 1.0 M KOH
solution. Intriguingly, the as-prepared electrocatalyst CoFe(OH),
unraveled substantial stability for about 10 h continuous
operation.

CoFe-hydroxide based electrocatalysts have shown an excellent
activity towards OER due to their pleniful active site and versatile
composition. Catalysts that could deliver a high current density
and maintain their mechanical robustness and long-term opera-
tion stability are ideal for industrial applications. Few electrocata-
lysts meet all these requirements for large-scale applications.
Growing CoFe-oxyhydroxide on a conductive substrate could deli-
ver a remarkable high activity and stability. For example, growing
of amorphous CoFe- oxyhydroxide nanosheet on iron foam offered
an appealing activity and stability for alkaline OER, forthcoming to
fulfil industrial application requirements. An ultralow overpoten-
tial of 208 and 298 mV was required to derive a current density
of 10 and 500 mA cm 2, respectively, demonstrating its super elec-
trochemical activity for OER. the superb activity was believed to be
originated from the nanosheet and amorphous nature, which facil-
itated to augment the ECSA and provide more active sites for OER,
respectively [168]. Hence, shadowing a strategy to fabricate Nano-
sized particles on a given conductive substrate is indispensable for
obtaining a suitable catalyst for water oxidation, particularly, for
full water electrolysis in general.

5.2.2. CoFe LDHs based electrocatalysts

CoFe LDHs based electrocatalysts have been proved effective for
OER, due to their high ECSA exposed to the electrolyte and possible
to control the interlayer space by introducing different ionic moi-
eties [178]. Han and co-workers [287] prepared CoFe-LDHs electro-
catalysts for OER by co-precipitation and hydrothermal technique.
The as-prepared CoFe-LDH electrocatalyst indicated an outstand-
ing electrocatalytic activity for water oxidation due to the syner-
getic effect between Fe and Co metals in the LDH structure and
the nanoscale dimension that triggered the distance for the ion
transport to be short, and the broader interlayer space structure
with anions and water intercalation enhanced for OER. A low over-
potential of 340 mV is necessitated to derive a current density of
10 mA cm 2. The same group also modified the CoFe-LDHs by
assembling on reduced graphene oxide (rGO) to obtain 2D sheet-
on-sheet binary architectures (CoFe-LDH/rGO), which increased
the conductivity and activity of the catalyst. The resulting hybrid
electrocatalyst offered a remarkable electrochemical performance
for OER, requiring 325 mV overpotential to furnish a current den-
sity of 10 mA cm~2. XPS elucidated the chemical composition and
surface electronic state of the prepared electrocatalyst. Results
indicate that Co and Fe species existed in the form of Co?" and
Fe3* oxidation states. They concluded that Fe>* was essential to
modify the structure and components of the as-prepared materials,
leading to a new phase of the hydrotalcite-like layer structure,
which was vital for the high electrochemical water splitting.

Moreover, another approach to ameliorating the electrocat-
alytic performance of LDHs was proposed. The idea is to create
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an oxygen vacancy in the atomic structure of the catalysts, which
could eventually revolutionize the adsorption of the OH™ interme-
diates and amend the electrical conductivity of the materials [296].
Inspired by this framework, Liu and co-workers [297] prepared
CoFe-LDHs intercalated with formate ion by wet chemical method.
The XPS analysis revealed that oxygen vacancies were identified in
both the Fe and Co center; nevertheless, the oxygen vacancies are
found mainly in the unsaturated Co center. In addition, in the O 1s
peak, high defect sites with low oxygen coordination were also
assigned. It is reported that these high defect sites or oxygen
vacancies are essential to reduce the barriers for the adsorption
of OH™ due to the low coordination sites of the MOg structure.
DFT theory substantiates that the unoccupied bonding t,, orbitals
of MOg center (MOg_y) could induce a high electron transfer con-
ductivity and accelerate OH™ anions adsorption reaction. During
testing in an H-type cell using the three-electrode cell connected
to an electrochemical station, a current density of 10 mA cm™2
was produced by applying an overpotential of 260 mV. Besides, a
voltage of 1.63 mV was required for the overall alkaline water spit-
ting process to achieve a current density of 10 mA cm 2, demon-
strating its potential to replace the precious metals of Ru and Ir.
Wang and co-workers [298] prepared an edge-riched nitrogen-
doped ultrathin CoFe LDH nanosheets by exfoliating bulk CoFe
LDHs via nitrogen plasma. The obtained catalyst contains several
atomic-sized holes and abundant edge sites. These peculiar ultra-
thin CoFe LDH nanosheets with abundant reactive sites, atomic-
sized holes, and edge sites remarkably enhance the catalytic activ-
ity and eventually lifts the overall OER performance. The prepared
electrocatalyst showed high performance for OER, in which a small
overpotential of 233 mV was needed to furnish a current density of
10 mA cm™2. Moreover, it showed superb stability of LSV curve,
remained stable after 2000 CV. The high catalytic activity of the
prepared electrocatalyst was believed to be stemmed from the
increased oxygen vacancies on the CoFe LDH surface, which favors
the adsorption of the reacting intermediates of OER.

Table 6 shows the recent CoFe-LDH based electrocatalysts pre-
pared for OER with their respective overpotential required to
derive a specific current density, synthesis method, and Tafel slope
obtained. As shown in Table 7, the most common preparation
methods for the synthesis of CoFe-LDH electrocatalysts are
solvothermal, hydrothermal, and co-precipitation, which are wet
chemical methods that need a long time to prepare a desired mate-
rial and demand high temperature and pressure. The electrodepo-
sition method has been proposed and used to prepare CoFe
bimetallic oxide and LDH electrocatalysts for different applications
[245,246]. For example, Sakita and co-workers [299] prepared
CoFe-LDH electrocatalysts by depositing metal precursors on
glassy carbon substrate by potentiostatic mode in the continuous
or pulsed regime. They observed that the electrosynthesis potential
and pulses adjustment were fundamental to avoid pure alloy for-
mation or excessive hydroxides. A different mass was loaded on
the substrate by controlling the pulse deposition time, and an opti-
mum mass load of CoFe at a pulse rate of 0.5 s was obtained. This
material revealed an outstanding electrocatalytic performance for
OER, in which a current density of 10 mA cm~2 was achieved at
only 286 mV of overpotential. This fast and easy preparation tech-
nique can be an excellent way to prepare for further effective and
promising electrocatalysts for OER and overall water splitting
applications. Another study also explored an electrodeposition
scheme to prepare 3D porous CoFe-LDH nanoshets on the NF for
OER. The as-made material offered an overpotential of 250 mV to
derive 10 mA cm~2 OER of current density [300].

Furthermore, adjusting hollow and nanostructured materials
can boost the electrocatalyst performance for OER. Yuan and co-
workers [295] prepared ultrathin hollow structured CoFe-LDH
NCs by coupling etching and co-precipitation methods. The cat-
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Table 7
State-of-the-art review of CoFe LDH based electrocatalysts for OER.
Catalyst Substrate Overpotential Tafel slope Synthesis Catalyst Stability Ref.
(mV)@10 mA (mV dec™1) method loading (mg
cm2 cm-2)
CoFe-LDHs GC 286 48 Electrodeposition - The operating potential increases by 1.2 mV min~!  [299]
CogFe;-LDHs NF 262 42 Hydrothermal 2.0 After 20 h operation, a stable J of 10 and [303]
50 mA cm~2 was observed
CoFe-LDHs TizC;MXene 319 50 Heating and - A stable J of 2.7 mA cm™2 at an overpotential of [302]
reflux method 0.5 V was obtained after 10 h operation
CoFe-LDH/rGO  GC 325 43 Co-precipitation ~ 0.204 Stable J of 5 mA cm~2 for about 10 h, [287]
CoFe-LDHs GC 340 43 Co-precipitation ~ 0.204 A constant operating potential for 10 h [287]
CoFe-35 LDHs  GC 350 49 Co-precipitation ~ 4.50 Good stability for over 48 h [304]
CoFe LDH-F NF 260 47 Hydrothermal 0.20 Stable J at voltage of 1.63 V for 35 h [297]
Cop4Feos LDH/ GC 280 29 Co-precipitation ~ 0.14 Unaffected overpotential of 280 mV for oxygen [305]
g-CNx? evolution at 10 mA cm™2 for a day
N-CoFe LDHs GC 233 40.03 Hydrothermal 0.20 Stable polarization curve after 2000 CV cycles [298]
CoFe-LDHs GC 286 45 Dealloying 0.20 Only a 1.5% potential increase was observed after  [306]
60 h operation
Co4Fe,-LDH/ NF 220@50 51 Hydrothermal - Negligible change after 1000 cycles , and high [301]
Co(OH),- stable J for 48 h
NWs
CoFe-LDHs ITO 400 83 Co-precipitation ~ 0.20 Stable J of 10 mA cm~2 from for 10 h [307]
CoFe-LDHs NF 300 83 Co-precipitation 0.20 In the first 1.5 h, a slight increment from 1.52 to ~ [307]
1.54 V to generate J of 10 mA cm 2
CoFe-LDHs GC 270 58.3 Etching and - A stable J of 5 mA cm~2 after 10 h [295]
precipitating
CoFe-LDH/ GC 290 77 Solvothermal 0.35 A 10% decrease of original activity after 10 h [308]
C0304(6:4) operation
M-CoO/CoFe CFP 254 34 Pulsed laser 0.20 A 4% loss of current density after 12 h operation [309]
LDHs ablation
CoFe-LDHs NF 250 35 Electrodeposition - Stable J of 10 mA cm~2 for 50 h testing [300]

2 CNx: nitride composite.

alytic activity of the hollow CoFe-LDHs was probed with linear
sweep voltammetry at a sweeping rate of 50 mV s~! in alkaline
media (1.0 M KOH). Different CoFe LDH materials were prepared
by controlling the ratio of Co and Fe, and the optimum ratio with
50% of each metal exhibited a remarkable high wave of catalytic
activity, achieved 10 mA cm~2 current density at 270 mV of over-
potential. It unveiled a trivial change after 200 cycles, signifying
good stability. Besides, other studies preparing nanoplate and
nanowire structure of LDH materials can enhance the catalytic
activity for OER. A material made by coupling of CosFe,-LDHs
and Co(OH), revealed extraordinary electrocatalytic performance
in water oxidation, achieved 50 mA cm~2 OER current density with
an ultra-small overpotential of 220 mV [301]. Moreover, synthesiz-
ing CoFe-LDH materials directly grown on conductive support such
as MXene and NF has also provided an insightful catalytic activity
for alkaline water oxidation application [302,303].

Overall, CoFe-LDH based electrocatalyst offers an excellent cat-
alytic activity towards OER. Substantial efforts have been made in
preparing CoFe-LDH structure using various methods, including
electrodeposition, hydrothermal, solvothermal, etc. The challenges
remain to obtain robust electrocatalysts with high activity accom-

working electrode

panied with high stability that could essentially deploy for indus-
trial application. Most of the reported electrocatalysts are tested
at a lab scale using a three-electrode system. Therefore, further
investigation using a two-electrode system must thoroughly scru-
tinize its potential for water electrolysis.

5.2.3. CoFe oxide-based electrocatalysts

CoFe bimetallic oxide and spinel-based electrocatalysts have
shown notable performance to expedite OER. The spinel-type of
CoFe bimetallic oxides are demonstrated to an appealing candidate
for OER due to their earth abundance and environmental friendli-
ness, rich redox activity, and good durability in alkaline media
[127,310]. Many researchers have proposed various groundwork
to synthesis metal oxide and spinel-based electrocatalysts for alka-
line water oxidation. The catalyst prepared by hard templating/
nano-casting possesses attractive properties such as well-defined
size, crystal structure, and possible particle size control and boost
the surface area. All those mentioned characteristics are essential
in catalytic reactions [311]. The desired replica’s chemical and
physical parameters can be modulated by changing the hard tem-
plate and the operating condition, enabling us to prepare the

counter electrode
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Fig 11. The proposed deposition mechanism CoFeO, using the electrodeposition technique. Reproduced from Ref. [130] with permission from the American Chemical Society.
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selected materials. Using this frame, in 2014, Grewe and co-
workers [312] prepared bimetallic electrocatalyst by doping iron
into Co30y4, by controlling the ratio of the metal oxide precursors.
It was designed by following specific reaction steps. Firstly, a cubic
ordered mesoporous silica hard framework was prepared, followed
by impregnation of different ratios of iron oxide and cobalt oxide
precursors in the prepared framework to form Fe-Co304. The pris-
tine Cos0,4 electrocatalyst presented an overpotential of 526 mV to
derive a current density of 10 mA cm~2 tested in 0.1 M KOH
electrolyte.

In contrast, the iron-doped Cos04 (at the ratio of Co/Fe = 32),
displayed an overpotential of 486 mV to endow the same current
density, suggesting that Fe dopant increased the catalytic activity
of the resulting materials. This could be attributed to the change
of the electronic structure that influences the electrical conductiv-
ity and charges transfer capability. Another approach for enhanc-
ing and controlling the catalytic activity was proposed by
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Morales-Gio and co-workers [130]. CoFeO, was oxidatively elec-
trodeposited onto NF. This easy technique enables to control of
the mass loading by changing the number of deposition rounds.
The proposed preparation mechanism is presented in Fig. 11. The
working electrode is used as an oxidation site for the CoFe bimetal-
lic ions, and the counter electrode is used to reduce Fe (III) into Fe
(II). Once the Fe (II) ion diffuses into the working electrode, CoFeOy,
commences electrodepositing on the substrate that could be
observed by the mass increased in the quartz crystal. An optimum
mass load was obtained by varying the depositing cycle and the
bimetallic catalyst comprising CoFeO,, which claimed an overpo-
tential of 260 mV to attain a current density of 10 mA cm~2 and
also presented a low Tafel slope of 36 mV dec™ .

In recent years, CoFe spinel-based electrocatalyst has attracted
a significant devotion in the realm of water oxidation due to its
low cost, earth abundance, good catalytic activity. However, alone
spinels are, in nature, poor electrical conductive, which hinders
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Fig 12. Comparison of OER activity of various electrocatalysts: (a) LSV polarization curves at a scan rate of 2 mV s~ ', (b) comparison of overpotential at 10 mA cm 2 of current
density, (c) the needed overpotential at the different current density for the various electrocatalysts, (d) comparison of Tafel plots, and (e) Nyquist plots measured at different
open-circuit potentials for various catalysts, (f) stability test in 1 M KOH. Reproduced Ref. [313] with permission from Elsevier. B.V.
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them from competing with precious metals such as Ir and Ru.
Many researchers have attempted to impregnate high electrical
conductive agents, such as carbon materials [118]. Graphene has
been extensively used among carbon materials due to its profound
electrical conductivity and high specific surface area. One recent
study reported a spinel of CoFe,0, impregnated with graphene
prepared by the sol-gel method [118]. The as-prepared catalyst
showed an excellent activity with a lower overpotential of
300 mV to furnish 10 mA cm~2 current density, which surpassed
the benchmark electrocatalyst of RuO,. Zhang and co-workers
[128] prepared CoFe,0,4 spinel by electrodepositing onto NF sub-
strate to enhance activity and stability. The electrocatalyst dis-
played a splendid electrochemical performance, requiring only
270 mV overpotential to fetch 10 mA cm™2 current density.
Moreover, Lei and co-workers [313] prepared various spinel
forms of CoFe,04 grown on NF and silicon substrate by liquid-
phase epitaxy growth for OER. Among them, CoFe,04 with a thin
film was found to be an encouraging result with only 266 mV over-
potential was needed to attain 10 mA cm™2 current density and
excellent stability in 1.0 M KOH. An explicit comparison of the var-
ious prepared electrocatalyst with commercial RuO, is shown in
Fig. 12(a-f). As apparent from the figure, a thin film of CoFe,04
showed an attractive performance in OER, outperformed for the
commercial RuO,, showing low Tafel slope, low charge transfer
resistance, highly ECSA, and low overpotential accompanied with
fantastic stability. Other studies have also prepared electrocatalysts
using CoFe oxide grown on NF substrate, showed tremendous per-
formance in OER [314]. A list of state-of-the-art reviews on bimetal-
lic CoFe oxide and spinel-based electrocatalyst is shown in Table 8.
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Moreover, developing CoFe oxide electrode materials with
defective surface architecture can considerably enrich catalyst
activity since the materials can be tuned to its electronicbehavior
and gap state in these frames, thus changing the charge transfer
rate and adsorption energy for intermediate species. Having stim-
ulated with this framework, Zhuang and co-workers [315]
attempted to prepare CoFe based nanosheet with rich oxygen
defects using a reductant of NaBH, intended to offer a more active
site for reactant intermediates during OER. The atomically thin
sheet formed was helpful to expedite the mass and charge transfer,
thus boosting the activity. Only 308 mV of overpotential was
demanded to achieve an OER current density of 10 mA cm™2 in
0.1 M KOH electrolyte. XPS explored the presence of the oxygen
vacancies and the ample oxygen vacancies found in the thin sheets
of CoFe oxides responsible for stimulating catalytic activity.
Besides, in 2018, Huang and co-workers [316] prepared Fe/Co(ox-
ides) with defective oxygen. It was demonstrated that the materi-
als with defective surface structure showed a profound OER
activity, requiring 329 mV to obtain 50 mA cm~2 OER current
density.

In general, CoFe oxides are among the extensively investigated
electrocatalyst for OER. Growing of these oxide materials on a con-
ductive substrate such as SS and NF has attracted much attention
and presented an outstanding performance. Among the well mes-
merizing approach to enhance the overall electrochemical perfor-
mance of CoFe-oxide electrocatalyst is fabricating nanostructured
materials. In situ growing of CoFe oxide on these substrates or elec-
trodeposition of Co and Fe precursors on the substrates was
demonstrated to be an excellent strategy to obtain an appealing

Table 8
State-of-the-art review of CoFe oxide and spinel based electrocatalysts for OER.
Catalyst Substrate  Overpotential Tafel Synthesis Catalyst Stability Ref.
(mV)@10 mA slope (mV  method loading (mg
cm 2 dec™!) cm?)
CoFeOy NF 260 36 Electrodeposition 0.001 - [130]
CoFe,04 GC 698@100 42 Precipitation 3-5 - [317]
CoFe-CoFe;04/N-  GC 334 80 Solvothermal - After 1000 cycles, 12 mV overpotential was increased to  [318]
CNTs? produce 100 mA cm 2
Fe-Co304 (Co/ GC 486 - Hard template 0.12 Remained stable current after 10000 s [312]
Fe = 32)
CoFe,04 GC 410 61 Hydrothermal 1.06 Stable polarization curve after 500 cycles [319]
nanoplates
CoFe,04 NC GC 450 61 Hydrothermal 1.06 Stable polarization curve after 500 cycles [319]
CoFe,04 CFP 280 42.1 Li reduction 0.20 a small increase of about 20 mV at the first hour and [88]
strategy remained-almost unaltered in the next few hours
CoFe;04 Au 374 35 Electrochemical - Stable J of 10 mA cm 2 during 50 h measurements [320]
CosFe; 5-0 GC 284 45 Chemical 0.20 During 60 h operation, only 1.5% of operating potential [306]
dealloying increment was observed
CoFe,04 NF 270 31 Electrodeposition 1.20 - [128]
CoFe; alloys/ GC 300 73.34 Electrospinning 0.25 Constant potential during 12 h measurement [131]
CoFe,04
CoFe;04 NF 266 53 liquid-phase 1.60 13.5% current density (20 mA cm~2) attenuation after 24 h  [313]
epitaxy operation
Fe-doped- Ni 260@20 70 Co-precipitation 5.0 After 100 h operation, 7% of current density degradation  [314]
Co;0,@C
C03.775F€0.22504 - 317 58 Nano casting - - [321]
CoFe,04 GC 342 57.1 Hard template 0.142 no attenuation after 1000 cycles, and no obvious J decay  [322]
after 15 h operation
CoFe,04 powders  NF 360 69.2 Sol-gel 0.0096 Stable various current density for over 10000 s operation  [323]
CoFe,04 NP? GC 335 76 Solvothermal 0.28 Good ] stability after 500 cycles [324]
CoFe,04/graphene  GC 300 68 Sol-gel 0.33 83% retention of J of 10 mA cm~2 after 30000 s [118]
measurements
CoOy + Fe** GC 309 27.6 Electrodeposition  0.0095 the potential needed for 10 mA cm~2 augmented from [129]
1.54 to 1.6 V in the first 5 h and then remained stable at
1.6 V for 20 h
Fe-Co304-H-NSs NF 204 38 wet chemical 1.25 After 30 h testing a slightly increase of overpotential [84]
reduction (7.2 mV) was observed
FeCoO NF 244 57 chemical bath 1.70 Retained stable current density after 48 operation [85]
deposition

2 CNT: carbon nanotube; ® NPs: nanoparticles.
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CoFe oxide for OER. Despite their profound activity towards water
oxidation, their stability remains subtle. There is still enormous
room for further investigation, mainly on the issue of stability for
long-term operation.

5.2.4. CoFe composite, alloy, and other electrocatalysts

Preparing of CoFe containing composite electrocatalysts can
galvanize the catalytic activity. Numerous researchers have
claimed that assembling CoFe bimetals with electrically conduc-
tive materials such as carbon can revitalize the conductivity, thus
augmenting catalytic activity [325]. For example, Fang and co-
workers [326] observed bimetallic CoFe assembled with carbon
nanotubes increased its catalytic activity for OER. They prepared
tubular bimetallic CoFeO/CNT electrocatalysts by pyrolysis of the
Co and Fe precursor in triethylene glycol together with CNT.
Briefly, the Co and Fe precursors and CNT were first ultra-
sonicated in triethylene glycol solvent to create a uniform solution;
after that, the solution was heated to 278 °C at reflux for 30 min
under argon flow, giving of Co;_,Fe,0,/CNT electrocatalyst. Bene-
fiting from the multi-walled architecture of CNTs, the outer layer
of the bimetal oxide of CoggFey,0, provides enough active sites
for reactants, and the internal walls are interconnected, which
are crucial for rapid mass and electron exchange. Interestingly,
the novel Cog gFep,0,/CNT electrocatalyst endowed an outstanding
electrochemical performance, in which 10 mA cm~2 was generated
by applying an extra potential of 280 mV overwhelmed numerous
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reported electrocatalyst for OER including the RuO, and IrO,.
Besides, Xu and co-workers [327] observed that the bimetallic
CoFe hybrid embedded with carbon nanotube has superior cat-
alytic activity for alkaline water splitting applications. Liu and
co-workers [328] developed composite materials comprising
bimetallic CoFe catalyst deposited onto CFPs via a technique of
electro-conductive deposition. It exhibited excellent performance
for OER application, necessitating a low overpotential of 283 mV
to achieve 10 mA cm™2. In 2019, Yang and co-workers [136] pre-
pared extraordinary electrode materials using ternary metals
CoFeNi. Two LDHs of CoFe and NiFe based electrocatalysts were
integrated on to NF substrate by electrodeposition applying a con-
stant potential of —1.0 V vs. Ag/AgCl for 50, 100, 200, 300 s, and
the corresponding samples were labeled as CoFe@NiFe-50/NF,
CoFe@NiFe-100/NF, = CoFe@NiFe-200/NF, = CoFe@NiFe-300/NF,
respectively. The CoFe@NiFe-200 electrocatalyst assembled into
NF offered a current density of 10 mA cm™2 at 190 mV of overpo-
tential using 1.0 M KOH electrolyte (Fig. 13). Different techniques
probed the electrochemical performance: EIS was used to elucidate
the charge transfer resistance as shown in Fig. 13(b), where the
smaller semicircle of CoFe@NiFe-200/NF indicates a less charge
transfer resistance (R; = 0.92 Q) due to the rapid electron transfer
kinetic between the interface of electrolyte and the electrode. The
Tafel slope of CoFe@NiFe-200/NF was also determined to be
around 46 mV dec™!, which is smaller than the other catalysts, sug-
gesting the high kinetic site for OER (Fig. 13a). The ECSA was also
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derived by capacitive vs. scan rate, (d) stability test using 320 mV overpotential. Reproduced from Ref. [136] with permission from Elsevier. B.V.
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evaluated to probe the number of exposed sites for the reactants.
As shown in Fig. 13(c), CoFe@NiFe-200/NF has the highest Cy
among all the materials prepared, which is around three-fold more
elevated than the NiFe-LDH/NF, CoFe-LDH/NF, CoFe@NiFe-50/NF,
CoFe@NiFe-100/NF, and CoFe@NiFe-300/NF, due to the intrinsic
more active site persisted in the materials. As presented in
Fig. 13(d), the stability of CoFe@NiFe-200/NF was also found to
be promising for alkaline OER, remained stable for 30 h in 1.0 M
KOH electrolyte. The catalyst also retains its morphology without
changing its structure (as shown in Fig. 13d inset). More interest-
ingly, the CoFe@NiFe-200/NF was determined to be helpful for
the overall water splitting application, requiring a voltage of
1.59 V to derive a current density of 10 mA cm~2. Moreover, other
studies such as CoFeP TPAs/Ni [329], Co;,Fe/C [330], CoFe-/
CogFeSg/CNT [56], Am-CFDH/NCNTSs [331] have shown a remark-
able performance toward OER, which are comparable with the
commercial electrocatalyst of RuO, and IrO,.

Moreover, bimetallic electrocatalysts, such as CoFe LDHs, can
enhance their catalytic activity by impregnating carbon materials
such as CNTs and reduced graphene oxide (owning high surface
area and electronic conductivity). This is to improve the low intrin-
sic electrical conductivity and change the electronic structure of
the CoFe-LDHs, thus markedly boost the catalytic activity
[56,331,332] Yang and co-workers [333] claimed that preparing
CoFe-LDHs embedded with both MWCNTs and rGO can enhance
the overall performance of the electrocatalyst toward water oxida-
tion and oxygen reduction. Composite materials containing CoFe-
LDH/MWCNT/rGO embraced porous hierarchical architecture with
improved electrical conductivity. This is attributed to the assisted
charge transport and the coupling effect of the bimetals, MWCNTs,
and rGO. Moreover, MOFs coupled with CoFe bimetals, can
enhance catalytic activity. MOFs own a high specific surface area,
high carbon content, and tunable pore texture [333,334]. Besides,
MOF can stimulate the dispersion of the metals and interconnect
the particles forming a facile manner of transport channel in the
materials. Hence, the embedding of bimetals with MOF can surge
the overall performance for OER. Recently, Liu and co-workers
[335] observed that combining CoFe with organic framework
enhanced the essence of the catalytic activity toward oxygen evo-
lution in an alkaline medium. An overpotential of 290 mV was
required to export a current density of 10 mA cm™2 using an alka-
line electrolyte of 1.0 M KOH. The high catalytic activity of the
nanocomposite materials was deemed to be arising from the syn-
ergetic effect of the two metals and MOF, which was essential to
tune/modulate the conductivity and electronic structure. Other
composite materials such as CoFe@CNWs [151], CoFe/CogFeSg/
CNT [56], CoFeO/rGO, Co/Fe (2:1) [332], Co-Fe-N@MWCNT [204]
were reported as an upright candidate to advance OER at relatively
low overpotential compared with bimetallic electrocatalyst with-
out carbon materials.

To substantially enhance and revolutionize the catalytic perfor-
mance of materials, it is essential to augment the reactivity and the
number of active core sites. For this case, there are two main
strategies adapted to realize this framework: the first is to incorpo-
rate or dope other metal to the neat metal oxide, aiming to create
oxygen vacancies and lessen the surface adsorption energy on the
materials. The second technique is to engage in structural engi-
neering and nanostructuring of the materials to enhance the cat-
alytic activity in OER applications [335,336] For example,
Co,Fe3_x04 nanoarrays directly grown on CFP were prepared via
hydrothermal and thermal treatment route. Results show that an
iron-doped into spinel Cos04 possesses a good catalytic activity
and stability for OER. The composite materials of Co, 3Feq704-NS/
CFP noted an attractive result, obtained 10 mA cm2 at 342 mV
with profound stability for around 100 h, suggesting its scope for
large scale application [336].
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Overall, much work has been performed on the modification of
bimetallic CoFe by introducing foreign materials. Transition metal
oxide, such as CoFe oxide, possesses poor electrical conductivity.
Doping/incorporating conductive supporting materials such as gra-
phene and carbon nanotube with high surface area and conductiv-
ity could radically change the overall structure and performance.
Integrating CoFe nanoparticles into the carbon skeleton can further
enhance the stability and deter the aggregation of metal particles
during the reaction. However, preparing these supporting carbon
materials is delicate and expensive. Hence, a facile approach for
preparing carbon materials to support metal oxide is imperative
for practical OER application. Despite some achievements that
have been reported, the overall electrochemical performance CoFe
composite and alloy remains unsatisfactory compared with the ref-
erence electrocatalyst of Ru and Ir-based oxides due to the rela-
tively inadequate active site and structural stability. Summary of
the state of the art review of CoFe composites, alloys, and other
electrocatalysts with their respective performance is presented in
Table 9.

5.2.5. N, S, and P doped CoFe based electrocatalysts

It was demonstrated that the CoFe bimetallic electrocatalyst
possesses an excellent electrocatalytic activity for water oxidation.
However, they exhibit low electrical conductive originated from
the intrinsic behaviors that hamper them for large-scale commer-
cial applications. To overcome these bottlenecks, there are several
ways of improving the performance, and one way is to impregnate
hetero-atomic dopants such as nitrogen [357,373] phosphide
[374,375] or sulfide [376] with the bimetallic, which amends the
conductivity, adjust the electronic structure, durability and also
boost the charge transfer, leading to enhanced electrochemical
water oxidation. Forming of oxygen defects or heteroatoms
dopants into metal oxide increases the charge mobility and con-
ductivity and promotes electrons between neighboring catalytic
sites [377]. In the year 2014, Shen and co-workers [378] prepared
CoFe based bimetallic electrocatalyst by doping of S and N to
enhance the conductivity of the materials. It was observed that a
significant electrocatalyst activity was improved, in which 10 mA
cm~2 of current density was attained using an overpotential of
410 mV. It was established that phosphorization of metal amelio-
rates the binding energy of the intermediate reactant on the sur-
face of the catalytic layer, leading to ideal Gibbs free energy that
is vital for H,O electrolysis [256]. For example, Mendoza-Garcia
and co-workers [379] observed that CoFe oxide modified by phos-
phorus presented high catalytic activity towards OER. A Co-Fe-P
was prepared by phosphidation of the bimetallic oxide using tri-
octylphosphine as the P source. The synthesized materials showed
370 mV overpotentials to fetch a current density of 10 mA cm~2 in
OER using 0.1 M KOH alkaline electrolyte. Xu and co-workers [256]
observed that incorporating phosphorus into bimetallic CoFeOOH
intensely ameliorated the overall performance of the resulting
materials during the water oxidation test. The obtained two-
dimensional CoFeP material endowed an alluring wave of perfor-
mance for OER activity, demanding 305 mV of overpotential to
accomplish 10 mA cm~2 of current density in 1.0 M KOH basic
media, outstripping the benchmark of Ir/C electrocatalyst. Besides,
Zhang and co-workers [154] prepared hollow porous Fe-Co-P nano
boxes materials for OER in recent years. The study claimed that
intramolecular charge transport between the two metals and the
P-0 is crucial for altering the catalytic activity. The hollow feature
bargains short mass transport conduits and plentiful active surface
sites, which ultimately greatly amplified the overall catalytic
activity.

Preparing nanostructured CoFe electrode material, which holds
high specific surface area materials, retains more active sites and
good conductivity, can improve catalytic activity. Wang and co-
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Table 9
State-of-the-art review of the CoFe composite, alloy and other electrocatalysts for OER.
Catalyst Substrate  Overpotential Tafel slope  Synthesis Catalyst Stability Ref.
(mV)@10 mA (mV method loading (mg
cm 2 dec™) cm2)
CoFe@CNWs* GCW 290 63 Hydrothermal 0.54 For over 12 h, showed constant operating potential of  [151]
155V
Am-CFDH¢/NCNTs  GC 270 56.88 Wet-chemical 0.285 Stable J of 10 mA cm~2 measured for about 20 h [331]
measurements
CoFeWO,/C GC 306 39 Pyrolysis 0.04 Stable J of 20 mA cm~2 for over 40 continuous OER test  [337]
Fe-Co/CFP CFP 283 34 electroreductive 1.20 A stable overpotential of 283 mV during 12 h [328]
deposition continuous measurements
CO-Fe-1-1 CcP 330 37 Electrodeposition 0.20 Remained stable for over 100 h operation [338]
Co-Fe-8 min CcP 290 53.8 Electrodeposition 1.70 After 50 cycles, about 7.4% of current density decay was [339]
observed
CoFe LDH/ GC 430 77.73 Precipitation 0.140 At potential of 1.624 V, stable current density was [333]
MWCNT/rGO obtained for about 20000 s
Fe-CoS/NC GC 257 46.7 Hydrothermal 0.23 A stable J of 10 mA cm 2 for over 10 h operation, and  [340]
only 2.82% decay was observed
CoFe/SN-C GC 270 - Ionothermal 1.0 Remained stable current density for over 5100 min [341]
Fe-CogSsNM/NF NF 270 70 Hydrothermal 3.32 remained nearly unaffected current density after 10,000 [342]
continuous cycles of CVs test, and also stable for 10 h
test
Co-Fe-phytate GC 278 34 Co-precipitation 0.6 After 10 h operation, small current density loss of 5.6% [343]
CoFe-LDH/ NF 273@20 108 Hydrothermal 4.50 90% current density retention after 32 h continuous [344]
NiCo,04/NF operation
CoFe-MWCNTs NF 300 84 CVD 1.0 Constant overpotential of 300 mV for 3 h operation [120]
CoFe@NiFe-200/ NF 190 45.71 Electrodeposition - 98.6% retention of current density after 30 continuous  [136]
NF operation
CoFeG-HS® GC 242 494 Solvothermal 0.26 showed stable current for over 50 h [345]
CFO/rGO¢; Co/Fe GC 340 310 Hydrothermal 0.10 The current density decreased after about 10 h [332]
(2:1)
Cop.gFep 20,/ GC 280 49 Pyrolysis 0.52 Stable current density for about 8 h [326]
CNTs25we%
C0304_x- GC 350 37.6 Thermal 1.13 After 6000 cycles, it showed similar polarization curve  [327]
carbon@Fe;_,, treatment with a small shift of about 20 mV at J of 50 mA cm 2
Co,0
CoFe-LDHs - 270 58.3 Coordinating - Constant potential electrolysis at J of 5 mA cm 2 for [295]
etching about 10 h
NiCo-S@CoFeATT GC 268 62 Hydrothermal 0.15 90% of the initial current density is retained after over  [253]
6 h operation
Cogp.75Feq25BO/CP GC 227 432 Hydrothermal - 94% retention of the initial current density after 24 h [346]
successive operation
CoFe-based MOF GC 290 40.9 Solution phase 0.28 A slight decrease of 10% current density after 36 h [335]
chemical continuous testing
CoFe/CogFeSg/CNT ~ GC 290 38 Solvothermal 0.27 Stable current for about 18 h [56]
CoFeP TPAs®/Ni NF 198 96.7 Hydrothermal 4.0 Slight increase of 10 mV overpotential after 100 h [329]
operation
Co, 7Fep304 NWs CFP 342 64.4 Hydrothermal 4-5 After 100 h, a stable J of 1000 mA cm™ [336]
(Fe-Co)Se, GC 251 47.6 post-selenization 5.0 A stable J of 10 mA cm~2 for over 24 h [347]
Am.Co,Fe GC 290 61 Mixing wet 0.28 A stable J of 14 mA cm 2 at the overpotential of 300 mV ~ [348]
chemicals for about 36 h
B-NiCoFe Fe wire 342 48 Bluing treatment - 90.5% current retention was obtained after 1000 cycles [349]
Co/Fe (2:1) GC 570@130 42.39 Co-precipitation 0.20 Stable J of 130 mA cm 2 for about 16 h [350]
FeCo-PMM12 GC 258 33 Co-precipitation ~ 0.56 After 10 h operation at 1.52 V the current density [351]
decreased by only 8.3%
Co-Ni-Fe-51 GC 288 43 Solvothermal 0.12 11% decay of current density after 8 h [352]
Co;Fes GC 365 60 DC! arc discharge  0.255 92.0% current density retention after long-term test [353]
technique
Fe;Cos3/VO-800 GC 260 53 Plasma induced - Nearly no change of potential after 3000 cycles. [354]
approach
FeCo-N/C GC 370 52 Solvothermal 0.32 After 3000 cycles, slight shift of overpotential by 7 mV ~ [355]
was observed
Co; ,Fe-MOF GC 280 44.7 Wet chemical 0.17 Only a slight increase of overpotential was observed [356]
reduction during 15 h operation
CFO GC 304 38 coordination- 0.50 No obvious of overpotential during 24 h continues [283]
assisted-etching measurements
Co-Fe-N@MWCNT  GC 290 32 Chemical 1.0 stable current-time curve and 3% attenuation after [357]
reduction 20000 s
CoFe-N-CN/CNT GC 285 51.09 Lyophilisation 0.285 a stable J of 10 mA cm 2 at potential 1.52 V was during [358]
and thermal 20 h continuous testing
Fe(OH);@Co-MOF- (P 292 44 Solvothermal 0.15 At overpotential of 331 mV, a stable J of 50 mA cm~2 for  [359]
74 over 20 h
Fe-Co-F-400 GC 250 38.8 Co-precipitation - Stable J of 10 mA cm 2 for 10 h testing [360]
and etching
FeCoNi NF 370@300 45 Electrodeposition - Retained constant potential after 8 h continuous [137]
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Catalyst Substrate  Overpotential Tafel slope  Synthesis Catalyst Stability Ref.
(mV)@10 mA (mV method loading (mg
cm? dec™!) cm?)
Ni,CoFeq 5-LDHs NF 240 65 Co-precipitation - A stable J of 10 mA cm ™2 for about 72 h [361]
NiFeCo-N, GC 320@9.06 72.9 Co-precipitation ~ 0.038 Good stability for over 20 h [362]
NiCoFe cations CNTPEX 210 83 - - Remained stable for period of 10 h [363]
FeCoNi- N-CNF* 220 57 Electrospinning - Stable at J of 20 mA cm 2 for over 22 h [364]
NiCoFe NF 240 58 Hydrothermal - highly stable over 24 h [365]
NiCoFeOy NF 232 58 Hydrothermal 1.0 Stable J for after 24 h [366]
NiCoFe-LDHs CFC 280 34 Co-precipitation 0.3-0.6 A slight increase from 1.53 to 1.55 V vs. RHE after 10 h  [367]
test
NiCoFe-NC* GC 250 31 Solvothermal - The J at 1.50 V increase at the initial of 4 h and then [368]
slight declined in the following 20 h
NiCoFe LTHs CFC! 239 32 Electrodeposition 0.4 A slight decay (0.2%) after 20 h test [369]
NiCoFe-LDHs NF 276 56 templated in situ 1.0 no apparent current loss after 12 h testing. [370]
transformation
NiCoFe-OH GC 230 72.7 Hydrothermal - Stable current at static potential of 230 V for about 10 h  [371]
PG-NiCoFe™-211 GC 313 51.9 cyanogel reduc- 0.16 Stable potential after 12 continuous operation [24]
NAs tion
NiCoFe-LDHs CFP 288 92 Co-precipitation 0.532 Stable current after 12 h measurements [372]

2 NC: nitrogen-doped carbon layers; ® G-HS: glycerate hollow spheres; ¢ CFO/rGO: Co-Fe-O composites/reduced graphene oxides; ¢ N-CNF: N-doped carbon nanofibers; ¢
Am-CFDH/NCNTs: ar_norphous CoFe dou_ble hydroxides-decorated with N-doped carbon nanotubes; f CNWs: carbon nanowires: & TPA: triangular plate arrays; " PM:
phosphomolybdate; ' DC :direct current;  CP: carbon paper; ¥ CNTPE: carbon nanotube paste electrode; ' CFC: carbon fiber cloth; ™ PG-NiCoFe-211 NAs: pomegranate-like Fe-

doped NiCo nanoassemblies.

workers [373] prepared 1D porous nanowire materials comprising
of CoFeN as an effective electrocatalyst for the alkaline water split-
ting process. It was prepared by an ammonia annealing reaction of
the CoFe double hydroxide source at 350 °C. The physicochemical
characterization techniques such as XRD, XPS, and scanning elec-
tron microscopy (SEM) confirmed that nanoparticle anchored por-
ous CosFeN, nanowire was effectively produced using the route
mentioned above. The as-made CosFeN, materials unveiled an out-
standing wave of electrocatalyst performance toward OER, suc-
ceeding 20 mA cm™2 at an ultra-small overpotential of 222 mV.
More interestingly, the prepared electrocatalyst displayed a com-
parable catalytic performance with RuO, electrocatalyst for OER
in an alkaline medium. Li and co-workers [380] synthesized a spi-
nel CoFe;04 nanoparticle stacked into N-assembled carbon fiber
using a technique of electrospinning. Briefly, firstly, the solution
of the precursors was electrospun onto the surface of the nanofiber
membrane, followed by heat treatment to stabilize and calcined to
carbonize the polymer precursor. Due to the nanostructure archi-
tecture and the synergy effect of the bimetals and the nitrogen-
doped carbon fiber, the as-made CoFe,0,@N-CNFs electrode
unveiled a noteworthy high wave of electrocatalyst performance
toward OER, achieving a current density of 10 mA cm 2 using an
overpotential of 349 mV, surpassing the commercial RuO, electro-
catalyst. Numerous researchers have also prepared nanostructured
and hollow materials doped with atomic of N, S, and P for anodic
electrodes intended to use for OER in alkaline aqueous solution
(Table 10). Besides, in recent years, Zhang and co-workers [374]
prepared porous nanocuboid structured by doping of Fe into CoP.
By controlling the composition of Fe and Co, an optimum content
of Fe/Co was found to be CoggFeg,P, and this catalyst displayed a
splendid performance for OER, requiring only 285 mV of overpo-
tential to achieve an OER current density of 10 mA cm 2. Good sta-
bility was also observed, which showed a small degradation of
5.78% during 10 h electrochemical measurement in 1.0 M KOH at
a current density of 10 mA cm~2 The impressive performance
was claimed to have arisen from its porous architecture, optimized
determining rate step, the well-integrated, and redistribution of 7t
electron between Co and Fe cations.

Hollow nanostructured materials have peculiar properties with
attractive activity and enhanced performance in electrolysis,
ensued from their large surface area, which endows high catalytic

128

site exposure to the reactants and the ultra-small dimension is also
imperative for fast charge transfer. Zhang and co-workers [381]
synthesized a hollow nanocage structured material using CoFe
and Prussian blue analogs (PBA) bimetallic. The CoFe-PBA was used
employed as a precursor template to fabricate CoFe-P, which was
obtained by phosphidation of the precursors. SEM and TEM
(Fig. 14) were used to elucidate the morphology and structure of
the prepared materials. Fig. 14(b) shows a well-aligned nanocubo-
dian structure with a uniform dimension size spanning from 250 to
350 nm. In comparison to the precursor CoFe-PBA (Fig. 14a), CoFeP
cuboidal nanostructures unveiled more textured surface and hol-
low multivoid nanocages architecture (Fig. 14c and d)). CoFeP
nanocages contain a hollow structure with voids in the interior
and cubes and pyramids-looking walls. The creation of such a
peculiar hollow structure might have resulted from variation of
defect concentration in the surface and corner of the materials.
Fig. 14(f) indicates the effective synthesize of CoFe-P, which EDX
detected. Besides, XPS was used to explore the chemical oxidation
state and composition of the prepared material. The XPS analysis
also confirms the existence of the Co, Fe, N, and C elements in
the product. Fig. 14(g) shows the Co 2p region of the CoFe-P mul-
tivoid nanocages. The binding energy of 778.8 and 793.6 eV region
is attributed to the Co 2ps/; and Co 2p;,, respectively, assigned to
Co* found in Co-P. Fig. 14(b-d) shows the existence of the Fe-P,
metal phosphide, and N species, respectively. Both metals and
the non-metal elements of P and N are very advantageous in
enriching the prepared materials’ catalytic activity. The novel pre-
pared catalyst showed an extraordinary wave of electrocatalyst
performance toward water oxidation, attaining a current density
of 10 mA cm™2 at only 180 mV of overpotential, which surpassed
various catalysts including the commercial IrO, and RuO,
electrocatalysts.

Moreover, other studies disclosed that preparing a hybrid cata-
lyst containing bimetallic CoFe-P/S and carbon materials can aug-
ment catalytic activity toward OER. Zhang and co-workers [334]
synthesized bimetallic material hybridized with P, in which a supe-
riors catalyst activity for OER was demonstrated. It was obtained
via phosphorylation and thermal treatment of CoFe-MOFs. The
hybrid electrocatalyst of CoFe-P uncovered notable electrocatalyst
performance for OER, attained 10 mA cm~2 at a low overpotential
of 244 mV. Other reports also claimed that preparing bimetallic
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Table 10
State-of-the-art review of N, S and P doped CoFe based electrocatalysts for OER.
Catalyst Substrate  Overpotential  Tafel Synthesis Catalyst Stability Ref.
(mV)@10 mA  slope method loading
cm—2 (mV (mg cm~2)
dec™!)
NSP-CosFeN, NF 222@20 46 Hydrothermal - After 2000 cycles, the polarization curve showed no [373]
attenuation of activity
(Cog.s54Feg.46)2P GC 370 - Phosphorylation - Stable current density after 1000 CV cycles [379]
CoFeSP/CNT CFP 262 68 Gas-phase - a stable current of 10 and 20 mA cm~2 was maintained during  [384]
sulfurization and continuous testing for 12 h at a constant overpotential of 280
Phphor. and 300 mV, respectively
Co-Fe-P-1.7 NF 244 58 Solvothermal 1.0 Constant operating potential for over 40 h continuous [334]
operation
Fe-CoP cage GC 300 35.2 Annealing - Stable polarization after 1000 cycles [375]
Cop.sFeq sS@N- GC 410 159 Hydrothermal 0.1 After 80 h operation, almost stable current was retained [378]
MC
Cop3sFeg17Poas/ GC 275 31 Gas-solid phase 0.20 at operating potential of 1.53 V, a stable ] of 10 mA cm~2 was  [385]
NC reaction recorded for about 17 h
Cog 4Feq P GC 270 25.6 Chemical- 0.20 Stable J of 30 mA cm~2 for about 3 h [376]
precipitation
CoFeP nanocage GC 180 55 Co-precipitation - Stable polarization curve after 1000 cycles [381]
Fe-CoS/NC GC 257 46.7 Hydrothermal 0.23 2.82% increment of overpotential after 50 h measurement [340]
CoFeP-1.8 NF 242@100 53 partial 341 88.24% retention of J of 100 mA cm™2 after 40 h test [386]
phosphating
CFeCoP GP* 282 44 Electrodeposition 3.0 Stable J of 100 mA cm™2 for about 139 h [382]
CoFeP/CF Cuf® 277.9@50 73 Hydrothermal 15.1 Maintained stable J of 10 mA cm~2 for more than 50 h [387]
CoyFeqo_yOy/ GC 328 314 Hydrothermal 0.357 The potential at a J of 1 and 10 mA cm ™2 remained stable for ~ [388]
NPC? about 15 h
Fe-CoP HTPAs® GC 230 69 ligand exchange - Stable current density for over 50 h [389]
reaction
CoFe,04 @N- GC 349 80 electrospinning 0.57 Around 7.3% decrease of current density after 40000 s operation [127]
CNFs
CoFe@NC-700 GC 380 110 Hydrothermal - Only 7% degradation after 10000 s [390]
Cop sFeo 2P GC 285 40 Phosphidation 0.255 only 5.78% degradation was observed after 10 h continuous test [374]
S-d“-FeCoOy Graphite 300 40 Hydrothermal 0.45 - [391]
CoFeP NSs GC 305 49.6 co-reduction - Retained long-term stability with negligible decay at the J of [256]
10 mA cm~2 for about 24 h
Fep27C00.73P NF 251 59.1 One pot-in situ 3.0 Trivial attenuation of current density after 40 h continuous [383]
co-reduction measurement
Fe-Co-P CFP 269 31 chemical 0.30 - [154]
nanobox conversion
Co-Fe-Pyro GC 276 31 Co-precipitation 1.0 Retention of 90% after 30000 s at 1.62 V [392]
FeCo, P CFP 320 55 Solvothermal 0.50 only 10% drop of the initial current density after a 12 h test [393]
polyhedron
CopssFeo33P GC 294 69 Co-precipitation 0.25 No obvious attenuation of overpotential of 294 mV testedat 6 h  [394]
Cog 7FegsP3 CcC 330@50 82.5 Hydrothermal 1.03 After 10 h continuous measurement, the current density was [395]

preserved at around 32 mA cm 2

2 GP: graphite plates; > CuF: copper foam; ¢ S-d: sulfur-doped; ¢ NPC: porous carbon nanosheets; ¢ HTPAs: hollow triangle plate arrays.

CoFe doped with P or S and carbon material could boost the elec-
trocatalyst wave of potential for OER [376,381].

Moreover, an affordable and easy method of cathodic deposi-
tion has attempted to synthesize P doped CoFe hydroxide bimetal-
lic electrocatalyst with an outstanding performance [382]. The
cathodically deposited CoFe-P on the graphite plate demonstrated
a profound and superior electrochemical performance for alkaline
OER, which attained 10 mA cm 2 @ low 282 mV of overpotential
outstripped IrO, (IrO, demands an overpotential 320 mV to reach
a current density of 10 mA cm~2). Most significantly, the prepared
electrocatalyst presented an extraordinary performance toward
overall water splitting. A 1.56 V voltage is required to derive
10 mA cm~2 with a long operation lifetime (stable for around
139 h). Besides, in recent years, Lin and co-workers [383] proposed
a one-pot approach to preparing novel material that can function
for both OER and HER. By tweaking the molar ratio of Fe and Co,
an optimum Feg,7;C0q73P electrocatalyst was found to be an
enthralling catalyst for the overall water splitting process. The pre-
pared mate ails entailed an outstanding catalytic competency
showing an over the potential of 251 and 186 mV to harvest a cur-
rent density of 10 mA cm2 for OER and HER, respectively, in 1.0 M
KOH solution. Good electrochemical stability was observed during
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40 h continuous operation, signifying its potential for large-scale
commercialization.

In summary, incorporating hetero atoms, such as N, P, and S, into
bimetallic CoFe catalysts could tune the electronic structure, com-
position, and coordination environment, eventually altering the
catalytic activity. Besides, doping of heteroatoms into carbon lattice
could improve the positive charge density of the adjacent carbon
atoms due to their strong electron-donating capability and high
electronegativity. This eventually enhances the electrical conduc-
tivity, expedites intermediate reactants’ adsorption, and further
amplifies catalytic activity. However, ration design, facile, and con-
trollable synthesis method of CoFe doped with hetero atoms with
homogenous integration is still a challenging phenomenon.

6. Recent advances in situ/operando electrocatalyst
characterization techniques

Discovering the connection between catalyst surface structure
and active phase/reactivity is an imperative phenomenon in
heterogeneous catalysts. Such foundational knowledge would
empower researchers to rational design and develop advanced cat-
alysts [396]. Nowadays, there are powerful, cutting-edge instru-
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Fig 14. (a) SEM image of the precursor CoFe-PBA, (b) SEM image of the nanocage CoFe-P, (c-e) TEM images of CoFeP multivoiced nanocages, (f) EDX of Co, Fe, N, P, C revealing
their uniform distribution, and high-resolution XPS spectra of (g) Co 2p, (h) Fe 2p, (i) P 2p, and (j) N 1s regions of CoFeP multi-void nanocages with fitting curves. Reproduced

from Ref. [381] with permission from the Partner Organisations.

ments that enable us to monitor the catalyst structure and activity.
The development of in situ/operando characterization techniques
has brought enormous momentum to elucidate and unravel the
enigma heterogeneous catalyst (such as electrocatalyst) structure
and performance [108,396-398]. The term in situ is derived from
a Latin word, referring to “on-site” or “on location”, denoting that
materials characterization is undertaken under meticulously con-
trolled atmosphere (reaction condition, reducing/oxidizing, or vac-
uum) in a definite chemical reactor or cell. In situ-based probing of
electrocatalyst has enabled researchers to expound catalyst evolu-
tion structure under a controlled environment; however, a direct
relationship between catalyst structure and performance cannot
be obtained since in situ technique has a limitation in analyzing
the corresponding reaction products. The in situ spectroscopy
probing bottleneck can be solved by concurrently gathering cata-
lyst characterization and integrating online product analysis data,
which is known as operando spectroscopy. This technique is
emerging spectroscopy that allows to concurrently cartel the spec-
troscopic surface framework with catalytic activity/reactivity for a
given material under actual reaction conditions [108,396,397,399].
Numerous operando spectroscopies have been used to monitor the
catalyst structure change during the real phenomena of the reac-
tion condition. For example, XAS is a powerful modern instrument
that helps to extract crucial information of the local atomic and
electronic structure of materials [400]. A particular example appli-
cation of XAS for OER electrocatalyst can be found in different
studies [279,398-407]. Few researchers have used XAS to unravel
and monitor NiCo and CoFe based catalyst surface and activity dur-
ing the reaction process.

Calvillo and co-workers [402] employed operando XAS to scru-
tinize the chemical and structure change of fresh and aged Co-Fe
spinel powder. It was found that Co-Fe spinel exhibited higher
energy value at both Fe K and Co K edge after the potential was
augmented, showing that an increased oxidation state for both
metals. An irreversible change was observed on the metal oxides,
which gradually determined their durability for OER. Enman and
co-workers [281] employed operando X-ray absorption spec-
troscopy and DFT to investigate the atomic and electronic structure
of Co(Fe)O,H, during OER. It was found that a high valance of state
Fe participates in the OER process. They demonstrated partial Fe
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oxidation and a shortening of the Fe-O bond length during OER
operating potential. The findings confirm that Co oxidation has
prevailed only in the absence of Fe.

In the year 2018, Chen and co-workers [408] employed oper-
ando Raman spectroscopy to study the composition and structure
of CoO,H, and NiCoO,H, electrocatalyst during OER. The catalysts
were electrodeposited on the surface of the FTO substrate. They
observed an irreversible spinel transformation to the amorphous
o-CoO phase, followed by a reversible conversion between a-CoO
and the active phase NiOOH-h-CoO, at 0.2 and 0.3 V vs. Ag/AgCl,
respectively. Besides, this technique has been used recently to
probe the catalytic activity and change of other electrocatalyst sur-
face structures during the OER [404,409,410].

XPS has been demonstrated to be a promising instrument for
probing surface solids in a vacuum state and can offer important
information such as the composition and chemistry of the surface
materials. Nowadays, the working window of XPS is upgraded from
high vacuum circumstance into a high pressure, allowing the
investigation of surface materials under the actual working and
near working conditions. An operando ambient pressure XPS
(APXPS) enables us to study the catalyst evolution during OER at
ambient pressure. For example, Favaro and co-workers [407]
employed an APXPS to study the role and function of each transi-
tion metal and Ce oxide during OER. It uses “tender” X-rays, which
is beneficial to probe materials surface concealed in the
nanometer-thick solution layer. APXPS experiment requires low
current, and this is in good alignment to investigate the activity
of Nig 3Feq 07C002Ceg 430y at a lower overpotential. To directly mon-
itor the catalyst chemistry under particular applied potential, the
material Nig3Fego7C002Ceg4305 was analyzed by APXPS at oper-
ando conditions of 0.55 V vs. Ag/AgCl, which is tantamount to
340 mV overpotential and 1 mA cm™2 current density. Operando
XAS has also been used to study the coordination shell structure
of the metals distributed throughout the material. In this case,
the sample was immersed in a bulk electrolyte, facilitating the dif-
fusion rate and catalyst current density that is essentially suitable
to study the electrocatalyst at the desired overpotential. The com-
bination of both APXPS and XAS is a superb strategy for compre-
hending the active site of the catalyst and the role of ceria in
improving the activity at small overpotential. Schematic represen-
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Fig 15. Schematic illustration of both APXPS and XAS configuration employed for an operando characterization of metal oxide OER electrocatalyst. CE: counter electrode; RE:
reference electrode and WE: working electrode; Reproduced from Ref. [407] with permission from the American Chemical Society.

tation of both APXPS and XAS set up, utilized for the operando
characterization of the prepared metal oxide for OER electrocata-
lyst, is shown in Fig. 15.

Moreover, the same authors [411] endeavored APXPS to study
the chemical and structural change of different CoO, electrocata-
lyst layers as a function of applied potential. APXPS was crucial
to track the catalyst surface evolution of cobalt oxide during the
OER process. The findings revealed that new spectral were
observed at low binding energy within the Co 2p and O 1s regions.
In addition to the aforementioned operando characterizations,
other spectroscopy such as small-angle X-ray scattering (SAXS)
[401], quartz crystal microbalance (QCM) spectroscopy [410],
time-resolved Fourier transform infrared spectroscopy [412], EIS
[406], synchrotron radiography [413] have also been considerably
used to investigate and track the structural evolution and activity
of electrocatalyst during the actual reaction condition. Further-
more, in situ spectroscopy such as Raman spectroscopy [414-
417] in situ XAS [415,418], in situ grazing-angle XRD (GA-XRD)
[415,418] in situ XRD [417] in situ XPS [402], in situ X-ray absorp-
tion near edge structure spectroscopy (XANES) [415,419,420],
APXPS [421] and others have also been remarkably practiced to
monitor and obtain information on bimetal electrocatalysts during
OER process.

7. Conclusions and outlook

This review paper encapsulates the recent development and
progress of two bimetallic (NiCo and CoFe) based electrocatalysts
for alkaline OER. The underlying reaction mechanism of anodic
OER, the broadly utilized parameters to evaluate the activity and
stability of electrocatalyst in the alkaline water electrolysis pro-
cess, have been momentarily reviewed. Typically, the activity and
durability of two selected earth-abundant bimetals of NiCo and
CoFe in various forms, including Oxy(hydroxide), oxide, doped
with heteroatoms of P/N/S, spinel, LDH structure, composite, alloy,
are systematically reviewed. These two bimetals electrocatalysts
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showed a notable OER activity (required < 300 mV of overpotential
to generate 10 mA cm™2 current density), which overwhelmed the
precious metals based electrocatalysts.

Myriads of strategies such as preparing of hollow porous or
nanostructured materials, doping heteroatoms of nitrogen/phos-
phorous//sulfide into bimetals, preparing of catalyst deposited in
3D/2D structured substrate, preparing of bimetals with abundant
oxygen defects/vacancies, integrating of a conductive material
such as carbon into bimetals and preparing of amorphous struc-
tured bimetallic electrocatalyst are among the most promising
approach to amplify the activity, stability, and durability of OER
electrocatalyst. The recapitulated recent state of the art and pro-
gress of NiCo and CoFe based electrocatalysts are briefly presented
in Tables (1-9). In general, the electrocatalyst performance is
mainly constrained by three factors: the intrinsic nature of conduc-
tivity, active surface area, and electronic structure. To revolutionize
the constraints mentioned above and others, numerous promising
approaches have been established to achieve outstanding OER
electrocatalyst. To mention some of them:

(1) A material with high electrical conductivity is vital for elec-
trocatalyst to reduce the ohmic loss, minimize interface
resistance, and expedite the electron transfer between the
catalyst surface and current collector. Myriads of efforts
have been divulged to developing new materials with hyper
electrical conductivity, which are strong enough to maintain
the electron exchange during the OER process. One common
strategy to prepare a catalyst with robust electrical conduc-
tivity is to synthesize mixed oxide/stoichiometric oxide or
impregnate with conductive materials (such as NF, graphene
oxide, carbon nanotube).

(2) The ECSA of a material adversely influences the overall per-
formance of catalytic proficiency. Materials with high ECSA
could offer ample active sites, substantially stimulating the
performance of the OER process. A catalyst with high ECSA
can be attained by developing nanostructured material or
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controlling the material size and shape. NiCo and CoFe based
electrocatalysts retaining high ECSA can be obtained by con-
structing various morphologies such as nanowire array,
holey sheet design, a nanoplate, core-shell assembly, nano-
foam, microsphere, nanotube array, hollow porous configu-
ration, nanoparticle and nanomesh.

(3) The electronic or atomic structure of material governs the
intrinsic activity, which is profoundly related to the adsorp-
tion properties of oxygen-containing entities. The adsorp-
tion energy of the catalyst surface for the intermediate
should be neither too strong nor too weak. Modifying the
electronic structure of the active phase of material is critical
to realize higher intrinsic activity for robust electrocatalysis.
The electronic structure of NiCo and CoFe can be regulated
by fabricating nanostructured NiCo/CoFe LDHs with OH
interlayer, doping of cation or anion into the LDHs, creating
defects/vacancies, integrating graphene, incorporating het-
eroatoms such as P/S/N into NiCo or CoFe oxide, assembling
of NiCo or CoFe into MOF, doping of Ni into Co oxide and
doing of Fe into Co oxide.

(4) Preparing amorphous nanostructured material was demon-
strated to be a promising avenue to obtain an enormously
boosted electrocatalyst. The gas evolution issue could affect
the overall activity and stability of a material. A material
with superaerophobic surface phenomena can be achieved
by designing and developing amorphous nanostructured
materials, which could reduce the formation and adhesion
of gas bubbles on the catalytic layer of the electrode surface,
thus improving the OER performance. Eradicating the gas
bubbles from the electrode surface bestows plenty of active
sites that can propagate the activity and stability of the OER
system.

(5) Predictive modeling such as DFT could be vital to design and
develop a new catalyst with ideal binding energy for inter-
mediates of OER to achieve hyperactivity. Hence, the
exploitation of predictive modeling and experimental work
could facilitate designing and developing a novel material
for appealing electrocatalysts.

Though substantial advancement has been made yet, finding a
viable OER electrocatalyst for practical purposes with high perfor-
mance, inexpensive, and stable/durable features is a perplexing
phenomenon that necessitates further exploration. The following
aspects are outlined for future endeavors that should be considered
to design and develop a perfect bimetallic (e.g., NiCo and CoFe)
based electrocatalyst for OER and overall water splitting process.

(1) The fundamental underlying of self-reconstruction of
bimetallic-based electrocatalyst during the OER process
and the reason that provokes the self-initiated reconstruc-
tion into different forms is not yet wholly comprehended.
Hence, scientists should give more devotion to the mecha-
nism of catalyst reconstruction to fully unveil the governing
factor. Besides, developing advanced tools for in situ/-
operando surveillance is vital to gain an insight into phase
transformation, morphology change, and variation of
valence state during the reaction process.

(2) The electrocatalysis reaction mechanism of OER and the
active sites that play a crucial role in catalysis is not fully
elucidated. This is important for rational design and the
development of ideal materials for OER electrolysis. For
example, the interconnection of electronic structure and cat-
alytic activity requires advanced research. In situ/operando
studies help unveil the molecular framework of the cata-
lyst’s active site and the catalyst surface reaction intermedi-
ate during the catalysis process. Both surface structure and
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activity/reactivity are scrutinized simultaneously. For an
actual exploration and regulation process of electronic struc-
ture and catalysis mechanism, it could be essential to
employ an in situ or operando method for future endeavors.
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Chapter 1V: Global discussion

This chapter presents the global discussions and summary of the doctoral Thesis, including an
overview of the doctoral Thesis, additional results pertinent to electrocatalysts performance

measured in single-cell anion exchange membrane water electrolysis, and the main conclusion of
the Thesis.
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This section provides a summary of the primary outcomes of the research works of the doctoral
Thesis, which are compiled in Chapter 3, and additional results pertinent to full water electrolysis
performance measured in a single cell anion exchange membrane water electrolysis. In this doctoral
Thesis, four series of electrocatalysts, including three for anode electrode (OER) and one for
cathode electrode (HER), have been developed. In all, Ni, Co, and Fe metals were selected as base
metals for the preparation of the electrocatalysts, considering their main merits of relatively good
catalytic activity, high abundance, and low cost. In particular, three bimetallic-based
electrocatalysts, CoFe>O4 and NiFe2O4 spinel oxides modified by carbonized polydopamine and
CoFe loaded in carbon foam substrate, have been prepared for the OER electrode. In addition,

NiCo bimetal-based electrocatalyst modified by phosphorus was also obtained for HER.

Due to their low surface area, poor electrical conductivity, and propensity for particle aggregation
during preparation and dissolution during electrolysis, bimetal oxides and alloys perform poorly in
many applications, including water electrolysis. In this regard, one promising strategy for
prompting surface area and conductivity is assembling the electroactive metals with carbonaceous
materials. Polydopamine was chosen as a carbon and nitrogen precursor to modify the CoFe204
and NiFe2O4 spinel oxide. Polydopamine is a biodegradable polymer distinguished by its
remarkable affinity to virtually all solid materials, including transition metals, through chemical
bonding due to the variety of functional groups in its structure. Besides, it is an inexpensive and
environmentally benign source of carbon, which opens up a wide variety of doors for modifying
different materials, which can easily be converted to a unique type of nitrogen-doped graphitized
carbon. Considering these merits, CoFe>04 and NiFe>O4 were modified by polydopamine through

two facile processes of in situ polymerization of dopamine monomer followed by carbonization.

Moreover, apart from polydopamine, another carbonaceous material was also employed to improve
the electrochemical properties of CoFe. Petroleum pitch, a low-cost and abundant industrial residue
material, was used as a carbon precursor to prepare carbon foam to immobilize electroactive metals
of Co/Fe. Carbon foam derived from petroleum pitch was obtained through a simple thermo-
chemical and carbonization process. The carbon foam possesses intriguing features, including a
large surface area with a porous and open-cell structure, lightweight, good strength, and tailorable
thermal and electrical conductivity. In addition, it has an open-pore network, where macrospores

are connected, forming micropores and having space/holes in their cell wall, which helps
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incorporate foreign materials to alter their functionality. Doping heteroatoms (e.g., N, P) into
carbon structure can further the surface chemistry and electronic configuration. To investigate the
potential of carbon foam for alkaline oxygen evolution reactions, we developed and investigated
composite materials consisting of Co/Fe integrated with P, N co-doped carbon foam (PN-CF)

generated from petroleum pitch.

In addition to the three electrocatalysts for OER mentioned above, efforts have also been paid to
prepare electrocatalysts for HER electrode. Using stainless steel mesh (SSM) in hydrogen and
oxygen evolution reactions has garnered much attention. It was known that SSM excels in
electrocatalysis for the oxygen evolution reaction (OER), whereas its catalytic activity for the
hydrogen evolution reaction (HER) remains relatively low. This prevents the application of SSM-
based catalysts for long-term and complete water electrolysis. This work transformed commercially
available SSM materials into high-performance and stable electrocatalysts for alkaline HER by a
simple hydrothermal approach followed by a phosphorization procedure. Detailed information,
including the synthesis method, physicochemical and electrochemical characterization for each

material, can be found in the corresponding sections in chapter 2.

Aimed at exploring the potential application of the electrocatalysts mentioned above for complete
water electrolysis, the best-performing materials from each article were also tested in Anion
exchange membrane water electrolysis (AEMWE). The following section summarizes the most
important findings, including the electrochemical result obtained using a three-electrode system
(already published) and further water electrolysis performance evaluated in a single AEMWE (not
included in the publications, which are additional data).
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1. Electrocatalyst for HER electrode

a) NiCoP/CoP sponge-like structure grown on stainless steel mesh as a high-performance

electrocatalyst for hydrogen evolution reaction

This study used stainless steel mesh (SSM) with a three-dimensional network structure substrate
to grow an electroactive catalyst. The commercially available SSM material was transformed into
an active and stable electrocatalyst following a hydrothermal route and a phosphorization process.
Briefly, mono and bimetals of Ni and Co were grown through a hydrothermal way; then, the as-
prepared material was subjected to further phosphorization. The prepared catalysts were
characterized by physicochemical, including scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
and electrochemical characterization. According to the findings of the electrochemical analysis,
the NiCoP@SSM catalyst demonstrates an excellent wave of catalytic activity for HER measured
in 1M KOH aqueous solution. In particular, the current density of 10 mA cm can be obtained at
a low overpotential of 138 mV. In addition, it presented the lowest Tafel slope in the series,
relatively low charge transfer resistance, and the highest ECSA of the entire set. More interesting,
it maintained its stability for about 24 hours of continuous operation. The high performance of the
NiCoP@SSM catalyst could be attributed to several factors. First and foremost, the three-
dimensional structure of the SSM provides a large surface area and myriads of active catalytic sites
during the reaction. Secondly, the synergistic effect of nickel and cobalt and the electronic
hybridization between these metals and phosphorus can optimize the energy barrier of a redox
reaction and change the electronic structure, which effectively expedites the electrocatalysis. In
addition, taking into account the P®~ species found in the NiCoP and CoP structures, which have a
high affinity towards proton-acceptor and, consequently, for hydrogen, and also taking into account
the Co®"/Ni ®* hydride-acceptors, which have a moderate interaction with hydrogen, demonstrates
that there is a significant synergistic effect that helps to accelerate the catalytic process. This
synthesis method provides a simple fabrication procedure that is not only simple but also devoid
of polymer binders and easy to scale up. It paves the way for developing HER-active

electrocatalysts made from commercially available and low-cost SSMs.
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2. Electrocatalysts for OER electrode

a) Transformation of CoFe»O4 spinel structure into active and robust CoFe alloy/N-doped carbon

electrocatalyst for oxygen evolution reaction.

In this study, nitrogen-doped carbon-coated CoFe electrocatalysts were synthesized by the
hydrothermal method and in-situ polymerization of dopamine, followed by carbonization. A
comprehensive investigation was carried out to investigate the impact of the carbonized
polydopamine on the physicochemical and electrochemical activities of CoFe. The change of the
CoFe204 spinel structure into a CoFe alloy was observed when the ratio of the contents of CoFe204
and dopamine was carefully controlled and optimized. The morphology, crystalline structure, and
chemical composition of the catalysts were characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), and inductively coupled plasma (ICP). The as-prepared electrocatalysts were
measured for their electrochemical performance in a three-electrode system controlled by a
potentiostat/galvanostat. It was discovered that the CoFe/NCsgy% mixture (prepared with 30%
dopamine) possesses an appealing electrocatalytic activity toward OER. A relatively low
overpotential of 340 mV was required to produce a current density of 10 mAcm2, accompanied by
a small Tafel slope of 77 mVdec® measured in an electrolyte containing 1M KOH. More
importantly, the CoFe/NCsoo catalyst demonstrated outstanding durability for at least 24 hours.
The EIS analysis confirms that the optimal dopamine content integration is responsible for the high
OER activity and stability of CoFe/NCso%, which may be due to (i) the synergetic effect of CoFe
and N-doped carbon coating layer and (ii) the lowered charge transfer resistance. Findings from
this study hold promise for advancing the development of a robust, cost-effective electrocatalyst

for industrial-scale water electrolysis.
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b) Nitrogen-doped carbon decorated-NisFe@FesOs4 electrocatalyst with enhanced oxygen

evolution reaction performance

In this work, a spinel oxide composed of NiFe2O4 was transformed into nitrogen-doped carbon-
decorated NisFe@NiFe204 nanocomposite (denoted as NiFe/NCy) electrocatalysts through three
subsequent steps comprising hydrothermal, polymerization, and carbonization. It was determined
to what extent the carbonized dopamine had an impact on the electrocatalytic activity and the
structure of the NiFe,O4 precursor. The NiFe electrocatalyst that contained 10 wt.% dopamine
(NiFe/NC1o%) exhibited relatively higher catalytic activity for OER measured under 1M KOH
aqueous solution. It revealed a low overpotential (350 mV at 10 mAcm-?), a low Tafel slope (56
mVdec?), a low charge transfer resistance, and a relatively higher electrochemically active surface

area. The most notable feature is that it did not change for at least 12 hours.

The following characteristics of NiFe/NCio% could be responsible for its outstanding
electrocatalytic activity as well as its good stability: (i) the surface functionality and structural
character of the N-doped carbon that was constructed with dual phases (NizFe and Fez0a) could be
tuned to expose abundantly accessible active sites, expedite mass diffusion and electron transfer,
and thereby stimulate OER activity. (ii) The presence of N-doped carbon causes changes in the
morphology, crystal phase, and electronic structure of NiFe2Os, all of which have the potential to
contribute to the improvement in OER activity positively. (iii) The synergetic effect of the
developed NisFe alloy and FesO4 combined with the N-doped carbon can potentially increase OER
activity and durability. The unusual OER electrocatalytic activity of the NiFe/NC1ox electrocatalyst
may be attributable, at least in part, to all of the factors above. This research offers a vital strategy
for functionalizing metal oxides and paves the way for developing an electrocatalyst for alkaline

oxygen evolution reaction electrodes that is simple to synthesize, inexpensive, efficient, and stable.
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c) CoFe-loaded P, N co-doped carbon foam derived from petroleum pitch waste: an efficient

electrocatalyst for oxygen evolution reaction

In this study, we prepared a promising electrocatalyst for alkaline oxygen evolution reaction (OER)
that consists of cobalt and iron introduced into a phosphorus and nitrogen co-doped carbon foam
(CF) derived from petroleum pitch. It demonstrates a practical method for valorizing petroleum
pitch waste materials into an OER electrocatalyst. Using petroleum pitch as a starting material, we
successfully synthesized a CoFe-loaded heteroatom (P, N) co-doped carbon foam. First, a support
material consisting of (P, N) co-doped carbon foam was prepared by subjecting it to a thermo-
chemical process; next, the incorporation of mono and bimetals consisting of Co and Fe into the
(P, N) co-doped carbon foam was performed, and finally, the resulting composite was subjected to
carbonization process. Because of the critical carbon foam support that enabled immobilization of
the electroactive metals of Co and Fe, the as-prepared electrocatalysts have shown appealing
electrocatalytic activity, faster reaction kinetics, and good stability for OER electrodes. In
particular, the as-synthesized CoFe@PN-CF electrocatalyst requires a low overpotential of 320
mV to create 10 mAcm current density, a low Tafel slope of 48 mVdec™, relatively low charge
transfer resistance, and a large electrochemically active surface area. Most notably, it maintained
stability for at least 20 hours while continuously operated with a 1M KOH aqueous solution,
suggesting that it can be exploited for large-scale water electrocatalysis.

Figure 1 shows the OER polarization curve of IrO2 and the best-performing electrocatalyst selected
from each as-synthesized electrocatalyst aforementioned. We can appreciate the progressed
electrocatalytic activity of the prepared electrocatalyst (CoFe@PN-CF, CoFe@NCazo%, and
NiFe/NCio%) compared to the commercial IrO.. In the state of the art, the overpotential required to
achieve 10 mAcm2 current density is used to evaluate and compare electrocatalysts for water
electrolysis. Accordingly, the overpotential required to obtain10 mAcm current density for each
electrocatalyst is given as follows: CoFe@PN-CF (320 mV), CoFe@NC30% (340 mV), NiFe/NCi1o%
(350 mV), and 1rO2 (350 mV). This demonstrates that the as-prepared electrocatalysts have a
significant potential for accelerating the sluggish reaction kinetics of the OER electrode. This is
supported by the fact that the electrocatalysts have exhibited splendid activity comparable with or
even superior to that of the standard IrO> catalyst. In addition, the mentioned electrocatalysts are

inexpensive because of their relatively high abundance on the earth. In particular, among the as-
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prepared electrocatalysts, the CoFe@PN-CF-based was the most promising electrocatalyst for
OER.
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Figure 1. OER polarization curve of different electrocatalysts, measured in 1M KOH at 5 mVs™
scan rate and 1600 rpm.

In addition to the activity, one of the most important criteria to consider when evaluating an
electrocatalyst for comprehensive, large-scale applications is its long-term stability. Thus, each
electrocatalyst was subjected to long-term measurement to assess its stability. Figure 2 presents
the chronopotentiometry stability test of the different electrocatalysts for OER under 1M KOH
aqueous solution at 10 mAcm™ current density. It appears that the as-prepared electrocatalyst
displayed relatively high stability for OER, further demonstrating the significant potential for long-
term, extensive application.
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Figure 2. Chronopotentiometry stability test of various electrocatalysts for OER under 1.0 M

KOH aqueous solution at 10 mAcm current density.

It is essential to mention here that all the previous results were obtained using a three-electrode
system. Therefore, it is crucial to test the materials in complete water electrolysis to gain further
insight into the catalysts for practical hydrogen production through water electrolysis. The
following sub-section presents the full water electrolysis performance of the aforementioned

electrocatalyst in a single-cell set-up using AEM.

3. Electrocatalyst testing in Anion exchange membrane water

electrolysis

The performance of the as-prepared electrocatalysts was tested in an anion exchange membrane
water electrolysis (AEMWE) single cell. AEMWE encompasses oxygen/hydrogen evolution
electrodes, anion exchange membrane (AEM), gas diffusion layer (GDL) or porous transport layer
(PTL), gaskets, monopolar plates, end plates, and current collectors. The schematic and actual
image of the AEMWE system used for experiments is shown in Figure 3. Figure 3 (a, b) shows a
detailed schematic illustration of the system, whereas Figure 3 (c and d) shows an actual AEMWE
system available at the ICB-CSIC laboratory. A brief explanation for each component is presented

as follows.
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The primary function of the endplate is to distribute the pressure between the various components
of the electrolyzer (GDL, bipolar, etc.) in such a way as to lower the contact resistance between
those components. The monopolar plate that contains the flow field functions as the transmission

channel for the water circulation and gas-releasing processes.

The current collector plates, typically composed of copper and inserted between the monopolar
plate and end plate of the anode and cathode, are crucial to the system's operation. It is essential to
keep in mind that copper plates are susceptible to corrosion in alkaline environments. Therefore, it
is of the utmost importance to ensure the unit is well sealed so that the alkaline solution does not

seep in from the electrolyzer's edge and onto the current collector plates.
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Figure 3. Schematic and actual photo of an AEMWE single cell system: (a) overview of the

components of AEMWE set-up consisting of the end plates, monopolar plates, membrane, porous
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transport layer, gaskets, and current collectors; (b) schematic illustration of assembled AEMWE,
and (c) the actual AEMWE system consisting of the monopolar and end plates, current collectors,
and MEA components and (d) the actual AEMWE set-up connected with inlet and outlet feed,

electrical connections, heating resistors, and thermocouple.

It is necessary to insert gaskets between the membrane and the monopolar plate to alleviate unequal
pressure within the cell caused by the thickness of the GDL and prevent membrane tears and
internal leaking. The gasket thickness significantly influences the penetration of electrodes into the
membrane and the pressure distribution throughout the MEA,; hence, adjusting the gasket thickness
is highly crucial to achieving an excellent electrode-membrane interaction, uniform pressure
distribution, and ensuring that the necessary sealing is achieved. In actual practice, the thickness of
the gaskets required is determined by gradually increasing or decreasing the number of gaskets

used until the desired level of performance is reached.

Besides, the catalytic layer at each electrode helps improve the system's efficiency by lowering the
overpotential of the oxygen/hydrogen evolution reactions. The GDL or PTL components facilitate
the transport of reactants and the emission of generated gases. AEM is responsible for exchanging
anions during the operation under wet conditions. The KOH aqueous solution is employed as an

electrolyte to promote ion transfer.

The performance of AEMWE can be impacted by a wide variety of parameters, such as the
membrane type and conductivity, membrane treatment, electrode preparation, ionomers utilized,
the kind of catalyst, and the electrolyte concentration. In this PhD thesis, we focus on the impact
of the electrodes on the overall water electrolysis, where the actual chemical reaction occurs. The
as-prepared electrocatalysts' water electrolysis performance is measured and compared with the
state-of-the-art.

The water electrolysis performance of the different electrocatalysts was measured using membrane
electrode assembly (MEA). The MEA was prepared according to the ref. [1] with slight
modification. Briefly, an anion exchange process was performed on a Fumasep® FAA3-50
membrane (Fumatech BWT GmbH) in a bromide form before the membrane was put into
operation. The membrane was immersed in 1 M KOH solution for 1 h to make it in hydroxyl form.
The electrodes for the anode and cathode were prepared as follows. The cathode electrode was
prepared by mixing a commercial 40 wt.% platinum on carbon (Pt/C) (Alfa Aesar) and Fumion
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(Fumion®FAA-3-solut-10, Fumatech) (20 wt.% of the total solid content) in ultrasonication for 30
min. The ink was deposited by spray coating technique onto a Sigracet 39BC gas diffusion layer
(lon Power, GmbH) to receive the cathodic gas diffusion electrode (GDE). A 0.2 mg/cm? platinum
loading was used. The anode electrode was obtained by mixing commercial IrO2 (Alfa Aesar) and
Fumion (50 wt.% of the total solid content). Homogenous catalytic ink was obtained by dispersing
and mixing the electrocatalyst and ionomer in ultrasonication for 30 min. The ink was also
deposited by spray coating technique onto a nickel felt (Bekaert) acting as PTL to obtain the anodic
GDE, and different catalyst loading was used (1.0 mg/cm? and 2.0 mg/cm?). Using the same
procedure, an anode electrode using the as-prepared electrocatalysts was also set with a catalyst

loading of 2.7 mg/cm?.

The MEA was obtained by sandwiching the membrane between the as-prepared electrodes with a
geometrical area of 5 cm?. Before the assembly, the GDESs were subjected to 1 h soak in an aqueous
solution containing 1 M KOH at room temperature. The electrochemical characterizations were
carried out in single cell configuration with a size of 5 cm?, in terms of polarization curves at 60
°C temperature. A pump supplied a 1 M KOH solution to both electrodes at a flow rate of
4.2 mL/min. The electrochemical performance was measured in an AEMWE system controlled by

a power supply (KEPCO®).

Water electrolysis polarization curves measured using the different electrocatalysts applied at the
anode and cathode electrodes are shown in Figure 4. For comparison purposes, both anode and
cathode electrodes were prepared and measured polarization curves using the commercial 1IrO and
Pt/C catalyst. On the one hand, the performance of the as-prepared electrocatalysts (CoFe@PN-
CF, CoFe/NC3o%, and NiFe/NC1o%) was measured by applying them on the cathode electrode, and
the Pt/C was used for the cathode electrode. On the other hand, to evaluate the water electrolysis
performance of the as-prepared NiCoP@SSM electrocatalyst, IrO2 was applied on the anode, and
NiCoP@SSM catalyst was used on the cathode electrode. The I-V polarization curve (Figure 4)
revealed that at 1.8 V cell potential, a current density of 0.35 Acm can be achieved for the MEA
developed using IrO. and Pt/C catalysts. To get insight into the performance of CoFe@PN-CF for
the anode electrode, MEA was constructed by employing CoFe@PN-CF and Pt/C. In this case, a
higher current density of 0.45 Acm™ was observed at 1.8 V cell potential, indicating better

performance than the MEA developed using IrO2 and Pt/C catalysts. For the CoFe/NCsoy% and
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NiFe/NCios based electrocatalyst, a 0.3 and 0.2 Acm™ current was obtained at the same cell
potential, attesting significant electroactivity for water electrolysis; nevertheless, there is still room
for further investigation to upgrade the overall performance. In addition, MEA made up of
NiCoP@SSM on the cathode and IrO2 on the anode electrode was applied. In this case, a current
density of 0.1 A/cm? was obtained at 1.8 V. Aimed to leverage the potential of the as-prepared
electrocatalyst for water electrolysis, we have also analyzed MEA-constructed from the PGM-free
CoFe@PN-CF and NiCoP@SSM, a current density of about 0.11 Acm™ was achieved at 1.8 V
potential. The operating conditions (temperature and feed), the type of membrane, the materials
used in the anode and cathode electrode, and the activity recorded at specific potential are shown
in Table 1.
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Figure 4. Water electrolysis performances of MEAs with different electrocatalysts.

Moreover, the fabricated MEAs were compared with the state-of-the-art. It is essential to mention
that it is difficult to compare them directly with the catalyst reported in the literature as each author
uses different means of testing configuration and conditions, including the type of membrane, and

temperature, and current density at a different cell potential, electrolyte concentration, etc.
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Nonetheless, we have attempted to compare the result obtained using the as-prepared
electrocatalyst with the results reported in the literature. Table 1 shows a comprehensive list of
electrocatalysts (applied in both anode and cathode) tested in single-cell AEMWE. We can
appreciate the performance of our MEA made up of CoFe@PN-CF //Pt/C, comparable to what was

reported in the literature when the same membrane type was applied.

Table 1. A literature review on water electrolysis performance using AEM in 1 M KOH solution.

Label Membrane Anode Cathode T Activity Ref.
type (°C)

A Fumasep® CoFe@PN-CF Pt/C 60 0.45A/cm?*@ 1.8
FAA3 Vv This

B Fumasep® IrO2 Pt/C 60 0.35A/cm?’@ 1.8 work
FAA3 Vv

C Fumasep® CoFe/NCao% Pt/C 60 03A/M* @ 1.8
FAA3 Vv

D Fumasep® NiFe/NC1o% Pt/C 60 0.2A/cm*’@ 1.8
FAA3 Vv

E Fumasep® IrO; NiCoP@SSM 60 0.1 A/cm? @ 1.8
FAA3 \Y

F Fumasep® CoFe@PN-CF NiCoP@SSM 60 0.11 A/lcm* @ 1.8
FAA3 Vv

G Fumasep® IrO2 Pt/C 60 0.32A/lcm*’@ 1.8 [2]
FAA3 \Y

H Fumasep® g—-CN-CNF-800 Pt/C 60 0.48 Alcm’ @ 1.8
FAA3 Vv

| Fumasep® NiMn204/C Pt/C 50 0.18A/cm’@ 1.8 [3]
FAA3 Vv

J Fumasep® NiMn204/CNF Pt/C 60 0.10A/cm*@ 1.8 [4]
FAA3 Vv

K Fumasep® (NiCo)sSes Pt/C 60 1A/m’@ 1.75 [5]
FAA3 \Y
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L SustainionX37- NiFe-LDH Pt/C 50 1A/m?’@ 17V [6]

50

M SustainionX37- Cr-NiFe-LDH NiMoCo/NF 40 1A/cm’@ 211 [7]
50 \%

N SustainionX37- NiCoO-NiCo/C ~ CuCoO/NF 50 504 mA/cm?at  [8]
50 1.85V

O SustainionX37- Ni-Fe-Co Ni-Fe-O/NF 60 1A/m’@ 19V [9]
50

P SustainionX37- Cuog1C02.19004/NF  C03Sa/NF 48 431 mA/cm?at2 [10]
50 \%

Q SustainionX37- IrO2/CP Cu-Co-P/IC 50 700 mA/cm?at  [11]
50 1.9V

R mm- Ni Cup7C02304 55 100 mA/cm? @ [12]
qPVBz/CI 20V

Where; mm-qPVBz/CI™: Methylated melamine grafted polyvinyl benzyl chloride; NF: nickel
foam; LDH: Layered double hydro-oxide; CNF: carbon nanofiber; CP: carbon paper.

However, it is easier to make an accurate performance comparison for different electrocatalysts if
one takes into account the contribution of the ohmic resistance of the testing system. To compare
with other results reported in the literature in which different membrane type was used, it was
essential to consider the ohmic resistance. In this scenario, subtracting the ohmic resistance could
provide a fair comparison. This is because every configuration has its resistance originating from

the membrane and other component differences.

Figure 5 compares the catalysts prepared in this PhD thesis and the results reported in the literature
using a single-cell AEMWE set-up. The raw data reported in the literature (Figure 5a) and ohmic
resistance subtracted data (Figure 5b) are plotted to compare the activity profile of the catalysts.
Table 1is labelled from A-F for the as-prepared MEA and G-R letters for the MEA results reported

in the literature to make it easier when referring to the works.

The ohmic resistance of the AEMWE system available in our lab was determined to be about 300
mQ.cm?, which this resistance is higher compared to the literature (varies from 45-230 mQ.cm?).
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Potential (V)

As a result, it was essential to consider the ohmic resistance to get a fair activity comparison.
Accordingly, the MEA equipped with the best-performing catalyst of CoFe@PN-CF//Pt/C
prepared in this PhD thesis requires a potential of 1.66 V to obtain 0.45 A/cm? current density when
the ohmic resistance was subtracted (Figure 5b), and it has even demonstrated an appealing
activity without removing the ohmic resistance (Figure 5a). This made the as-prepared MEA more
competitive than the other results reported in the literature. We can notice the activity difference
before and after ohmic resistance elimination, in which CoFe@PN-CF//Pt/C shows an excellent
water electrolysis performance, outperforming most of the results reported in the literature except

with a few reports. This demonstrates the potential application of CoFe@PN-CF electrocatalyst for
anode electrodes for full water electrolysis.
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Figure 5. Comparison of MEA performance prepared in this PhD thesis and results reported in the

literature (G-R) using single-cell AEMWE system. (a) Results plotted without iR-correction and
(b) results plotted with an iR correction.
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Chapter V: General Conclusions

In this chapter, the general conclusion of the doctoral thesis is presented.
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General conclusions

This Doctoral Thesis has primarily devoted to investigating and designing bimetallic
electrocatalysts for oxygen evolution reactions (OER) and hydrogen evolution reactions (HER)
electrodes involved in an anion exchange membrane water electrolyzer employing earth-abundant

transition metals. The work carried out in this Doctoral Thesis has produced the following results.

1. Hydrothermal route followed by in situ polymerization and carbonization have transformed
spinel oxide (NiFe204 and CoFe204) into nitrogen-doped carbon-coated metal alloys (NiFe and
CoFe) with enhanced properties. It was found that dopamine was an effective polymer to
revolutionize the physicochemical and electrochemical properties of the spinel structure toward
oxygen evolution reaction in 1M KOH electrolyte measured in a three-electrode
electrochemical cell.

2. The impact of dopamine on structure and activity varied depending on the type of spinel oxide
precursor. CoFe/NCazo% (obtained by mixing 30wt. % dopamine with CoFe>O4) and
NiFe/NCio% (obtained by mixing 10 wt. % dopamine with NiFe2O4) were found to be the
optimal combination with stimulated activity and stability. In particular, overpotential of 340
mV at 10 mA cm2and Tafel slope of 77 mV dec? were obtained for CoFe/NCao%, and
overpotential of 350 mV at 10 mAcm and Tafel slope of 56 mV dec were obtained for
NiFe/NCi109%..

3. Carbon foam (CF) derived from petroleum pitch was also used to immobilize Co and Fe
electroactive metals by carbonization process. The carbon foam presents interesting
physicochemical properties to host the metals and enables to obtain of electrocatalysts with
improved electrochemical properties.

4. Incorporating heteroatoms (P, N) into the carbon foam (PN-CF) has changed the structure and
functionality of the CoFe electrocatalyst. OER measurements in 1 M KOH aqueous solution
demonstrated that the bimetallic CoFe loaded in the PN-CF (CoFe@PN-CF) has the highest
electrocatalytic activity (320 mV overpotential at j = 10 mAcm) and lower Tafel slope (48
mVdec™) accompanied with excellent durability. Its outstanding electrocatalytic performance
can be attributed to the synergetic effect of the bimetals coordinated with the P, N co-doped
carbon foam that can formulate a unique electronic environment, with good active site

distribution density and stimulate the inherent catalytic activity.
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5. For the HER electrode, a NiCoP/CoP electrocatalyst with a unique sponge-like structure was
successfully fabricated on a three-dimensional stainless steel mesh substrate through a
hydrothermal route followed by a phosphorization process. Electrochemical results reveal that
the NiCoP@SSM catalyst presents an excellent electrocatalytic activity for HER in 1 M KOH
aqueous solution, requiring a low overpotential of 138 mV to derive a current density of 10 mA
cm~2 and small Tafel slope of 74 mV dec™.

6. A single-cell AEMWE system was also used to examine the feasibility of the electrocatalysts
mentioned above for full water electrolysis application. Accordingly, the electrocatalysts
exhibit promising activity, especially for the OER electrode.

7. Among the best electrocatalysts of each of the series (CoFe@PN-CF, CoFe/NCso%,
NiFe/NC1o%, and NiCoP@SSM), it was found that CoFe@PN-CF has the highest activity in
single-cell AEMWE, produced a current density of 0.45 Acm™ at 1.8 V cell potential when
MEA was prepared using CoFe@PN-CF in the anode and Pt/C in the cathode electrode.

8. This dissertation demonstrates the great potential of the transition metal-N, P modified carbon
materials for oxygen evolution reaction. The CoFe@PN-CF-based electrocatalyst was found to
have higher performance than the commercial IrO2-based electrocatalyst.

9. The as-prepared electrocatalysts in this Doctoral Thesis can be applied as an alternative to the
conventional precious metals-based electrocatalysts to produce clean and green hydrogen

through water electrolysis.
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Conclusiones generales

Esta tesis doctoral se ha centrado principalmente en investigar y disefiar electrocatalizadores
bimetalicos para las reacciones de evolucién de oxigeno (OER) y de evolucion de hidrégeno (HER)
que tienen lugar en un electrolizador de agua de membrana intercambiadora de aniones utilizando
metales de transicion abundantes en la corteza terrestre. El trabajo realizado en esta tesis doctoral

ha producido los siguientes resultados:

1. La ruta de sintesis hidrotermal seguida de polimerizacion y carbonizacion in situ ha
transformado las espinelas de NiFe2O4 y CoFe2O4 en aleaciones metélicas de NiFe y CoFe,
respectivamente, recubiertas de carbono dopado con nitrégeno con propiedades mejoradas. La
dopamina ha demostrado ser un polimero efectivo para modificar las propiedades
fisicoquimicas y electroquimicas de la estructura de espinela hacia la reaccion de evolucion de
oxigeno en un electrolito de KOH 1 M medido en una celda electroquimica de tres electrodos.

2. El impacto de la dopamina en la estructura y actividad vario en funcion de las espinelas. Se
encontrd que CoFe/NCsoy (obtenido mezclando el 30% en peso de dopamina con CoFe204) y
NiFe/NCio% (obtenido mezclando el 10% en peso de dopamina con NiFe2Os) eran las
combinaciones dptimas que producian un aumento en la actividad y estabilidad de la reaccion.
En particular, se obtuvieron sobrepotenciales de 340 mV a 10 mA cm y pendientes de Tafel
de 77 mV dec? para CoFe/NCsox%, y sobrepotenciales de 350 mV a 10 mAcm2 y pendientes de
Tafel de 56 mV dec-1 para NiFe/NC1os.

3. Laespuma de carbono (CF) derivada de la brea del petréleo también se utilizo para inmovilizar
metales electroactivos de Co y Fe mediante el proceso de carbonizacidn. La espuma de carbono
presenta interesantes propiedades fisicoquimicas para alojar los metales y permite obtener
electrocatalizadores con propiedades electroquimicas mejoradas.

4. La incorporacion de heteroatomos (P, N) en la espuma de carbono (PN-CF) ha cambiado la
estructura y funcionalidad del electrocatalizador de CoFe. La caracterizacién electroquimica
hacia la reaccion de evolucion de oxigeno en una solucion acuosa de KOH 1 M ha demostrado
que el electrocatalizador bimetalico CoFe soportado en PN-CF (CoFe@PN-CF) tiene la mayor
actividad electrocatalitica (320 mV de sobrepotencial a j = 10 mAcm) y una pendiente de
Tafel menor (48 mVdec™?) acompafiada de una excelente durabilidad. Su destacado rendimiento

electrocatalitico puede atribuirse al efecto sinérgico de los metales coordinados con la espuma
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de carbono co-dopada con P y N que da lugar a un entorno electrénico unico y con una buena
distribucion de sitios activos estimulando de esta forma la actividad catalitica inherente.

5. Para la reaccién de evolucién de hidrogeno, se ha fabricado con éxito un electrocatalizador
NiCoP/CoP con una morfologia Unica tipo esponja sobre un sustrato de malla de acero
inoxidable tridimensional mediante un proceso hidrotermal seguido de un proceso de
fosforizacion. Los resultados electroquimicos revelan que el catalizador NiCoP@SSM presenta
una excelente actividad electrocatalitica para HER en una solucién acuosa de KOH 1 M,
requiriendo un bajo sobrepotencial de 138 mV a una densidad de corriente de 10 mA cm™2y
una pequefia pendiente de Tafel de 74 mV dec™.

6. También se utilizé una monocelda de electrolizador de agua de membrana intercambiadora de
aniones (AEMWE) para examinar la viabilidad de los electrocatalizadores preparados
anteriormente. Se ha observado que los electrocatalizadores exhiben una actividad
prometedora, especialmente para el electrodo OER.

7. De entre los mejores electrocatalizadores de cada una de las series (CoFe@PN-CF,
CoFe/NCszo%, NiFe/NC1o% Yy NICOP@SSM), se ha visto que CoFe@PN-CF presenta la mayor
actividad en la monocelda AEMWE, produciendo una densidad de corriente de 0,45 Acm™ a
un potencial de celda de 1,8 V usando una MEA con CoFe@PN-CF en el electrodo anddico y
Pt/C en el electrodo catddico.

8. En esta tesis doctoral se demuestra el gran potencial de los materiales de carbono dopados con
N y P con metales de transicion incorporados para la reaccion de evolucién de oxigeno. Se ha
podido determinar que el electrocatalizador basado en CoFe@PN-CF presenta un rendimiento
superior al electrocatalizador comercial de IrOx.

9. Los electrocatalizadores preparados en esta tesis doctoral pueden aplicarse como alternativa a
los electrocatalizadores convencionales basados en metales preciosos para producir hidrégeno

limpio y verde mediante la electrolisis de agua.
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Appendixes

List of abbreviations

AEMWE
AWE
BET

Cui

CE

CF

CcVv

EA
EASS
ECSA
EDS-STEM
EIS
GCE
GDL
HER
HRTEM
ICP-AES
LSV

M

MEA
NASSM
NC

OER

PD
PEMWE
PN-CF
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Anion Exchange Membrane Water Electrolysis
Alkaline Water Electrolysis

Brunauer, Emmett And Teller

Double-Layer Capacitance

Counter Electrode

Carbon foam

Cyclic Voltammetry

Elemental Analysis

Etched And Anodized Stainless Steel
Electrochemical Active Surface Areas

Energy Dispersive Spectroscopy-Scanning-Transmission Electron Microscopy
Electrochemical Impedance Spectroscopy
Glassy Carbon Electrode

Gas Diffusion Layer

Hydrogen Evolution Reaction

Transmission Electron Microscopy
Inductively Coupled Plasma-Atomic Emission Spectroscopy
Linear Sweep Voltammetry

Metal

Membrane-Electrode-Assembly

N-Doped Anodized Stainless-Steel Mesh
Nitrogen-Doped Carbon

Oxygen Evolution Reaction

Polydopamine

Proton Exchange Membrane Water Electrolysis

Phosphorus and Nitrogen Co-Doped Carbon Foam


https://www.sciencedirect.com/topics/chemistry/dielectric-spectroscopy
https://www.sciencedirect.com/topics/chemistry/inductively-coupled-plasma
https://www.sciencedirect.com/topics/chemistry/inductively-coupled-plasma-atomic-emission-spectroscopy
https://www.sciencedirect.com/topics/engineering/proton-exchange-membrane

RDE
RDS
RE
RHE
RRDE
SEM
SOEC
SSM
STEM
TEM
WE
XPS
XRD
EDX
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Rotating Disk Electrode
Rate-Determining Step

Reference Electrode

Reversible Hydrogen Electrode
Rotating Ring Disk Electrode
Transmission Scanning Electron Microscopy
Solid Oxide Electrolysis Cell

Stainless Steel Mesh

Scanning Electron Microscopy
Transmission Electron Microscopy
Working Electrode

X-Ray Photoelectron Spectroscopy
X-Ray Diffraction

Energy Dispersive X-Ray Spectroscopy
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