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The world’s largest economies have set clear development plans for hydrogen energy.
From an Economy, Energy, and Environment (3E) point of view, hydrogen energy
can be considered an ideal technology for enabling the energy transition from fossil
fuels, restructuring energy systems, securing national energy sources, accelerating
carbon neutralization, and driving the development of technologies and industry.

Green hydrogen production by water electrolysis is the key for hydrogen energy,
and this book offers urgently needed guidance on the most important scientific fun-
damentals and practical applied technologies in this field.

This book:

e Details materials, electrochemistry, and mechanics.

e Covers ALK, PEM, AEM, and SOEC water electrolysis, including funda-
mentals and applications.

e Addresses trends, opportunities, and challenges.

This comprehensive reference is aimed at engineers and scientists working on renew-
able and alternative energy to meet global energy demands and climate action goals.
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Foreword by Hongbin Zhang

As a Head of New Energy Division, Shanghai Electric Group Co., Ltd, I am very
pleased to write the foreword to this book. Our company, Shanghai Electric Group,
is a world-class high-end equipment manufacturer, focusing on smart energy, intel-
ligent manufacturing, and smart infrastructure to provide green and intelligent
industrial-grade system solutions. We have a global presence in industries such as
new energy, efficient clean energy, industrial automation, medical devices, and envi-
ronmental protection. With our strong R&D and manufacturing capabilities, brand
influence, and broad experience in projects, Shanghai Electric Group upholds the
values of open and mutually beneficial collaboration, advocates smart energy and
intelligent manufacturing, promotes the development of smart industry and industri-
alization of service, and supports the growth of the “Energy Internet” and “Industrial
Internet.” By facilitating industrial transformation through technological advance-
ment, we promote sustainable human and social progress.

First, I would like to warmly congratulate the publishers and the editors, Allison
Shatkin, Junbo Hou, and Min Yang, on their initiative work in bringing together the
fundamentals of hydrogen energy produced by water electrolysis and the technical
challenges of real case studies. The knowledge, know-how, and industrial secrets
presented in this book are an increasingly valuable and commercially exploitable
commodity in the area of hydrogen energy and fuel cells, particularly for the future
hydrogen society. This book will — I am sure — be of great interest to scientists, engi-
neers and their professional advisers, and marketers and administrators, to maximize
their commercial value and potential — not only at the national but also at the inter-
national level. For me — and also for many others involved in hydrogen energy — a
particularly valuable feature of this book is that the reader is able to obtain and
compare the different techniques of water electrolysis, the state-of-the-art manufac-
turing, and future development perspectives that the book covers. This is particularly
important when technical staff, whether beginners or experts, marketing staff, sales
men, and the executives would like to know more details about hydrogen energy by
water electrolysis.

As you may expect from my own professional and business activities in our com-
pany, this book will be a very welcome and invaluable resource for my clients and
me. And one that I can heartily recommend to all others who — in any way — are
involved in the exciting and challenging area of water electrolysis, and developing
hydrogen energy and society.

Shanghai, June 2023
Hongbin Zhang
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Head of New Energy Division, Shanghai Electric Group Co., Ltd



Foreword by Jin Xiaolong

This book provides a widely useful compilation of ideas, cases, innovative approaches,
and practical strategies for enhancing discussion of hydrogen energy by water elec-
trolysis. By taking a new look at different techniques of water electrolysis, funda-
mentals, and perspectives, Dr. Min Yang and Dr. Junbo Hou provide a substantial
resource in the effort to increase water electrolysis learning.

This work would be an important resource since it highlighted the more details
regarding each specific technique of water electrolysis. This book goes well beyond
just making us aware of the learning setting. It covers and describes all the major
factors in building big picture of hydrogen energy by water electrolysis.

This book is an important resource for executives and advisors as it identifies
the technology roadmap. First, it provides a new perspective on hydrogen energy
by water electrolysis, showing how they can be an important source. Understanding
how each technique can more effectively influence the performance, cost, and dura-
tion adds a major cache of time to completely grab the core competencies of each
technique. Second, this book provides a relevant and constructive set of strategies
and ideas to understand the challenges and perspectives. This book should be read
by anyone who is interested in hydrogen energy by water electrolysis, because it
offers a wide set of practical ideas for material design, device fabrication, and perfor-
mance evaluation. All the key processes necessary for hydrogen production by water
electrolysis can be found in this volume. Throughout this book, Dr. Min Yang and
Dr. Junbo Hou set out to make the material accessible to readers interested in reading
these details. Each of these ideas can be found in the form of case studies and practi-
cal strategies to consider.

Overall, this book offers a variety of academia and industrial leaders a concrete,
useful, and in-depth look at ways to design, implement, and evaluate a major resource
in the learning of water electrolysis. Clearly written, well organized, and enormously
practical, it should be in every hydrogen energy company’s professional library.

Shanghai, June 2023
JIN Xiaolong
'
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Vice President of Shanghai Electric Group Co., Ltd.



Preface

Economy developing, energy demanding, and environment protecting (3E) pursued
by human society, especially the requirement of carbon peaking and carbon neu-
tralization introduced in Paris Agreement, lead us to seek more green and sustain-
able energy to achieve such goals. Fortunately, hydrogen energy, particularly green
hydrogen, seems an encouraging strategic choice. First, similar to electric energy,
hydrogen energy is a common secondary energy which could be provided by the
large-scale deployment of renewable energy like wind and solar energy. Therefore,
it could be an important part of the whole energy system in the future, realizing flex-
ible conversion of hydrogen-thermal energy-electricity. Second, hydrogen could be
widely used in transportation and industry sectors like fuel cell vehicles and met-
allurgy, which might be a competitive alternative for the high-energy-consuming
and high-emission applications. As a result, from end-user point of view, hydrogen
energy is capable of effectively reducing emissions and achieving green and low-
carbon development. Third, the hydrogen energy industry can be deemed intelli-
gent and technology intensive, which is driven by high innovation, like continuously
strengthening the construction of the industrial innovation system and constantly
breaking through the bottleneck of core technologies and key materials. Thus, it might
become an economic driver and success story as a key direction of emerging indus-
tries. As a result, from 3E point of view, hydrogen energy can be considered as an
ideal way to rebuild energy transition from fossil fuels to others, restructure the plau-
sibility of the whole energy system, secure the national energy sources, accelerate the
carbon neutralization, and drive the development of technologies and industry. The
green hydrogen production by water electrolysis is the key for the hydrogen energy.
As early as 1789, the phenomenon of water electrolytic decomposition was discov-
ered, but the fundamentals and principles underlying such phenomenon were estab-
lished until the development of Faraday’s Law in 1833. After the separator, asbestos,
was commercialized and applied in alkaline water electrolysis in 1890, and Ni-based
electrocatalysts were manufactured and considered as the optimal alternates for
alkaline oxygen evolution reaction (OER) and alkaline hydrogen evolution reaction
(HER), the modern technology of alkaline water electrolysis was established in the
1920s. Driven by industrial applications like ammonia production and hydrogena-
tion reaction, the technology gradually became mature from the 1920s to the 1970s.
Besides the energy crisis happened in the 1970s, the emergence of new materials and
technologies, stimulated by the pursue of high performance, high efficiency, long
endurance, and low cost, provoked the development and deployment of the new elec-
trode materials, membranes, bipolar plates, and stack configurations. Either from
materials design or from practical application, it seems there still exists room for
improvement. In Chapters 1 and 2, a general overview of H, production by water
electrolysis, as well as thermal dynamics and the efficiency of water electrolysis,
will be introduced. In Chapters 3-5, more specifically, free-standing electrodes and
catalysts for alkaline water electrolysis, the effect of electrolytic gas bubbles on the
electrode process of water electrolysis, and alkaline water electrolysis at industrial
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xii Preface

scale will be comprehensively presented and summarized, along with the sugges-
tions and perspectives for the future research development and deployment (RD&D)
of alkaline water electrolysis.

Although alkaline water electrolysis has been existed for over 200 years and
deployed in industry at large scale, one might notice that the state-of-the-art alka-
line water electrolysis has three intrinsic problems hindering the further boost of
the practical efficiency of H, production: (1) the low efficiency at low partial load
range (<40%), which is due to the O, and H, crossover to each other through the
membrane, especially being severe at low partial load; (2) low operating pressure,
which is ascribed to the use of liquid electrolyte and the porous membrane; and (3)
low limiting current density, which is attributed to the high internal resistance and
low electrode kinetics from gas bubbles covering. To overcome these shortcomings,
proton exchange membrane (PEM) or solid polymer electrolyte (SPE) water electro-
lyzer was first developed by General Electrical (GE) in the 1960s. Due to much lower
crossover rate and higher proton conductivity of the PEMs, high-specific-activity cat-
alysts with high electrochemical surface area, 3D porous electrode or catalyst layer,
and zero-gap electrode—membrane interface, PEM water electrolysis possesses many
advantages including high limiting current density, high efficiency, high gas purity,
high operating pressure, compact stack design, fast system response, and superior
dynamic operation. However, the acidic condition makes the internal environment in
PEM electrolyzer very harsh, especially at the anode side. The high electrode poten-
tial, high oxidative atmosphere (O,), and the existence of liquid water are almost
hotbed of chemical and electrochemical corrosions. Therefore, it seems that Ir- and
Pt-based catalysts and coatings are only choices at the anode side for maintaining
high specific activity, stability, and longevity. However, these noble materials are
very expensive and might inhibit the large deployment of PEM electrolysis. Another
drawback is the crossover at high operating pressure. Due to the fact that PEM water
electrolyzer is usually operated at 3 MPa or higher to chase high efficiency of the
stack and low parasitic consumption of the system, the crossover becomes severe
at such pressures. In Chapters 6-9, some fundamentals and challenges for electro-
catalysis of PEM water electrolysis will be thoroughly investigated. Advances and
challenges for acidic OER catalysts and the recent development of acidic hydrogen
oxidation reaction (HOR) catalysts will be comprehensively reviewed, together with
the degradation phenomena and mitigation strategies for PEM water electrolysis.

Stimulated by fuel cell technology evolution, anion exchange membranes (AEMs)
have been developed with the aim to possibly eliminate the use of noble catalysts
and the challenge of plates coating. Applying AEM instead of the conventional dia-
phragm or PEM in water electrolyzer generally results in AEM water electrolysis.
Basically, AEM electrolysis holds the advantages from both alkaline water electrol-
ysis and PEM water electrolysis, simultaneously avoiding the disadvantages from
those traditional water electrolyzers. For example, AEM water electrolysis can use
non-noble electrocatalysts and have high operating pressure. The cost can be largely
reduced compared to the PEM ones. Due to the use of solid polymeric membranes,
leaking and corrosion can be avoided in AEM water electrolysis, and the crossover
might be largely reduced compared to the alkaline ones. Furthermore, the compact
stack design could be applied on the AEM ones, and the balance of plant (BOP)
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might be simply the same as the PEM ones. However, AEM water electrolysis is still
at its early stage, and the limiting current density is relatively low. Particularly, the
chemical stability and durability of the membrane and ionomer are low. Accordingly,
in Chapters 10 and 11, the state-of-the-art AEMs and advanced electrocatalysts for
AEM water electrolysis will be deeply studied. Another interesting topic is solid
oxide electrolysis (SOEC), which has advantages of efficiency up to 100% and uses
non-noble catalysts. Nevertheless, it is still in the laboratory stage. The current sta-
tus, research trends, and challenges in SOEC water electrolysis will be discussed in
Chapter 12.

World’s large economies have set clear development plans for hydrogen energy.
In 2017, Japanese government issued the Basic Hydrogen Strategy to expand its
hydrogen economy and hydrogen production by 20 million tonnes by 2050. In 2020,
the US Department of Energy Hydrogen Program Plan was issued to advance the
affordable production, transport, storage, and use of carbon-neutral hydrogen across
different sectors of the economy. In 2022, the publication of the REPowerEU plan
by the European Commission guided the implementation of the European hydrogen
strategy and will further push forward renewable hydrogen as an important energy
carrier to move away from Russia’s fossil fuel imports. In 2022, the Chinese National
Development and Reform Commission released the Medium- and Long-Term Plan
for the Development of Hydrogen Energy Industry (2021-2035). At this moment,
it is very necessary and urgent to present the critical technology and applied sci-
ence of green hydrogen production by water electrolysis. We expect that this book
covers most important scientific fundamentals and practical applied technologies in
this field. We hope it would be very helpful for beginners and experts, scientists
and engineers, theorists and experimenters. We believe green hydrogen produced by
renewable water electrolysis would significantly help meet global energy demand and
climate action goal. Finally, we would express our gratitude to the efforts of Editor
Allison Shatkin at Taylor & Francis for initiating this project.
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’I Overview of Hydrogen
Energy and General
Aspects of Water
Electrolysis

Wu Mei, Liuli Sun, and Yufeng Zhao

1.1 INTRODUCTION

1.1.1  GurosAL Issues AND GREEN ENERGY TRANSITION

The world is likely to face new record temperatures in the next 5 years, surpass-
ing 1.5°C above pre-industrial levels, a critical threshold that could have irreversible
impacts. It is time to accelerate an energy transition from fossil fuels to clean and
sustainable energy resources, such as solar and wind power, which have become
more viable and lead the growth in power generation due to their rapid develop-
ment in the past decade, thanks to their cost competitiveness. It was reported that
almost two-thirds of renewable power added in 2021 were cheaper than the cheapest
coal-fired options in G20 countries [1].

The global energy transition faces two major challenges. First, renewable power
such as solar and wind power generation is inherently intermittent, not constant,
and depends on weather conditions. To stabilize the power systems including a high
proportion of these variable power sources, large-scale energy storage solutions are
indispensable. However, the current energy storage options, such as pumped-storage
hydroelectricity and batteries, are not sufficient. Second, it is hard to apply electrifi-
cation to decarbonize some harder-to-abate processes and activities in industry and
transportation that rely on fossil fuels, such as iron and steel, long-haul transporta-
tion, heating, petrochemicals, ammonia and iron production, heavy-duty trucks and
marine transport.

Hydrogen is the simplest element on earth, with only one proton and one electron.
It can be produced by using renewable power to split water, stored in large quanti-
ties and used to power fuel cell electric vehicles and households, or converted into
chemical fuels such as ammonia and methanol. Hydrogen, as a green energy carrier,
can enable large-scale long-term energy storage, spatial and temporal transfer, and
clean utilization of renewable power. Therefore, it is considered as the ultimate solu-
tion to overcome the challenges posed by the high penetration of renewable power.
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2 Green Hydrogen Production by Water Electrolysis

Many countries have announced ambitious roadmaps and strategies to promote
hydrogen as a key contributor to decarbonization goals across sectors in the next
10-30 years [2-7].

1.1.2 GRreeN HYDROGEN

The current total market of hydrogen consumption is about US$115 billion, mainly
driven by the demand for petroleum refining and ammonia and methanol production.
There are three main pathways to produce hydrogen: steam methane reforming, coal
gasification, and water electrolysis. The first two methods dominate the global hydro-
gen production, but they use a lot of fossil fuels and emit CO, as a by-product. This
type of hydrogen is known as “gray hydrogen”. The CO, emissions can be reduced
by capturing and storing the carbon (CCS or CCUS), but this also increases the pro-
duction cost and requires strict control of methane emissions. This type of hydrogen
is known as “blue hydrogen”. The cleanest way to produce hydrogen is to split water
using renewable energy sources, such as wind, solar, hydro, geothermal, or nuclear
power. This type of hydrogen is known as “green hydrogen” and does not emit any
CO, [6,8].

The idea of hydrogen economy was first proposed by John Bockris, a chemist and
electrochemist, in the 1970s, when the oil crisis renewed the worldwide interest in
water electrolysis. Hydrogen was considered as a clean, renewable and versatile energy
carrier, which can replace fossil fuels and achieve net-zero emissions of greenhouse
gases, thereby enhancing sustainability and energy security. However, in the past
50 years, the initiative of hydrogen economy has not translated into consistent invest-
ment and widespread adoption in energy systems, although some developed coun-
tries have pursued the development and deployment of hydrogen technologies, such
as hydrogen production, storage, delivery and utilization, e.g., the US Department
of Energy’s Hydrogen and Fuel Cells Program, Japan’s Basic Hydrogen Strategy,
the European Union’s Hydrogen and Fuel Cells Joint Undertaking, and International
Energy Agency’s Hydrogen Implementing Agreement [1].

In recent years, the interest and momentum have increased again, especially
after the 2015 Paris Agreement, which set a goal of reaching net-zero emissions of
greenhouse gases by the second half of the 21st century, which has sparked a new
wave of interest in the properties and the supply chain scale-up of hydrogen. Green
hydrogen is generally regarded as an essential product of green energy transition and
will accelerate an industrial restructuring. By the end of 2022, more than 30 govern-
ments had released national hydrogen strategies or official roadmaps including: the
cost reduction and efficiency improvement of green hydrogen, the development and
deployment of hydrogen infrastructure, the integration of hydrogen with renewable
energy sources, the development of large-scale hydrogen utilization technologies,
the safety and public acceptance of hydrogen, and the international cooperation and
coordination on hydrogen policies and standards [12—-14].

Industrial chains based on green hydrogen, including the production, transport,
storage, and use of hydrogen and its derivatives, such as green methanol and green
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ammonia, as well as sustainable aviation fuel (SAF), will create a huge market.
Hydrogen and its derived products are expected to account for 5%—15% of total final
energy used in 2050 and the contribution of clean hydrogen to decarbonization is
estimated as ca. 20% of global CO, emissions [9-14]. Currently, green hydrogen
only accounts for 4%—5% of global hydrogen production, mainly due to its high pro-
duction cost. The main challenge for clean hydrogen production is cost. The rela-
tionships among hydrogen cost, applications and market scales have been estimated
[14]; a rapid decrease in hydrogen cost to US$2/kg and eventually below US$1/kg is
highly expected, which will enable widespread applications of green hydrogen and
thus market expansion.

According to the latest report of IEA [7], efforts to stimulate low-emission hydro-
gen demand are lagging behind what is needed to meet climate ambitions. The cost
of hydrogen produced using electrolysis depends on the cost of the electricity used to
split water and the capital cost of electrolyzers. These years various techno-economic
estimation has been carried out on the production costs of green hydrogen and its
derivatives in various renewable power conditions [14]. Considering that the cost of
renewable electricity has already dropped significantly in the last decade, it is nec-
essary to develop low-cost electrolyzers through further technology innovation and
manufacturing scale-up. In the following sections of this chapter, the basic principles
of water electrolysis, water electrolysis electrolyzers, and their technical parameters
are introduced. Current status and challenges, as well as the development trends of
the main water electrolysis technologies, are summarized.

1.2 BASIC PRINCIPLES OF WATER ELECTROLYSIS

1.2.1  History oF WATER ELECTROLYSIS

Electrolyzers have been known for over two centuries. The phenomenon of elec-
trolytic water decomposition was discovered in 1789 by Paets van Troostwijk and
Deiman. In 1800, William Nicholson and Anthony Carlisle used a battery that could
produce a steady current to electrolyze water and named the process. With the devel-
opment of Faraday’s law in 1833, the quantitative relationship between the produced
hydrogen amount and the used electrical energy was established. The concept of
water electrolysis was defined scientifically and acknowledged. In 1869, Zénobe
Gramme invented the Gramme machine, a dynamo that could produce cheap and
continuous electricity. This made water electrolysis a viable method for hydrogen
production. In 1888, Dmitry Lachinov developed a technique for industrial syn-
thesis of hydrogen and oxygen through water electrolysis. By 1902, more than 400
industrial water electrolyzers were already in operation. In 1939, the first large water
electrolysis plant came into service with a capacity of 10000 Nm? H,/h. In the first
half of the 20th century, a huge demand for hydrogen and the development of water
electrolysis technology were driven by the production of ammonia fertilizers and
the low cost of hydroelectricity at that time. The economic advantage of water elec-
trolysis faded when hydrocarbon energy started to be applied massively in industry,
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which enabled large-scale hydrogen production through coal gasification and natural
gas reforming at much lower costs [15]. In 1966, the Nafion-based proton exchange
membrane (PEM) water electrolysis, also named as solid polymer electrolyte (SPE)
water electrolysis, was developed by General Electric for the space and military
applications.

1.2.2 FUNDAMENTALS OF WATER ELECTROLYSIS

The electrolyzer is the device where electricity and thermal energies are input
and transformed into chemical energy stored in hydrogen. Basically, the overall
electrolysis reaction is the electrochemical splitting of water molecules (equation 1.1)
by passing an electric current between two electrodes (cathode and anode) which
are separated by the separator material with key functions to block gases while
conducting ions:

H,O0 — H, +0.50, (L.1)

Since hydrogen ions (protons) are monovalent, two moles of electrons are involved in
producing one mole of hydrogen. Therefore, an electric amount of 2F is required to
produce 1 mole of hydrogen, while F represents Faraday’s constant of 96485 C/mol,
the electric quantity of 1 mole of electrons. Since 1 m? of hydrogen in the standard
state is 44.6 moles, the amount of electricity required to produce it is 89.3 Faraday,
which is 2393 Ah/Nm? in practical units. Since the current efficiency of water
electrolysis is high, 2400 Ah is usually considered to be the amount of electricity
required to produce 1 Nm3 of hydrogen. This value is especially applied in many
liquid-phase electrolyzers, except for special ones with low current efficiency.

Thermodynamically, considering the overall water-splitting reaction, the total
energy demand for electrolysis is related to the enthalpy change AH between prod-
ucts and reactants:

AH = AG + TAS 1.2)

As shown in equation (1.2), at least an electric power equivalent to the Gibbs free
energy change AG and heat equivalent to the product of temperature and entropy
change TAS are required as driving energy to electrolyze water. Based on the mini-
mum required electric energy, the reversible voltage E,., is defined as the thermody-
namically required voltage and can be calculated as

E., = AG/nF (1.3)

where n is the number of electrons transferred per reaction (n=2 for equation (1.3)).

When the applied voltage reaches a specific value that can fulfill the entire energy
demand AH, the requirement for external heat input or output can be theoretically
eliminated. This Ey is called thermoneutral potential or theoretical operating voltage
(equation (1.4)):
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Ey = AH/2F (1.4)

The thermoneutral voltage is different from the theoretical electrolytic voltage, and
theoretically, it does not mean that electrolysis cannot be done below this voltage,
and it is theoretically possible to electrolyze while absorbing heat from the surround-
ings below the thermoneutral voltage. In this case, the generated hydrogen has more
energy than the supplied power. However, there is no practical electrolyzer that splits
liquid-phase water below thermal-neutral voltage.

Under the standard condition of 25°C and 1 bar, AG° and TAS? are 237.2 and
48.7 kJ/mol, respectively. The minimum electrolytic voltage (theoretical electrolysis
voltage) E. ° is 1.23 V. This E_,° multiplied by the amount of electricity required
to produce the aforementioned 1 m? hydrogen is the minimum electrical energy
required for electrolysis of hydrogen, 2.94 kWh/Nm?3. E,;* is 1.48 V, and the power
required for electrolysis at this voltage is 3.54 kWh/Nm?3.

1.2.3  ErectroLYSIS EFFICIENCY AND OVERPOTENTIALS

Electrolysis is to transform the electric energy to chemical energy. The main param-
eter is the efficiency of reaction, including current efficiency and voltage efficiency.
Current efficiency of 100% means that all the electric power being used for hydrogen
production, 2400 Ah/Nm? H,, as calculated according to equation (1.1), instead of
being partly consumed in other pathways. Voltage efficiency u is obtained by divid-
ing E° by the electrolysis voltage E_, (equation (1.5)):

u=E’/E.y (1.5)

where E° can be acquired based on the higher heating value (HHV) or lower heat-
ing value (LHV) of E,, or E, in equations (1.3) and (1.4). The difference between
HHYV and LHYV is the water vapor heat, considering the form of water taking part
in the water-splitting reaction and whether a part of the heat is destined to vaporize
the water.

Although the total energy demand AH and thermoneutral voltage E,; show weak
dependences on temperature, except for the sudden change at approximately 100°C
owing to water evaporation, the required energy demand AG for the electrolysis
process changes significantly. In the high-temperature steam electrolysis described
later, electrolysis below the thermal-neutral voltage can be realized and show 100%
efficiency.

For liquid-phase electrolyzers working under 100°C, E, is about 1.48 V due to
weak dependences on temperature, which is generally regarded as 100% electrolytic
efficiency and thus voltage efficiency u is calculated as

u=148/ Ecell (16)

The value of 1.48 V also matches the HHV of the hydrogen production. Then, the
lower realistic voltage E_,, offers a higher energy efficiency for both calculation
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methods, which can realize a reduction in specific energy demand for hydrogen
production and a considerable decrease in cost for large-scale electrolysis systems by
alleviating the effect of electricity expenses. Assuming a current efficiency close to
100%, the DC power required for electrolysis at E_,;, is

Ecor /1.48%3.54 kWh / Nm® = 2.39 % E,, kWh/Nm’ (1.7)

An electrolyzer working at 1.8 V will require 4.3 kWh electric power to produce 1
Nm? hydrogen. In this case, it should be noted that even if the efficiency is 100%, the
quality of energy is degraded from the electric power to heat. When electrolyzed at a
voltage lower than E but higher than E_,,, an endothermic reaction occurs, and heat
generation occurs at a voltage higher than E. The part that exceeds E,,, in the actual
electrolysis voltage should basically be released as heat and be lost, but as described
above, since the reaction is endothermic, if it is below E,, it will not appear as heat
generation and will contribute as energy for hydrogen generation.

The thermal-neutral voltage, E, is an important value in the design of an elec-
trolyzer. In the design of an actual electrolyzer, it is ideal that E_, is close to E,; and
that the heat generated is almost balanced with the heat loss necessary to maintain
the operating temperature.

To increase the electrolysis efficiency, the voltage difference between E_, and E°
can be carefully divided into various overpotentials resulting from the irreversibility
of the electrolysis reaction. The following equation is a typical one:

Ecar = EO + Euot + Eohm + Enass 1.8)

Here, the activation overpotential E, reflects the kinetics of transfer between elec-
trodes and chemical species, which is jointly determined by many factors such as the
intrinsic catalytic activity and electrode structure.

The ohmic overpotential E ;, can be calculated through Ohm’s law:

thm = I* l{cell (19)

where I represents the total current and R, represents the entire effective resis-
tance of the electrolysis cell, involving the resistance of different parts in the cells,
such as electrodes and spacer, while the latter two factors are major contributors.
The resistance of an electrolysis cell can be measured by using electrochemical
impedance spectroscopy (EIS), which has become a popular electrochemical char-
acterization technique because of its superiority in exploring the oxygen evolution
reaction (OER)/hydrogen evolution reaction (HER) kinetic process under operating
conditions.

The mass transport overpotential E_, ; usually becomes pronounced at a high cur-
rent density as starvation or over-accumulation of the participants and products of the
water-splitting reaction occur in the vicinity of electrodes. Generally, transportation
mechanisms of gas bubbles and water flow through porous structures can be further
analyzed.
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1.3 WATER ELECTROLYSIS TECHNOLOGY: CURRENT
STATUS, CHALLENGES, AND R&D TRENDS

1.3.1 ErectroLYSIS TECHNOLOGIES AND ELECTROLYZERS

Electrolyzers are the electrochemical devices used to split water into hydrogen and
oxygen by the passage of an electrical current. There are typically four types of water
electrolysis technologies: alkaline water electrolysis (AWE), proton exchange mem-
brane water electrolysis (PEMWE), anion exchange membrane water electrolysis
(AEMWE), and high-temperature solid oxide electrolysis (SOE), and thus four kinds
of electrolyzers, which are generally composed of two main parts at a system level
(Figure 1.1): the electrolysis stack, where the water-splitting reaction takes place,
and the balance of plant (BOP), which includes power supply (usually with trans-
former and rectifier), water supply, heat exchanger, hydrogen purification, and possi-
bly hydrogen compressor and heater system, which is generally needed for SOE that
requires steam supply. An electrolysis stack, as shown in Figure 1.2, usually includes
multiple electrolysis cells connected in series, bipolar plates to divide adjacent cells,
seals, frames (mechanical support), and end plates (to avoid leaks and collect fluids).
Water is supplied into the stack and reaches every cell through manifold. Electrolysis
cell is the core of the stack, also the electrolyzer. It is composed of the two electrodes
(anode and cathode) divided by a separator, two porous transport layers which facili-
tate the transport of reactants and removal of products, and the bipolar plates that
provide mechanical support and distribute the flow. Water is fed into cell and flows
through the bipolar plates and through the porous transport layers. At the electrode,
the water is split into oxygen and hydrogen, with ions (typically OH- or H* or O%>")
crossing through separator via liquid electrolyte or solid electrolyte. The separators
between both electrodes are also responsible for insulating the electron conductiv-
ity between two opposite electrodes and keeping the produced gases (hydrogen and
oxygen) separated and avoiding their mixture.

To compressor

’ and storage
A

Deoxo

Dryer

Gas separator

rator
Electrolyzer Gas separatol

Feed water
supply

............

To supply steam and control stack
temperature for high temperature
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FIGURE 1.1 A schematic of an electrolyzer (system level).
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FIGURE 1.2 A schematic of an electrolysis stack.

The principles of these four types of electrolysis cells are shown in Figure 1.3.
The main differences among them are: (1) separator, which is generally a porous
fabric (called as the diaphragm in AWE) immersed in a liquid electrolyte to conduct
OH-, or a solid electrolyte membrane (in PEMWE and AEMWE) to conduct or H*
or OH-, or an oxide electrolyte layer (in SOE) to conduct O*~ or H*; (2) operation
temperature, which guides the selection of materials and components of an stack,
ranging from 300°C to 1,000°C for SOE, while being lower than 100°C for the other
three types at present; (3) catalysts and electrodes, including anode and cathode, that
electrochemically split water and thus directly affect the electrolysis efficiency and
durability; and (4) operation current density, which affects the hydrogen production
per unit electrode area and thus the size of electrolysis stacks.

The biggest difference between the present AWE and PEMWE is the charge car-
rier and separator, as the membrane used in PEMWE is non-porous, and only an
extremely low amount of gas molecules can diffuse through it. To prevent mixture of
hydrogen and oxygen through porous separators, high balanced pressure control of
anode and cathode is necessary for AWE.

To improve the performance of various electrolyzers, systematic characteriza-
tion and evaluation of their key materials and electrolysis stacks are indispensable to
obtain insightful information. The main technical parameters are introduced in the
following.

1.3.1.1 Parameters for Separators

Main parameters include ionic conductivity, stability, and gas barrier property that is
also called as gas crossover or leakage current. Ionic conductivity directly determines
the resistance of the electrolysis cell, which affects the voltage efficiency (E.,,) and
thus the working current density of the cell, which dominates the stack compactness.
Gas barrier property affects the hydrogen production efficiency (Faradaic efficiency),
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FIGURE 1.3 The principles of the four types of electrolysis cells.

and furthermore, it is essential for the inherent safety of electrolysis stack because
the leaked hydrogen reacts with oxygen in the stack. Gas barrier performance of the
separators can be monitored by detecting the hydrogen content of oxygen in the stack
outlet, which is also a key parameter for electrolyzers.

1.3.1.2 Parameters for Catalysts and Electrodes

Water is split into oxygen and hydrogen on the surface of catalysts, i.e. the “heart”
of electrolyzers. The electrolysis efficiency of an electrolyzer is limited by the activ-
ity of its catalysts. The performance of a catalyst is generally characterized by its
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catalytic activity, stability, and Faradaic efficiency. The activity can be evaluated in
the real cell using overpotential E,, and Tafel slope, which can be used to discern
reaction kinetic and the possible reaction mechanism and are easily derived from
the measured polarization curve. To assess the detailed analysis of catalytic activity,
specific activity and mass activity are used, which are the activity current per unit
real surface area or per unit mass of catalyst. The specific activity eliminates the
effect from the number of active sites and thus can reflect the intrinsic activity of
each active site. The stability of a catalyst is another vital parameter for the practical
application, which generally includes mechanical stability, thermal stability, chemi-
cal stability, and electrochemical stability. The electrochemical stability is essential
for the application in the renewable power conditions. The catalyst measurements in
a real cell, especially at a practical current density, are important since the catalyst
performance depends on the electronic states of catalyst surface, which is sensitive
to electrochemical conditions. Faradaic efficiency of a catalyst is generally used to
describe the overall selectivity of an electrochemical process. For the water electroly-
sis, it is defined as the amount of collected product (H, or O,) relative to the amount
that could be produced from the input electrical energy according to Faraday’s law of
electrolysis, since in some cases other by-products may be produced on the surface
of the catalyst.

1.3.1.3 Parameters for Electrolysis Cells/Stacks

Main parameters include efficiency, current density, durability, and flexibility.
Generally, electrolyzer efficiency refers to the one of the whole electrolysis sys-
tems. The efficiency of electrolysis stack, usually named as DC energy consump-
tion, includes voltage efficiency (u in equation 1.6) and current efficiency (also
Faradaic efficiency), which is defined as the ratio of the actual amount of hydrogen
produced relative to the theoretical amount of hydrogen that could be produced.
In AWE stacks, because all cells share the same electrolyte and thus are in ionic
contact, there are parasitic shunt currents flow among the cells through the mani-
folds and the electrolyte channels. The typical Faradaic efficiency of AWE stacks is
reported to be around 90% or higher, which depends on several factors, such as the
cell design and the operating conditions [16]. It should be noted that the efficiency
strongly depends on the working current density, which affects the compactness of
a stack. High efficiency can be achieved simply by setting a low working current
density, which can decrease the operational electrical cost but increase the capital
cost.

The durability of an electrolysis stack is usually evaluated using its lifespan or
lifetime. Life-end of stacks is generally defined as 10% increase of energy consump-
tion needed for hydrogen production, meaning 10% decrease in efficiency. It should
be noted that stack durability depends on the quality of the BOP significantly such
as the impurities in the water supplied to the stacks and the unsteady electric power.
The use of high-purity DI water is generally required to ensure good durability of a
PEM stack. A purity as high as <0.1 pS/cm (>10 MQcm) is usually recommended.
It should be noted that the evaluation results are significantly affected by the mea-
surement protocols. Figure 1.4 shows a schematic diagram of the general effects of
different measurement methods on the electrolysis properties.
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FIGURE 1.4 A schematic of measurement effects on electrolysis efficiency.

For the flexibility of an electrolysis stack, cold start time, hot start time (from
standby state), load range, and response rates are generally used to characterize the
abilities of a stack to follow fluctuation of renewable power. It should be noted that
at present the flexibility of the electrolyzer is probably limited more by BOP rather
than by the stack, and the requirements on flexibility vary with working conditions
of the electrolyzer.

In the practical evaluation of the key materials of electrolyzers such as catalysts
and membranes, the focus of academia and industry is often slightly different. To
improve R&D efficiency, it is important to develop systematic evaluation standards
that include AST protocols based on degradation mechanisms and realistic renew-
able power conditions. It is also essential to establish a common database that can
facilitate the comparison and sharing of data among different research groups.

Table 1.1 summarizes the main technical features of the four types of water elec-
trolysis technologies. Although AWE and PEMWE electrolyzers have been widely

TABLE 1.1
Main Technical Features of Four Types of Water Electrolysis Technologies
AWE PEMWE AEMWE SOE
Charge carrier OH- H* OH- o> H*
Electrolyte Alkaline Proton solid Anion solid Oxides
material aqueous polymer polymer
electrolyte electrolyte
Separator PPS fabric, PEM AEM Oxide electrolyte
porous (membrane) (membrane)
composite

(Continued)
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TABLE 1.1 (Continued)
Main Technical Features of Four Types of Water Electrolysis Technologies

AWE PEMWE AEMWE SOE
Consumption Alkaline DI water DI water, Steam, CO,
aqueous Alkaline
aqueous
Catalyst/ Metals/ Precious Metals/oxides Mixed ceramic oxides/
electrode oxides metals/oxides composites
material
Temperature (°C)  50-90 20-90 20-70 600-1000 300-700
Current density 0.2-0.6 1-3 0.2-1.5 0.5-1.5 0.5-2
(A/cm?)
Cell area (m?) 3 0.3 0.03 0.02 0.0025
Stack scale*(Nm*®  500-3000 50-500 0.5 (2.4 kW) - -
H,/h) (15MW) (2.5 MW)
Specific stack 4.2-5.0 4.2-5.0 4.8 2.5-4 -
energy
consumption
(kWh/Nm?)
Design lifespan 10-20 10-20 >1 - -
(year)
Current density 0.2-0.6 1-3 0.2-1.5 0.3-2 0.1-4
(Alcm?)
Current status? Large-scale Small-scale Prototype stage  Prototype Lab scale
application application stage
Capital cost 200-800 700-1400 - - -
range
(electrolyzer)®
(USD/kW)
Advantages Low capital ~ Quick Low capital Cco, Moderate
costs® response, costs® electrolysis temperature
wide load
range
Disadvantages Inferior High costs Low OH- Low durability, unsuitable for
dynamic, conductivity, dynamic application
corrosive low durability
electrolyte

2 The current status and stack scale refer to those in the application of green hydrogen production.
® When using transition metals as electrodes.
¢ Electrolyzer (>10 MW) cost including BOP.

used at 10 MW-scale nowadays, while AEMWE and SOE are not mature enough to
ensure their reliability and long-term durability, it should be noted that each technol-
ogy faces new challenges in renewable power conditions and is undergoing rapid
development, as listed in the disadvantages part in Table 1.1.
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In the following four sections, the current status, challenges, and technology
trends of the four electrolysis technologies are briefly summarized. More details will
be introduced in the following chapters.

1.3.2  ALKALINE WATER ELECTROLYSIS (AWE)

AWE is the oldest and most commercially available electrolysis technology. The
AWE systems were originally developed to run under continuous, steady-state
operating conditions, to utilize low-cost hydroelectric power to produce hydrogen
for ammonia production and thus were large in scale (~100 MW). These years many
AWE electrolyzers with 1000 Nm?® H,/h stacks have been installed for large-scale
green hydrogen production. In China, 2000-3000 Nm? H,/h AWE stacks have been
proposed recently [17].

In alkaline electrolyzers, a typical 20—40 wt.% KOH solution is used as electrolyte,
and at present, Ni-based transition metal catalysts loaded on current collector are
generally used as the working electrodes. The alkaline electrolyzers typically operate
with a cell voltage near 1.9-2 V at current densities of about 0.2-0.6 A/cm? with a
voltage efficiency (HHV) above 70%.

Hydrogen production in the renewable energy scenario is different from the pre-
vious scenario, which poses new challenges to AWE, mainly on how to improve
its performance and reliability without losing its cost competitiveness. Although
some problems can be solved at the system level, breakthrough on key materials
is expected. Also, modification of stack structure and operation strategies is neces-
sary to suppress shunt current. Development of diaphragms and electrodes has been
focused on recently to decrease cell resistance and gas crossover without sacrificing
durability, and thus increase its working current density and dynamic load range.
Their current status and R&D trends are briefly introduced below.

1.3.2.1 Diaphragms

Diaphragm is a thin, porous foil that separates the cathode and anode. Low ionic
resistance, high gas barrier property, high mechanical strength, and high thermal
stability are expected, where there are usually trade-off relationships among these
properties. Polyphenylene sulfide (PPS) fabric materials and a composite material
of zirconia (ZrO,) and polysulfone (PSU) are generally used. Normally, their main
technical parameters are a thickness of 500-1000 pm, an ionic resistance of about
0.1-0.3 Q cm?, and a gas crossover of <1%. Major research strategies include con-
trolling material composition and optimizing pore size structure and hydrophilic-
ity to decrease ionic resistance and gas permeability. Various composite materials
have been investigated, such as A—X (A: zirconia, alumina, silica, titania; X: polytet-
rafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), polybenzimidazole
(PBI), polypropylene (PP), and polyethylene (PE)) [18,19]. It should be noted that
anion exchange membrane (AEM) and hydroxyl-ion exchange membrane (HEM)
are also the separator materials which can conduct hydroxide ions (OH-), making
them powerful candidates of AWE with excellent ionic conductivity and gas barrier
property [18,19].
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1.3.2.2 Electrodes

To electrolyze water, HER and OER occur in cathode and anode. In commercial
AWE, Ni-based oxides and Ni-based alloys have been widely used as the anodic and
cathodic catalysts, respectively, since Ni metal provides excellent balance among
activity, stability, and comparably low costs, facing no significant risk of reserve
depletion. It should be noted that electrodes containing platinum group metals
(PGM) have also been applied in some AWE stacks to achieve high current densi-
ties. There are enormous efforts and attempts to clarify the activity mechanisms and
explore novel catalysts theoretically and experimentally.

The OER mechanisms are complicated and still debatable in alkaline environ-
ments. The conventional mechanism, also called adsorbate evolution mechanism,
involves several electron—proton coupled reactions, in which OH- is oxidized into
oxygen molecule and water molecule in alkaline electrolytes. Recently, some new
OER reaction pathways are proposed, such as the lattice oxygen mechanism with
lower reaction energy barriers [20]. Understanding the underlying OER active site, as
well as the reaction routes such as contribution of adsorption energies of intermedi-
ates on the surface, is crucial to mechanism investigation. Using descriptors such as
the bond energy of metal with OH, the number of electrons in d band, electron occu-
pancy, and the adsorption energy, a volcano-type relation between the OER activity
and various specific descriptors has been proposed [21]. Such relation is helpful to
predict more active OER catalysts. The volcano-type relation experimentally showed
that oxides which are oxidized difficultly or easily are poor catalysts, because their
affinity for oxygen is too weak or too strong, respectively.

HER is a multi-step reaction occurring on the electrode surface. The reaction
kinetics of HER in alkaline is at least two orders of magnitude lower than that in
acidic electrolytes, revealing different mechanisms. The volcano-type relation
between HER activity and descriptor is very successful, while the actual HER activ-
ity descriptor in alkaline electrolytes remains controversial. Some factors have been
proposed, such as the slower transportation rate of OH- than that of H* in solution
and the more difficult cleavage of OH bond in water molecules than in hydrated pro-
tons, but the exact factor that determines the slow HER rate in alkaline environments
is still vague [22].

For the traditional Ni-based catalysts, Raney Ni catalysts (nickel-aluminum
or nickel-zinc) are extensively investigated owing to their increasing surface area
after leaching of Al or Zn, especially their long-term durability and manufacturing
techniques. A schematic of overpotentials in an AWE cell using the Ni-based
catalysts is shown in Figure 1.5. The overpotential of anode and that of cathode is
above 0.3 V and above 0.1 V, respectively. Considering that E;* is 1.48 V, ca. 20%
electricity energy is consumed in the electrodes of this AWE cell.

Great efforts have been made to design and synthesize novel OER/HER catalysts
for AWE. Various strategies, such as alloying, phase engineering, and nanostruc-
ture engineering, have been employed to improve the electrochemically active sur-
face area (ECSA) and/or intrinsically specific activity of potential candidates [23].
Extensive investigation on transition metals and their alloys, including high-entropy
alloys (HEA), oxides, and (oxy)hydroxides, sulfides such as MoS, and NiCoS,,
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FIGURE 1.5 A schematic of overpotentials in an AWE cell (anode/cathode: Ni/NiMo; sep-
arator: porous composite; 80°C).

selenides, nitrides, phosphides, and chalcogenides, has been carried out [24-26].
So far, Pt and Ir oxides are generally regarded as the state-of-the-art catalyst for
HER and OER, respectively, in agreement with the volcano-type relation. In alkaline
electrolyte, Ru oxides exhibit excellent activity for HER and OER. However, their
stability is poor in OER working conditions, due to its transformation into higher
oxidation states species at high anodic potential and subsequent dissolution [27].
Among the PGM-free candidates, NiMo shows promising HER activities in alkaline
electrolytes, with an overpotential of 15 mV at 10 mA/cm? and a low Tafel slope of
30 mV/dec in 1 M KOH, which was comparable to the benchmark Pt catalyst [28].
Some PGM-free catalysts with high OER activity have also been reported, such as
NiFe-layered double hydroxides (LDH), in which a current density of 0.2 A/cm? at an
overpotential of 240 mV has been observed [29].

Considering that the stability test under laboratory conditions (I mol KOH,
10 mA/cm?, and room temperature) differs greatly from industrially relevant con-
ditions (6—10 mol KOH, >0.25 A/cm?, and 60°C-90°C), much attention should be
paid to further studies of the catalytic performances under these harsh conditions.
Furthermore, applying potential catalyst candidates into practical electrolyzers to
confirm their long-term stability, as well as developing their scaled-up synthesis, is
required to narrow the gap between academia and industry, thus resulting in OER/
HER catalysts for practical industrial application.

To realize the high activity of the novel catalysts in practical electrolyzers, per-
formance (E_,;;) at operation current densities is crucial, where the triple-phase inter-
faces (i.e., solid catalyst/electrode, liquid electrolyte, and gas product) and the mass
transportation in electrodes also play critical roles. Compared with the powder cata-
lyst generally used in PEMEC, catalytically active electrodes are usually applied in
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AWE, namely free-standing electrodes which include the electrodes themselves with
a surface such as Ni and those with a layer formed on the conductive substrates
[30,31].

Understanding the mass transportation in electrodes and optimization of electrode
structure is very vital to obtain a low overpotential E,_, to reach the maximum activ-
ity potential of catalysts. Gas bubble phenomena have been extensively investigated,
since in liquid electrolytes the formation of gas bubbles on the electrode surface is
hardly avoided and may obstruct the contact between active sites and electrolyte,
limit mass transport, and increase liquid resistance, thus leading to low electric
energy efficiency. Gas bubbles issue is more obvious at high current density such
as 0.5-2 A/ecm?. Optimization of the electrode to obtain a good balance between
adhesion force and buoyant force of the bubbles, as well as construction of super-
aerophobic electrode, can reduce bubble adhesive force and accelerate the release of
gas, which is conducive to enhancing mass transport and thus boosting the electrode
performance. Therefore, it is valuable to benchmark the catalysts at high current
density and develop catalysts with consideration on electrode engineering to realize
high activity at high current density to satisfy real industrial applications in alkaline
water electrolyzers [32,33].

In summary, AWE is the most widespread electrolysis technology to date, largely
relying on diaphragms that mainly use PPS and composite ones and Ni-based catalyst/
electrodes. Stimulated by the huge potential market of green hydrogen, numerous
R&D activities have been focused on AWE, and progress in current density increase,
dynamic response enhancement, and load range expansion are highly expected.

1.3.3 ProtoN ExcHANGE MEMBRANE WATER ELEcTROLYSIS (PEMWE)

Main features of PEMWE are their use of PEM and precious metal-based catalysts
in both electrodes. Traditional market scale of PEM electrolyzers is small, and
1-50 Nm? H,/h electrolyzers are generally used. Compared with AWE, PEMWE has
the characteristics of lower ohmic resistance, high operating current density, wide
load range, and high current efficiency (generally above 98%). These features lead
to more compact structure, high safety, fast response speed, easy maintenance, and
high hydrogen purity since only pure water is put into electrolysis stacks. Although
PEMWE can adapt to the volatility of renewable energy and is regarded to be the
most promising technology for green hydrogen production, it is more expensive than
AWE mainly due to the precious metal-based catalysts required by the stability in
acid environment, as well as its membrane, which is also a cost contributor compared
with the fabric-type AWE diaphragm. The main challenge of PEMWE is cost reduc-
tion. A simple way is to scale up electrolyzers at the system level, e.g., to use one BOP
system to support >10 PEM stacks, considering the scale of a general AWE system.
Recently, 10-20 MW electrolyzers consisting of 4-24 PEM stacks have been put into
applications [34].

Although scale-up of PEM electrolyzers, also stacks, can achieve rapid cost-down
results, extensive research and development have been carried out. Generally, two
strategies are usually adopted to reduce the stack costs, increasing operation current
density and decreasing the usage of precious metal without sacrificing efficiency and
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durability. Therefore, it is essential to develop low resistance membrane, high stable
catalyst and catalyst layer, low precious metal loading electrodes, and high diffusion
bipolar plates. A rapid technology improvement can be expected considering the
similarity of PEMWE to PEM fuel cells (PEMFC), which have made significant
technical progress in this decade owing to their potential market of fuel cell vehicle
(FCV). In the following, the current status, challenges, and main trends of the key
materials of PEMWE are summarized.

1.3.3.1 Membranes

At present, the most widely used PEM material for PEM water electrolysis is Nafion,
a PFSA (perfluorosulfonic acid) polymer with excellent proton conductivity and
chemical stability. Its typical technical parameters are a thickness of 100300 pm
and a resistance of 0.1-0.3 Q cm?. Its main drawbacks are high cost, high swelling
rate, and high gas crossover when low resistance is required by using its thin types.
R&D trends of the PEM include the following aspects: improvement of conductivity;
thermal stability of the ionomer; development of novel reinforcement materials and
methods; selection of optimal filler type, size, and loading; optimization of thickness,
structure, and operating conditions to realize low swelling rate and high mechanical
strength; development of process to produce membranes with homogeneous thick-
ness and quality; and membranes with functional additives such as gas recombina-
tion catalyst to suppress gas crossover.

Considering the trade-off relationships among various parameters such as proton
conductivity, mechanical strength, gas barrier properties, and dimensional stability
as well as cost, reinforced membranes have attracted much more attention, in which a
reinforcement layer is embedded in the polymer matrix. It is well known that Nafion/
ePTFE-reinforced membranes with a thickness of 8-30 pm have been widely used
in PEMFCs. For PEMWE, many reinforcement materials have been investigated
such as PTFE, PEEK (polyether ether ketone), PVDF, and PBI, which are chemically
and thermally stable in acidic media, as well as reinforcement layer structure, such
as a woven or non-woven fabric, a microporous film, or a nanofiber mat, which can
provide different pore sizes, porosities, and thicknesses for the membrane. Other
membrane materials have also been investigated, such as composite membranes, e.g.,
Nafion/ZrO,, Nafion/TiO,, and Nafion/SiO,, and non-PFSA polymers, e.g., sulfo-
nated poly(ether ketone) (S-PEEK), sulfonated poly(phenylene sulfone) (S-PS), and
sulfonated polyimide (S-PI) [35-38].

1.3.3.2 Catalysts

The current state-of-the-art catalysts for PEMWE are IrO, for the OER and Pt for
the HER, as they have excellent electrocatalytic performance and durability in acidic
media. Although numerous research works have been carried out, the key challenges
are high cost and uncertain degradation rate at high current density and temperature
and potential cycling.

The OER and HER activity mechanisms of the catalysts in acidic media are not
yet fully understood [39], but it is considered that there are mainly determined by the
adsorption and desorption of the reaction intermediates, such as OOH and H, on the
catalyst surface. The optimal catalyst should have a moderate binding energy for these
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intermediates, neither too strong nor too weak, to facilitate the reaction kinetics and avoid
poisoning or passivation. Various strategies have been proposed, such as tuning the struc-
ture, morphology, composition, and electronic properties of the catalysts via alloying and
defects engineering, similar to those applied in PEMFC catalysts. Since the overpotential
of the present OER catalyst is far higher than that of HER in acidic media, research
has been focused on OER catalysts, mainly about the development of low-Ir technology
and PGM-free catalysts. It is revealed that the strong Ir—O bonding is important for the
stability of iridium oxide catalysts, although the Ir catalysts in metal state always show
high OER activity. To enhance OER activity, many alloys and mix oxides have been
explored [40—44]. Although high activity was observed in Ir-Ru oxide, its stability has
not yet been well confirmed and dissolution of Ru has been observed during electrolysis.
At present, the most powerful candidate of low-Ir technology is the supported Ir oxide
catalysts, a type of composite catalyst which has Ir oxide nanoparticles dispersed on a
support material, such as TiO,, doped SnO,, MnO,, SiC, and TaC [45-48]. The support
and catalyst may exhibit synergistic effects, leading to enhanced catalytic activity [49].
The issue of supported Ir oxide catalysts is stability and durability because generally
IrO, nanoparticles exhibit coarsening, agglomeration, and drop-down phenomena, as
well as the elemental dissolution of metal doped in support materials. Developing novel
and improved catalyst supports materials and synthesis methods that can optimize the
structure, morphology, and composition of the catalysts, such as solution combustion,
hydrothermal, sol—gel, and electrospinning methods.

It should be mentioned that the structure of the catalyst layer is important to
reduce the catalyst loading, maximize catalyst utilization, and stabilize catalysts
during electrolysis. Catalyst layer engineering usually includes optimization of the
catalyst dispersion, distribution, and contact on the electrode and membrane. Apart
from the traditional wet chemistry process, other fabrication processes have been
explored. Using physical vapor deposition (PVD) process, a novel alternated catalyst
layer structure(ACLS) consisting of nano sheet catalysts have been developed [50].
High performance and excellent durability have been reported in an Ir oxide ACLS
with an Ir loading as low as 0.15 mg/cm? [51], which is considered to be attributable
to the sheet-like catalysts with extended surface and the unique catalyst layer struc-
ture in the ACLS.

In summary, PEMWE has the highest dynamic potential for green hydrogen
production. With the high attention paid on the R&D of membranes and catalysts,
operation current densities higher than 2.5 A/cm?, precious metal usage reduced
to <0.3 mg/cm?, and thus a rapid cost-down of PEM electrolyzers can be highly
expected.

1.3.4 ANION ExcHANGE MEMBRANE WATER ELECTROLYSIS

AEMWE technology has attracted attention since it is possible to combine the merits
of AWE and that of PEMWE, including (1) electrolysis with pure water feed, avoiding
the need for liquid electrolyte circulation and maintenance, and reducing the risk of
contamination and corrosion, and (2) using low-cost and abundant materials, such
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as nickel, cobalt, iron, and stainless steel, for the catalysts, gas diffusion layers, and
bipolar plates, as the alkaline environment is less corrosive than the acidic envi-
ronment in PEMWE electrolysis [52]. However, the breakthrough barrier is high
considering the development of AEM-type fuel cells (AEMFC). AEM membrane is
essential for AEMWE, since the other materials applied in AEMWE are similar to
AWE or PEMWE. There have been various commercial AEMs created and launched
in recent years [53]. The main issues are the weaker ionic conductivity of AEMs com-
pared to PEMs and poor durability under alkaline environments. The main degrada-
tion mechanism is known as hydroxide (OH") attack on the polymer backbone, which
leads to membrane collapse and catalyst layer dissolution within a few days, although
some studies have shown that the use of pure water as electrolyte feedstock can lead
to a durability beyond 5000 hours, under some operation conditions. The current
R&D trends of AEM electrolysis focus on the following aspects: determining the role
of supporting electrolyte and the limiting factors behind DI water operation, as well
as developing novel and improved polymer/membrane materials that can enhance the
OH- conductivity and chemical stability while suppressing gas permeation [54,55].
Some potential candidates have been proposed such as quaternary ammonium-based
polymers, poly(aryl piperidinium) polymers, poly(phenylene oxide) polymers, and
composite or reinforced membranes with inorganic fillers or fibers [56-59].

Additionally, another advantage of AEMWE is using a neutral-pH electrolyte
to avoid the use of undesirable strong acids or bases, which could eliminate envi-
ronmental and handling problems. However, the development of neutral-pH water
electrolysis remains a large challenge due to the lack of highly efficient PGM-free
catalysts. In summary, AEMWE is a promising technology that may challenge the
PEMWE. More research and development are needed to address the challenges and
limitations of the membranes and catalysts in AEMWE, as well as to demonstrate
the feasibility and scalability of the technology.

1.3.5 Soup Oxipe ELECTROLYSIS

SOE has several advantages over other electrolysis technologies and is considered
as a promising approach owing to the following technical potentials. SOE can oper-
ate at high temperatures (300°C-1000°C), which can enhance the reaction kinet-
ics, increase voltage efficiency close to 100%, and utilize the waste heat from other
processes, although heat management for the high-temperature working may induce
efficiency decrease of the electrolysis system. SOE can use both steam and carbon
dioxide as feedstocks, which can increase the hydrogen yield, reduce the water con-
sumption, and enable the co-production of syngas, a valuable chemical feedstock.
SOE can use low-cost and abundant raw materials, such as nickel, for the electrodes
as the high-temperature environment can activate these materials for the OER and
the HER.

However, SOE faces big challenges and limitations in widespread application.
The main drawback is its use of oxide materials, which are intrinsically brittle and
thus easily broken if the cell temperature changes [60]. Improvement of reliability
and durability is the main research direction, similar to that of solid oxide fuel cell
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(SOFC), which includes developing high-property electrolyte/electrode materials,
reducing the working temperature, optimizing stack structure and its component
materials, scaling up the stack size, and realizing long-term stable operation as well
as low-cost fabrication process. Besides the traditional O-SOE, in which oxide ions
(O*) are conducted from the anode to the cathode via a ceramic electrolyte layer,
proton-type SOE cells/stacks (p-SOE) have been proposed [61,62]. P-SOE uses a
ceramic electrolyte to conduct protons from the cathode to the anode and usually
exhibit lower working temperatures such as 600°C. Furthermore, CO, electrolysis
using SOE has also been focused on recently to expand the range of applications of
SOE [63-65]. The CO, is put into the cathode, where CO, is decomposed into CO
and O after receiving electrons (CO, reduction reaction: CO,RR), and simultane-
ously oxygen ions (O*") are delivered to the anode through the solid electrolyte layer
and then converted into O, by losing electrons.

The current status, issues, and main R&D trends of SOE are summarized below.

1.3.5.1 Electrolyte Materials

The biggest challenges for electrolyte material of SOE are its reliability and dura-
bility considering its degradation resulting from high temperature, steam, carbon
dioxide, oxygen radicals, and water-splitting products, as well as contamination from
other components in the SOE cell. For an electrolyte material, its crystalline struc-
ture stability at the working temperature and material composition, such as dop-
ant ratio, which affects oxygen vacancies and thus ionic conductivity, are important.
Generally, the Y,0;-stabilized ZrO, (YSZ) and (Sr, Mg)-doped LaGaO;-based mate-
rials (LSGM) with perovskite structure have been regarded as outstanding electrolyte
materials suitable for use at high working temperature and moderate temperature,
respectively, owing to their remarkable conductivity, excellent chemical and thermal
stability, as well as outstanding mechanical properties, in both oxidizing and reduc-
ing atmospheres [66]. Other candidates are Sc,0;-stabilized ZrO, (ScSZ), Sm-doped
CeO, (SDC), etc. For p-SOFC, Y-doped BaZrO,; (BZY) and Sc-doped BaZrO3
(BZSc) have been explored to obtain higher proton conductivity, high Faradaic effi-
ciency (FE), long durability, and low electronic leakage at a working temperature at
500°C-600°C [67]. Further understanding of the proton conduction and electronic
leakage mechanisms, as well as optimization of synthesis process, is necessary.

1.3.5.2 Electrode Materials

Requirements on electrode materials include high mixed ionic and electronic con-
ductivity, satisfactory physical and electrochemical stabilities, favorable HER/
OER activity, and an appropriate thermal expansion coefficient compatible with
electrolytes.

For cathode materials, metal-oxide ceramics have been mainly investigated, in
which transition metal generally supplies catalytic site for HER. Ni-YSZ cermet has
been widely used [68-70]. Its degradation mechanism is regarded to be the coars-
ening and agglomeration of Ni particles and the oxidation of metal Ni to NiO dur-
ing the SOE process. A cathode microstructure has been proposed in which fine
metal Ni particles uniformly distribute on the YSZ matrix. Addition of other metal



Hydrogen Energy and General Aspects of Water Electrolysis 21

elements including precious metal materials such as Pt and Cu has been investigated.
Cu has low catalytic activity but has long-term stability due to its resistance to carbon
build-up [64].

For the anode materials, since the OER reaction contributes to the main polar-
ization resistance in the electrolysis process in SOE, developing advanced anode
materials is crucial to improve the SOE performance. Great strides have been made,
including many kinds of anode materials such as single perovskite, double perovskite,
Ruddlesden—Popper phase (A,,;B,0;,,,) oxides, spinel oxides, composites with
the electrolyte material, heterostructures with noble metals, and various strategies
for anode optimization such as combining with ionic conductor, infiltrating OER
active species, and structural optimization [71-73]. Some powerful candidates such
as La,_ Sr,MnO; (LSM), Co-based perovskite oxides such as La,_ Sr,CoO; (LSC),
LSM-YSZ composites, and Au nanoparticles—loaded LSM-YSZ have been proposed.
Further research is necessary to overcome the sluggish kinetics of the OER and the
reverse water—gas shift reaction (RWGS) in high-temperature and mixed-gas condi-
tions, to resist sintering, poisoning, and carbon deposition, and to address the issues
such as ion segregation and structure failure, which limit the practical application of
SOE.

1.3.5.3 Cells/Stacks

A typical SOE cell includes porous anode, dense electrolyte, and porous cathode. In
order to maximize the potential of electrolytes and electrode materials, SOE requires
highly optimized and integrated designs that can ensure good contact and compat-
ibility among the anode, electrolyte layers, the cathodes, and the interconnects, and
minimize the thermal and mechanical stresses, ohmic and mass transport losses, and
heat and water management issues in the cells/stacks.

The main challenge of SOE cells/stacks is their durability under high operating
temperatures (350°C-1000°C) and dynamic load conditions, which limit its applica-
tions or commercialization, although low degradation rates less than 3%/1000 kh
and long lifetimes have been reported for some SOE stacks under constant power
and well-defined operating conditions [74]. The main degradation mechanism is
the thermal cycling, which occurs due to the high operating temperatures and the
need to cool down in case of dynamic operation. To ensure homogeneous thermal
distribution around SOE cells/stacks, the SOE cells are usually small, and a com-
plex auxiliary system is generally necessary. Deploying SOEC at large scale would
require larger cells than currently used, which increases the failure possibility. The
degradation phenomena in the cells/stacks are complex since at high working tem-
perature, multi-interactions among the component materials occur easily [75], such
as elemental segregation, delamination that occurs at the anode/electrolyte interface
during SOE operations, contamination of gaseous chromium species from stainless
steel interconnects and sulfur dioxide from the air (sulfur toxicity), silica permeation
into the SOE cell from the glass-based sealant materials, and carbon deposition for
the CO, electrolysis cells/stacks.

To address these issues, further studies include: investigation on various mecha-
nisms, especially those under different practical conditions, selection of appropriate
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component materials with high chemical, electrochemical and mechanical stability,
matching the thermal expansion coefficient of electrolyte layer and both electrodes,
and ensuring minimal reactant crossover, interface engineering, as well as devel-
oping novel and improved fabrication and methods, such as coating technology of
interconnect materials, and optimizing the operating conditions (e.g., temperature
and steam concentration).

Modification of stack structures is also important for the reliability and durability
of the SOE technology due to their effects on encapsulation, thermal stress, ohmic
impedance, the operating temperature, thermal cycling efficiency, and degradation
rate. The typical stack shapes are flat plate-type and tubular-type, with a selection
of support, e.g., cathode-supported type, electrolyte-supported type, and metal-sup-
ported type (MS-SOE), which uses metal electrodes and thus can increase mechani-
cal strength.

In summary, SOE is a promising electrolysis technology with high voltage effi-
ciency and high potential to produce carbonate derivatives besides green hydrogen.
To realize widespread industrialization and commercialization, more research and
development are needed to further improve the performance of the SOE cells or
stacks, especially their reliability and durability, to exhibit a long-term operation
under renewable power conditions. Besides, SOE can be converted to reversible
SOEC/SOFC cells (RFCs) to be used as hydrogen storage system with a high overall
energy transfer efficiency.

1.3.5.4 Summarization

In the worldwide low-carbon energy transition, green hydrogen has been regarded as
the most clean and promising energy utilization solution to fundamentally address
the issues of large-scale storage and consumption of renewable energy, and thus,
a huge market of green hydrogen is highly expected in a near future. The sustain-
able hydrogen production by water electrolysis is an essential prerequisite of hydro-
gen economy with zero carbon emission. Although great progress has been made
in the development of water electrolysis technology, some challenges still remain
since hydrogen production conditions in the renewable energy scenario are different
from the traditional scenario. It is important to increase R&D efficiency and acceler-
ate foundational R&D of innovative materials, components, stacks, and systems for
advanced water-splitting technologies, as well as their scale-up and low-cost manu-
facturing process.

There are four types of electrolysis technologies nowadays, although the present
AEMWE and SOE may not be sufficient for long-term operation under renewable
power conditions, it should be kept in mind that each technology faces new chal-
lenges in renewable power conditions, mainly including higher operation current
density without sacrificing of electrolysis efficiency, enhancement of reliability and
durability, and cost reduction, and it is undergoing rapid development; and finally,
various technologies complement each other’s strengths, and competition coexists
in different scenarios. Since different technologies of electrolyzers have comple-
mentary critical material requirements, which can offer protection against disrup-
tion in supply of some critical materials and can put strategic value on technology
diversification.
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2.1 INTRODUCTION

Hydrogen production by water electrolysis is a clean energy storage method that can
replace fossil fuels [1]. In this field, electrolytic water technology is one of the most
promising ways to generate pure hydrogen energy. Cathodic hydrogen evolution reac-
tion (HER) and anodic oxygen evolution reaction (OER) are the two major reactions
of electrolysis of water [2]. From this point of view, the creation of electrodes that
operate at low overpotential and work steadily for a long time can maximize the
energy efficiency of hydrogen production. Therefore, many efforts have been devoted
to exploring active catalysts and efficient electrodes with optimal structural charac-
teristics to generate large amounts of H,.

On the electrode side, the HER performance of a variety of highly efficient elec-
trocatalysts was tested in acidic medium. Despite their excellent electrocatalytic
properties, there are still many limitations, such as control of acid mist or electrolyte
vapor in batteries and corrosion of electrodes at high temperatures. In contrast, alka-
line electrolysis requires low vapor pressure and high temperature conditions. This,
compared to the acid catalysis, is more efficient in H, production [3]. Similarly, only
rare precious metal catalysts can provide high stability and reactivity for OER in
acidic media, but considering the scarcity and high price, such catalysts are difficult
to be widely used in industry. From this point of view, alkaline water electrolysis
is an effective and cost-effective way to achieve industrial hydrogen production by
water electrolysis. In order to improve the electrocatalytic performance of HER and
OER, current academic research focuses on controlling and optimizing the elec-
tronic structure of the electrocatalyst to improve the catalytic performance and thus
change the reaction kinetics [4]. Oxides and hydroxides of Group VIII 3d transition
metals (Fe, Co, Ni) and their hybrids with other metals have been reported to have
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strong OER catalytic activity under alkaline conditions [5]. In addition, these transi-
tion metals and their hybrids have been shown to have superior surface and catalytic
areas with rapid charge transport properties, especially in the form of nanostructured
metals. The following is a brief introduction to HER and OER electrocatalysis, ther-
modynamic concepts, and an understanding of reaction pathways. Then, the proper-
ties, surface characteristics, synthesis strategies, and broader chemical and physical
aspects of the electrocatalyst are discussed in detail, including electronic structure
tuning, heteroatom doping, oxygen vacancy/defect, and the inclusion of coupled con-
ductive substrates.

2.2 ELECTROCATALYSTS FOR HER

Volmer-Heyrovsky and Volmer-Tafel processes are mechanisms for producing pure
hydrogen by HER reaction. These two processes largely depend on the physicochem-
ical properties of the electrocatalyst used. As equation (2.1) shows, the Volmer step
of the reaction occurs when a water molecule is adsorbed to the catalytic surface
and then expends an electron, splitting into a hydrogen atom and a hydroxide anion.
Then, the two hydrogen atoms combine to form a hydrogen molecule, which eventu-
ally leaves the catalyst’s surface, a process known as the Tafel process (equation 2.2),
or under similar circumstances, a hydrogen atom reacts with another water molecule,
producing a hydroxide anion and a hydrogen (H,) molecule by assimilating an elec-
tron (Heyrovsky, equation 2.3).

H,O0+e™ +*— H, + OH™ (Volmer) 2.1
H., + H,e = H, + 2 *(Tafel) 2.2
H, +H,O+e — H, + OH™ + *(Hevrovsky) 2.3)

where * is the hydrogen adsorption sites on the electrocatalyst.

Hydrogen adsorption and desorption are two key processes in hydroelectrolysis
that are both continuous and competitive, and they determine the efficiency of HER
process. The hydrogen bond of the electrocatalyst plays a key role here, and if the
hydrogen bond strength is weak, sufficient hydrogen adsorption cannot be achieved.
If the hydrogen bond strength is too strong, it will make it difficult to release the
catalytic product. In either case, the efficiency of HER will be affected. Thus, an
optimum balance of forces that are the nature of catalyst plays a critical role in con-
trolling HER kinetics. In this context, Conway et al. investigated the relationship
between the maximum exchange current density and metal properties, i.e., M-H,
bond energy or hydrogen adsorption free energy. Among them, materials such as Pt
occupy the top position indicating the highest efficiency. It can be seen that transition
metals near precious metals have higher HER efficiency.

Precious metals such as platinum are still HER electrocatalysts with better per-
formance in alkaline media because of their low overpotential value. However, the
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production cost of this precious metal catalyst is too high to be widely used. The use
of precious metal catalysts in large-scale projects will lead to extremely high produc-
tion costs, which will greatly reduce the attractiveness of clean energy production. In
this context, the new research direction is to produce, study, and configure effective
catalysts to achieve suitable HER electrocatalysis and as a suitable alternative to cur-
rently used laboratory precious metal catalysts. The potential of transition metals,
alloys, oxides, chalcogenides, carbides, nitrides, and phosphates as highly efficient
HER electrocatalysts has been reported in many literatures.

2.2.1 TRANSITION METAL AND THEIR ALLOYS

Compared with other transition metals, nickel (Ni) has excellent catalytic properties
and a wide range of abundances, making it a potential application prospect of efficient
HER electrocatalysts. Nickel has unique electrocatalytic properties, and people have
modified it based on this. For example, the surface structure of nickel is modified
to obtain a larger surface area, or it is mixed with other transition metals to obtain
greater catalytic activity. These approaches have proven to be effective strategies for
obtaining high-quality nickel-based electrocatalysts. In general, the formation of a
porous surface helps provide more exposed surface area for the catalyst, allowing
for greater efficiency. Based on this, the preparation of Raney Ni by co-precipitation
of metal nickel with aluminum or zinc has been proven to be an effective method to
effectively enhance nickel-based catalysts. Tanaka et al. described the characteristics
of Raney Ni-based electrode for HER in 1.0M KOH solution. The authors empha-
sized that the use of Raney Ni contributed to more specific surface area which is
three times higher than conventional Ni-based catalyst. This increment influenced
the catalytic capabilities, where hydrogen evolution rate rose significantly concur-
rently with the improved electrochemical characteristics. In general, the Brewer—
Engel valence bond theory suggests alloying transition metal to promote HER. Here,
when the transition metal with free or half-empty d orbital is coupled with transition
metals with paired d electrons, a synergistic effect may occur, potentially improving
the HER [6]. Various Ni alloys with different transition metals have been considered
such as Ni-Mo, Ni—Co, Ni—Fe, and Ni—Cr, while the ternary alloys such as Ni-Mo—
Fe, Ni-Mo—Cu, and Ni-Mo—Co have also been proposed. The properties of these
alloy catalysts match the lattice, and the exposure of more surface sites improves the
activity and stability of the HER. A variety of methods have been used to evaluate
the performance of nickel-based catalysts. Ming Fang et al. prepared NiMo alloy
nanowires supported by Ni foam using hydrothermal method and thermal reduc-
tion method. The material has unique hierarchical structure and catalytic activity,
and the substrate-supported catalyst shows high HER activity. The geometric cur-
rent density of the alloy catalyst is —10 mA/cm? and the overpotential is as low as
—30 mV. Catalytic performance can also be improved by inducing more electrical
contact points. In this case, Jiao Deng et al. coupled FeCo alloy with N-doped car-
bon nanotubes (CNTs), which significantly improved the long-term durability of the
catalyst during HER activity [7].
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2.2.2  TRANSITION METAL AND METAL OXIDES

Transition metal oxides have good performance in OER. The performance of
transition metal oxide catalysts in hydrogen evolution in alkaline solution is not good,
but the coupling with pure metals can produce a heterogeneous structure system with
synergistic properties. In this regard, Yan et al. synthesized 3D crystalline/amor-
phous Co/Co;0, core—shell nanostructure to be used as catalyst in HER electro-
catalyst in alkaline solution. The coupling enabled high electrical conductivity from
the core, while potent catalytic activity could be achieved at the shell [8]. Similarly,
Dai’s group designed nanoscale nickel oxide/nickel heterostructures over the side-
walls of CNTs [9]. This hetero-interface was capable of showing high HER activity
similar to that of Pt-based catalyst. The superiority was attributed to the greater
hydrogen atom adsorption sites that promoted the generation of hydrogen molecules
during HER in alkaline solution. The high catalytic activity of the discussed cata-
lyst opened up new pathways to produce and explore low-cost, earth-abundant metal
catalyst with superior HER activity. Similarly, Weng et al. discussed the capability of
Ni/CeO,-CNT hybrids as HER catalyst. This catalyst possessed an overpotential
value of —91 mV with a current density of —10 mA/cm? in 1.0 M KOH [10]. Similarly,
approaches involve using transition metal alloy/alloy-oxide interfaces with a partially
oxidized nanosheet array for HER. These methods have been shown to be effective
in improving HER reactivity in alkaline solutions. In short, modifying the surface
of the electrode is an effective way to improve HER electrocatalytic potential to a
higher efficiency and durability.

2.2.3  TrANSITION METAL CHALCOGENIDES

The reactivity of metal sulfides in HER has also been extensively studied. Some
studies have shown that amorphous Cu,MoS, nanocages prepared by hydrolyz-
ing and etching-precipitating method have shown promising results. The hollow
structural morphology could attain an overpotential value of 96 mV at 10 mA/cm?
with a Tafel slope of 61 mV/dec in an alkaline environment [11]. Similarly, the
MoS, has also shown promising outcomes. In other cases, Feng et al. described
the potential application of Ni;S, nanosheet arrays with exposed high-index facets
for HER [12].

Transition metal selenides have advantages in structure and relatively low cost.
Sun’s team reports a simple method to produce in situ grown NiSe nanowire films
that are highly reactive and sustainable [13]. The electro-deposited Ni;Se, film on
Cu foam has also been promising material based on its efficient HER reactivity
and reliable response. Xie’s group showed that the lattice control of two phases for
CoSe,, i.e., orthorhombic phase CoSe, (0-CoSe,) and cubic phase CoSe, (c-CoSe,),
could be achieved with an experimentally proven relationship between different
Co-Se bond lengths with adsorbed H atoms and water adsorption energy. This
study provided an comprehensive understanding of the relationship between the
crystal structure and the intrinsic HER electrocatalytic activity, advancing the field
of HER process [14].
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2.2.4 TRANSITION METAL PHOSPHIDES, NITRIDES, AND CARBIDES

Compared with precious metals, transition metal phosphide, nitride, and carbide have
almost the same d band electron density state. Moreover, materials based on elec-
tronic transition state similarity can be used as effective catalysts for HER activity.
Among many, the P-Co,,Ni, ,Fe, , nanocubes with rough morphology were reported
to be an efficient catalyst with an overpotential of —200.7 mV at a current density of
10 mA/cm? [15].

Transition metal nitrides have high electrical conductivity. Unlike the layered
structure of graphene and its similar transition metal disulfide compounds, the gra-
phene layer is made up of tip Mo atoms sandwiched between nitrogen atoms in the
center of each monolayer. The said configuration allows MoN to act as a suitable
conductive platform to fabricate highly efficient HER catalyst. The MoN nanosheets
prepared using liquid exfoliation could attain atomic thinness, with highly exposed
Mo atoms. Such atoms could efficiently act as catalytic active sites for reducing pro-
tons into hydrogen.

Metal carbides are another promising catalyst for improving the activity of HER
reaction. Molybdenum carbide and tungsten carbide structure is flexible, easy to inte-
grate with other conductive materials (such as graphene or carbon), and obtain rela-
tively high reactivity. Tungsten carbide, for example, has catalytic properties similar
to platinum, which has caused extensive research.

2.3 ELECTROCATALYSTS FOR OER

As the key half-reaction of hydrogen production, oxygen reaction, the reaction mech-
anism of OER, has also attracted great attention. Compared with HER, OER mecha-
nism is more complex. The OER process consists of four electron transfer processes.
In an acidic medium, the oxidation reaction of two water molecules produces one
oxygen molecule (2 H,O < 4 H*+0,+4 e"), while in an alkaline medium, the oxi-
dation reaction of four hydroxide ions produces one oxygen molecule (4 OH™ < 2
H,0+0,+4 e"). In contrast, the mechanism of OER reaction in alkaline solutions
can be explained by the following equation:

OH +*—>*0OH+e™q 2.4)
*OH+OH™ - *0+H,0+e” 2.5)
*OQ+OH — *OOH + e~ (2.6)
*OOH+OH™ - *+ 0, +H,0+e” 2.7)

Here, * represents the catalyst active site, OER involves multiple electron transfer
processes, and each O, molecule is produced by the transfer of four electrons. At
each step (equations 2 4-2.7), the accumulation of energy barriers leads to the lag
provided by the dynamics of the OER process. Therefore, in order to overcome the
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above obstacles and successfully complete the OER process, a large overpotential
is needed to provide potential energy. According to this reaction mechanism, the
catalyst to be designed needs to be very efficient in obtaining low overpotential.
The catalytic community is more interested in equations (2.4-2.6) based on their
role in the overall OER process. At present, precious metal catalysts such as Ir and
Ru, sIr, 5 alloy are ideal catalysts. Meanwhile, the search for alternative catalysts that
can take this reaction to a larger commercial market continues. In general, the best
OER catalyst must have the advantages of low cost, high catalytic activity, sufficient
stability, and wide applicability. As shown in equations (2.5 and 2.6), the active site
of the catalyst involved must have a variable valence state in order to adsorb the
oxygen intermediate and form a bond. Therefore, transition metal-based catalysts
with adjustable electron density are expected to be ideal catalyst materials for a new
generation of alkaline OER electrolysis.

2.3.1 TrANsITION METAL OXIDES AND HYDROXIDES

Transition metal elements such as Ni, Fe, and Co have variable oxidation state
valence states, which can all be found in their oxides and hydroxides. The metal
and its hydroxide have excellent metal potential valence states under OER reaction
conditions. At the same time, the electron density that accumulates around the metal
site can significantly accelerate the response rhythm of OER. The composition and
structural adjustment of these metals and their hydroxides achieve outstanding OER
activity. It can be emphasized that the Earth’s abundant first-row (3d) transition met-
als such as Fe, Co, Ni, and Mn, as well as their mono, binary, and ternary oxides/
hydroxides, are described as highly efficient, and the presence of these elements is
described as a key factor in achieving higher efficiency. Among these catalysts, car-
bon-coated Ni@NiO nanocomposites (Ni@NiO@C) and Co,AlO, nanosheets were
reported as highly efficient OER catalyst materials. Ni@NiO@C has an overpotential
of 380 mV and a current density of 10 mA/cm? [16]. In addition, the voltage value
of Co,AlO, nanosheets at a current density of 10 mA/cm? is 280 mV, and the slope
of Tafel is very small [17]. Compared with single transition metal oxides, composite
transition metal oxides exhibit superior catalytic activity due to their inherent bond-
ing ability and open coordination sites. Transition metal/metal oxides based on the
mesoporous NigFe,)Mn,, alloy have been reported the most and can also be found
in their oxide and hydroxide forms. Among them, the mesoporous NigFe;,Mn,,
alloy-based transition metal/metal oxide reported by Tolbert et al. showed superior
OER catalytic performance in 0.5M KOH medium with an overpotential value of
only 200 mV at 10 mA/cm?. Interestingly, the catalyst has a n value of 360 mV at
500 mA/cm? and a Tafel slope of 62 mV/dec at 1.0 M KOH [18].

In addition to transition metal oxides, hydroxides can also provide low-cost adjust-
able components. Because hydroxides can obtain higher metal valence states, in their
laminates, col-xfeooh and FeOOH/CeO, have better catalytic properties than com-
mon metal oxides. Previous studies have suggested that based on Ni and Fe, binary
NiFe-LDH (layered double hydroxides) with ternary NiCoFe-LDH has a synergistic
effect to achieve higher catalytic performance for LDH containing Ni and Fe. Recent
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studies have shown that the above catalytic performance can be improved by doping
anions [19], which provides a new solution for customizing the catalytic performance
of LDHs. Despite the extremely high performance of LDHs, its low conductivity is
still a problem that should not be ignored. In this regard, adjusting the valence states
of metal ions in pure LDH has proved to be a promising method. In the work reported
by Sunet et al. [20], it was shown that the conductivity of NiCoFe-LDH could be
improved by pre-oxidizing Co** to Co**, thus obtaining higher catalytic performance
of OER. In addition, the integration of metal oxides/hydroxides with conductive
metal substrates (primarily Ni foam) to form composite “array” electrodes has also
been shown to be effective, based on intrinsically active metal oxides/hydroxides
[21]. Conductive substrates can provide fast charge transport channels, while nano-
array structures that expose the active sites can effectively prevent the aggregation
of catalysts. For this purpose, Schafer et al. prepared NiFeO@stainless steel sheet
arrays with n values up to 269.2 mV at 0.1 M KOH and 10 mA/cm? [21].

2.3.2 PEROVSKITE

Perovskite has been recognized as an efficient catalyst for oxygen evolution due
to its high stability, low cost, high catalytic activity and electronic tunability. Jan
Rossmeisl et al. [22] proved that the free energy difference between the HOO* and
HO* is nearly constant on different oxide surfaces, while the variation in the over-
potential (N°ER) is determined by the adsorption energy of O*, which is denoted as
AG®,.—AGOHO.. When plotting n°FR as a function of AG’,.—AGOHO. for different
classes of materials.

From the diagram drawn, higher catalytic performance can be obtained by
optimizing the O-binding ability of the structure and its intermediates. The n
values of LiCo, 13Ni 13Fe 130, [23] and Ca, Y b, ;MnO,_, [24] prepared by Yi Cui
and Yi Xie were 295 000 mV, respectively, under the condition of 0.1 M KOH and
the current density of 10 mA/cm?. The LiCo, ¢Fe,,0, [25], StNb, ,Co,, Fe,,0;_,
[26], and BaCo,,Fe,,Sn,,0,_, [27] prepared by Shao Zongping’s research group
also showed good catalytic performance. Its initial potential ranges from 1.49 to
1.53 V.

2.3.3 TRrRANSITION METAL CHALCOGENIDES

Transition metal oxides or hydroxides can be used to produce transition metal chal-
cogenides, such as metal sulfides and metal selenides, by reacting with sulfur and
selenium. Transition metal chalcogenides, due to their inherent metallic behavior,
which is attributed to the continuous network of metal-metal bonds, confer high
electrical conductivity, while at the same time, the high electron density near the
metal site can significantly promote the overall OER catalytic activity. Ni,Se,, Ni;Se,
nanorods, Ni,Se,, and Ni,;Se, films are highly efficient OER catalyst types in transi-
tion metal chalcogenides. In order to obtain higher catalytic activity, in situ oxides/
hydroxides driven by selenides have been shown to be effective for OER reactions
under oxygen evolution conditions. Fang Song and Xile Hu’s group [28] used this
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method to convert ferric nickel diselenide (Ni,Fe,_,Se,) to ferric nickel oxide/hydrox-
ide under oxygen evolution conditions. This method enables the development of cata-
lysts with 1 values up to 195 mV in 10 mA cm?.

2.4 CONVENTIONAL WAYS TO IMPROVE
ELECTROCATALYTIC PERFORMANCE

In recent decades, scientists have been working to make non-precious metal-based
electrocatalysts obtain higher catalytic activity while maintaining higher stability.
Next, this paper will discuss the most widely used methods that are currently consid-
ered promising for improving catalytic performance.

2.4.1 INTEGRATING CONDUCTIVE SUBSTRATES

Transition metal-based electrocatalysts can be coupled with different conductive
substrate materials to improve their overall electrocatalytic performance.

In the case of OER, carbon-based materials are the most widely considered.
Materials include graphene, CNTs, and their derivative materials. Compared with
metal substrate, carbon substrate has the advantages of lower cost and higher struc-
tural integrity. Therefore, carbon and its derivative materials can be used for in situ
doping engineering of oxides, hydroxides, and LDH, thereby contributing to improv-
ing overall performance. Fan’s team prepared CNTs@FeOOH nanosheets with a 1
value of 250 mV and a Tafel slope of 36 mV/dec at a current density of 10 mA/cm? in
1.0 M KOH electrolyte solution [29].

In the case of HER reaction, NiS, nanowires are generated on nickel foam (NF)
and NiS, is grown on carbon cloth (CC), which can effectively achieve higher cata-
lytic activity. Under the condition of 1.0 M KOH, n value of NiS,/CC is only —96 mV
under the condition of —10 mA/cm? current density, while n value of NiS?/CC under
the condition of —10 mA/cm? is —243 mV. At 1.0 M PBS, the Tafel slope is 69 mV/
dec.

2.4.2 Artomic DorING

Metal oxides are one of the most widely studied hydroelectricity decomposition cata-
lysts, and their P-type properties limit the rapid transfer of electrons and reduce the
accessibility of active sites. In this regard, the electrical conductivity of metal oxides
can be improved by doping with heterotransition metal atoms such as Co, Fe, and
Mn. The Ni,Col@Ni,ColOx prepared by Yong Zhao et al. has a core—shell structure,
and its OER performance is better than NiO. Under the condition of 0.1 M KOH and
10 mA/cm?, the initial potential is 1.55 V and the 1 value is 380 mV [30].

2.4.3 AMORPHOUS MATERIALS

The catalytic performance is related to the catalytic site. Therefore, adjusting the
composition of the catalyst is one of the effective ways to achieve higher performance.
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It can be seen that a large number of surface defect sites can be introduced by induc-
ing the amorphous structure during catalyst preparation, and these defect sites can
be used as active catalytic sites for OER and HER. The scheme is based on a pho-
tochemical metal-organic deposition method, which shows that amorphous metal
oxide films have a tunable composition. Hybrid metal oxide films exhibit higher cata-
lytic activity than their crystalline counterparts. In addition, a-Fe,y, . ,Co,Ni,O, can
even provide OER activity comparable to that of precious metal oxide catalysts. In
addition to OER activity, amorphous catalysts prepared by Fe, Co, and Ni can also
improve HER catalytic activity. Sun et al. prepared amorphous CoSe films with high
HER activity, with n values up to —121 mV under the condition of 1.0M KOH elec-
trolyte and —10 mA/cm? current density [31].

2.5 SUMMARY AND OUTLOOK

In this paper, the reaction mechanisms of HER and OER in alkaline hydroelectrolysis
are introduced. After that, the research progress of non-precious metal-based materi-
als as catalysts in alkaline water electrolysis is reviewed. Based on the previous liter-
ature, it is concluded that the performance of transition metal compounds as catalysts
for HER and OER is worth studying and has potential properties. Finally, we propose
some common effective methods to improve electrocatalytic performance, such as
integrating conductive substrates, doping heteroatoms, and amorphous materials.
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3 Free-Standing Electrodes
and Catalysts for Alkaline
Water Electrolysis

He Miao and Fuyue Liu

3.1 INTRODUCTION

Hydrogen (H,) is recognized as the most promising alternative to fossil fuels because
its combustion product is water [1,2]. Water electrolysis has been regarded as the most
promising approach for generating hydrogen with zero-carbon emission. Therefore,
electrochemical water splitting, which can convert the generated electricity into storable
hydrogen, is an ideal and scalable energy conversion technology [3,4]. However, oxy-
gen evolution reaction (OER) as the anodic half reaction during water splitting involves
a four-electron transfer process, resulting in a high energy barrier to drive the reaction
[5,6]. At present, the precious Pt-, Ir-, and Ru-based metal catalysts are generally recog-
nized as the best active catalysts for hydrogen evolution reaction (HER) and OER, but
the limited earth reserves and high-cost situations seriously restricted their commercial
application [7,8]. With the purpose of lowering the cost of catalysts and enhancing
the corresponding electrochemical behavior, great efforts have been made to design
and synthesize non-precious metal electrocatalysts involving earth-abundant materi-
als as cost-effective alternatives for the OER and HER [9,10]. Transition metal oxides,
sulfides, phosphides, metal alloys, selenides, and mixed-metal complexes have been
widely studied, demonstrating good performance toward the OER and HER. However,
most of these electrocatalysts require overpotentials higher than those required for
noble-metal-based catalysts [11,12]. Furthermore, improving the stability of these cata-
lysts remains of utmost importance. Consequently, the design of low-cost and efficient
alternative OER and HER electrocatalysts with high activity and long-term stability is
urgently needed for efficient water splitting [12,13].

Recently, electrode materials with micro spatial-stereo construction are widely
investigated, which show great potential in advanced energy storage and renew-
able energy conversion applications. Among them, free-standing electrocatalysts
(FSECs) show great potential in practical application for electrocatalysis. Thus, what
do FSECs refer to? For better understanding and further investigation, we make a
direct definition of these kinds of electrocatalysts [14,15]: FSECs are kinds of elec-
trocatalysts which include various active materials directly in situ grown on the solid
and conductive substrates without adding any binders or additives.

Compared with the traditional powder catalyst, the growth of catalytically active
electrodes on the conductive substrate has the following advantages [3,14]: (1) the
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substrate material can disperse the catalyst, which is conducive to the gas adsorption
and desorption process; (2) without using the adhesive, the catalytic material can be
closely combined with the conductive substrate, which not only simplifies the prepara-
tion process, but also ensures the rapid transfer of charge and improves the electro-
catalytic activity; and (3) the conductive substrate enables high loading of the active
components, providing abundant reactive active sites. Therefore, the FSECs with
non-precious metals are a series of electrochemically active materials grown directly
on a substrate with remarkable conductivity, sufficient porous structure, and high spe-
cific surface areas.

At present, transition metal elements of Fe, Co, Ni, Mn, Zn, Ti, Cu, V, Mo, and
W are most widely investigated to construct FSECs due to the low cost and unique
physicochemical properties. In addition, the substrates of FSECs mainly include
metal foam (such as Ni/Cu/Fe foam) [13,16], carbon cloth (CC) [17,18], carbon fiber
paper (CFP) [19,20], graphite plate [21,22] and metal plate (such as Ti/Ni/Fe foil)
[23,24], fluorine-doped tin oxide (FTO) [25,26], and others [20,27] (Figure 3.1).

FTO substrate

” Metal foam

Metal foil

Graphite plate Carbon paper

FIGURE 3.1 Substrate materials and transition metal elements that are used to build
free-standing electrodes for electrocatalytic water splitting. Adapted with permission from
Ref. [10]. Copyright 2019 John Wiley & Sons, Inc.
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Conductive materials can not only provide effective electron transport channels,
but also increase the surface area of the electrocatalysts. Such materials show great
potential in advanced energy storage and conversion [14,28]: (1) the materials may
inherit the advantages of two-dimensional (2D) materials, especially unique physi-
cal, electrical, and chemical properties; (2) the formation of free-standing structure
obviously enhanced the mechanical stability of the materials; and (3) most of the
materials featured three-dimensional (3D) framework, which can effectively facili-
tate ion and electron transfer.

3.2 FSECs FOR OER AND HER
3.2.1  SussTrATES OF FSECs

The structural and morphology design plays a key role for the improvement of elec-
trochemical performance by tuning the physical structures. So far, various strate-
gies have been reported to use nickel foam (NF), CC, CFP, metal mesh, etc., as
substrates to prepare FSECs with easily modified and defined physical structures.
FSECs include metal and non-metal substrates. Metal substrates (such as copper foil,
titanium mesh, and Ni foam) have high conductivity, but they have the disadvantages
of high price and poor corrosion resistance. Non-metallic collectors mainly include
carbon-based substrates, e.g., graphite plate, CFP, and CC. Carbon substrates are
widely used in FSECs due to its low price, good flexibility, and simple preparation
process. However, carbon-based supports are easily corroded by oxidation in an OER
process. To obtain excellent catalytic activity and stability of the electrocatalyst, it is
particularly important to select a suitable substrate.

3.2.1.1 Ni Foam

Ni foam (NF) is a kind of commonly applied current substrate in energy storage
and conversion systems (Figure 3.2a). Ni foam features 3D network structure with
excellent electrical conductivity. It is beneficial for exposing more active sites when
used as substrate to prepare catalysts in electrochemical catalysis [29,30]. As the
surface of the NF often covers a thin oxide film when exposed to air, it is often
immersed in diluted acid before use. Free-standing active materials directly growing
on the NF could effectively facilitate the contact between the active materials and the
current collector, enhance the mass transportation, and improve the electrocatalytic
performance [31]. It should be noted that the flexibility of NF is much poor for its
high-purity Ni-metal structure. Even so, many researchers are putting great efforts
into NF-based electrocatalysts and have achieved great progress. For instance, Tang
et al. [32] prepared the highly active Cu,S/Ni;S,-0.5@NF via two-step hydrothermal
method. Chen et al. prepared the high-performance Fe-doped Ni,;S, nanosheets on
NF by a simple hydrothermal synthesis method [33].

3.2.1.2 Carbon Fiber Paper

CFP has a macro-porous network structure (Figure 3.2b), good chemical inertia,
high mechanical strength, and high conductivity, which can be used as 3D substrate
for FSECs on a large scale to improve their electrocatalytic performances [34,35].
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Hydrothermal Ion Exchange
reaction reaction
I )
Ni(NO,),.6H,0+ > Na,S (100°C 6h)
Cu(NO,),.3H,0+ Hydrothermal

NH, F+ urea reaction

Cu,Ni-Precursor

Co?*+Se FeSO,-7H,0

E— =
Hydrothermal Soaking
(C2Hg0,+H,0) (Stirring)

l. Carbon cloth (CC) CoSe,@Se/CC Fe,0;-CoSe,@Se/CC |

FIGURE 3.2 (a) The synthesis process of Cu,S/Ni,;S,@NF hybrids. Adapted with permis-
sion from Ref. [32]. Copyright 2021 Hydrogen Energy Publications LLC. (b) Scheme of
NiS, NWs synthesis process on CFP. Adapted with permission from Ref. [36]. Copyright
2021 Elsevier B.V. (c) Schematic diagram of the synthesis process of Fe,0;-CoSe,@Se/CC.
Adapted with permission from Ref. [41]. Copyright 2017 Hydrogen Energy Publications LLC.

Guo et al. [36] prepared turf-like NiS nanowires on flexible CFP by two simple
methods: hydrothermal method and calcination method. NiS was directly and uni-
formly grown on the conductive CFP substrate, which not only has large specific
surface area, but also has small charge transfer resistance and high conductivity, thus
enhancing the electrocatalytic activity. The NiS/CFP catalyst showed excellent elec-
trocatalytic HER and OER performance. For total water splitting, only 1.59 V was
required at 10 mA/cm?. Li et al. [37] used a two-step hydrothermal method to prepare
in situ 3D interconnected Fe-doped NiS nanosheets on CFP (Fe-NiS@CFP) for the
OER. The optimal Fe—NiS@CFP showed an 7,, of 275 mV and maintained the high
stability for 50 h in 1.0 M KOH.

3.2.1.3 Carbon Cloth

CC is composed of aligned carbon fibers on micron scale (Figure 3.2c). It features soft
texture, light weight, favorable mechanical strength, and high electrical conductivity
[18,38]. Moreover, it can be easily cut into various sizes and shapes. It becomes a
frequently used substrate for the FSECs. Besides, the macro-porous inter-fiber space
also assists the easy flow of aqueous electrolyte. Therefore, CC is well known as a
kind of ideal substrate for flexible devices. Qian et al. [39] synthesized Ni;S,@Ni/
CC via electrodeposition followed by a sulfuration process. The Ni,S,@Ni/CC with
abundant active sites exhibited a good OER performance with an 7,, of 290.9 mV as
well as a low Tafel slope (101.26 mV/dec) and good stability for 30 h in 1.0 M KOH.
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Jiang and co-workers [40] fabricated the Fe,O,/NiS nanoplates on CC (Fe,O,/NiS@
CC) via two-step carbonization process. Fe;0,/NiS@CC exhibited a superior OER
catalytic activity with a small n,, of 310 mV in 1.0 M KOH due to their large spe-
cific surface area (1796 m?/g) and high conductivity. Selenium-coated cobalt selenide
(CoSe,@Se) nanoflake catalyst on CC (Fe,0;-CoSe,@Se/CC) was prepared via a
hydrothermal synthesis and immersion method (Figure 3.2¢) [41]. The unique 3D
coral originating from Fe,0,-CoSe,@Se/CC provided more abundant electrocata-
lytic active sites and fluent electrolyte diffusion. The optimized Fe,O;-CoSe,@Se/
CC-1.0h displayed an outstanding OER catalytic performance with an 7,, of 252 mV.

3.2.1.4 Other Substrates

Metal meshes/plates/foams have excellent conductivity and flexibility [42]. It can be
used as a metal source to grow catalysts on the surface [43]. Li et al. [44] constructed
NiCoFeS nanosheets with three-metal layered structure on Ti mesh (NiCoFeS/
Ti) via hydrothermal combined vulcanization process. For the OER, NiCoFeS/Ti
showed a low n,, of 230 mV. Yang et al. [45] prepared 3D hybrid thin-film electrode
on copper foil (Co-O@Co-Se/Cu) by electrodeposition. When Se was incorporated,
the structure and crystal phase transition occurred. Because copper foil was used
as the substrate, the electron transfer resistance was reduced and the gas release
was enhanced. The Co-Se species in the film was gradually transformed into Co-O
species. Dang et al. [46] used a simple one-step hydrothermal method to directly
grow INF-FeCuS nanoparticles on FeNi alloy foams (INF). INF-FeCuS including
Cu,S, and Fe, oS, (s phases showed the nanorod structure covered with tremella-like
nanosheets. The optimal INF-FeCuS nanosheets exhibited remarkable OER activity
with an 7,y, of 220 mV and a small Tafel slope of 88.1 mV/dec.

The stainless steel (SS), FTO-coated glass substrates, etc. are also widely used
[26,47]. SS mesh is a common chemical engineering component with high physical
robustness and chemical resistance in both basic and acidic environments, which
features high electrical conductivity, flexible characteristic, and mechanical strength.
Great efforts have been devoted to growing catalysts on SS mesh to take full advan-
tages of this substrate [48]. Deng et al. [49] synthesized adhesive-free free-standing
Co0,S;@C0,0, core/shell array on SS by simple hydrothermal method and vulcaniza-
tion process, which exhibited an n,, of 260 mV and small Tafel slope of 56 mV/dec.

According to the above discussions, nano-framework materials grown on different
substrates are promising candidates for binder-free electrodes, which can effectively
increase the electrochemical interfaces, enhance the mass transportation rate, and
greatly simplify the constructing process for practical applications. In this regard,
it is vital to construct multifunctional electrodes with stable nanostructures directly
on conductive substrates to achieve high-efficiency renewable devices. It should be
noted that the substrate should be properly chosen in terms of the requirement of the
applications.

3.2.2 AcTtive MaTteriALS OoF FSECs For HER

The electrochemical HER involves multiple steps. In alkaline electrolyte, the first
step (Volmer reaction) is reducing protons on catalytic sites (M) to form adsorbed
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hydrogen (MH,,,). At low coverage of H,, on the catalyst surface, H,,, will prefer-
ably combine with a proton and an electron to generate a H, molecule (Heyrovsky
reaction). In the case of high H,,, coverage, two adjacent H,,, atoms bind to form H,
(Tafel reaction). Mechanistic studies suggest that molecular H, forms via Volmer—
Heyrovsky or Volmer-Tafel pathway. The Volmer reaction is facile in acid due to
abundant available protons, while it is kinetically more sluggish in alkaline media
as it involves water dissociation prior to H absorption. The HER process can be
described using the following elementary steps [50]:

ads.

Volmer reaction : H,O+ M +e~ — MH,,, + OH™ 3.)
Heyrovsky reaction : MH,4, + H,O+e¢™ - M+ OH™ + H, (3.2)
Tafel reaction : 2MH 4, —» 2M + H, (3.3)

Both Volmer—Heyrovsky and Volmer-Tafel pathways involve the formation of inter-
mediate H,,. The free energy change of H adsorption (AGy.) is thus an important
parameter to predict/estimate the activities of HER catalysts. An ideal catalytic site
for the HER should have a AGy. near zero. The AGy. is closely associated with the
inherent surface chemistry and electronic structure of the materials. In recent years,
extensive efforts have been put forward to develop highly active HER catalysts such
as transition alloy, transition metal sulfide, selenide, phosphide, carbide, and nitride.
Next, we focus our discussion on those active materials of FSECs (Table3.1).

3.2.2.1 Transition Metal or Alloys

Transition metals with optimized AGy. and high intrinsic HER catalytic activity
have been extensively investigated. For example, a MoNi, electrocatalyst embedded
in MoO, cuboids and supported on NF (MoNi,/MoO,@Ni) [51] was prepared by
reducing a NiMoO, cuboids precursor at high temperature. The MoNi, electrocata-
lyst features a rapid Tafel-step-decided HER catalytic mechanism with a zero onset
overpotential, an overpotential of 15 mV at 10 mA/cm?, and a low Tafel slope of
30 mV/dec in 1 M KOH, which was comparable to the benchmark Pt/C. Moreover, a
high-entropy alloy (HEA) of FeCoNiCuPd thin film with a single face-centered cubic
(FCC) structure was deposited on carbon fiber cloth (CFC) by magnetron sputtering
(Figure 3.3a) [52]. The newly developed HEA/CFC system exhibited superior HER
activity compared with the commercially available catalysts under alkaline condi-
tions, resulting in an outstanding water electrolysis performance with ultralow over-
potential as low as 29 mV for HER at a current density of 10 mA/cm? (Figure 3.3b
and ¢). In addition to the Ni-Mo-based alloy, some other transition metal alloys were
also demonstrated to be highly active for HER under alkaline condition, such as Cu—
Ti bimetallic alloy and Al,Cu,Ni@Cu,Ni core/shell nanocrystals [53,54].

3.2.2.2 Transition Metal Sulfides

As bioinspired HER electrocatalysts, transition metal sulfides have gained extensive
interest over a decade. Among them, MoS, is the most extensively developed because



TABLE 3.1

Comparison of the Electrocatalytic Activities of Free-Standing Transition Metal Catalysts for HER

Sample

H-FeCoNiCuMo
MoC-Mo,C-790

NiS, NWs/CFP

O-NiCu
MoS,-Mo0O,_,/Ni,S, @NF
NiCoNINi,PINiCoN
NiMoN@NC-6
CFeCoNiP-NF
CoSe,/CMF
FeNiCo@NC/NF-600
CoP,/Co,P@CNT-CC
Co/Ce0O,@CF
(Ni,Co)Se,/CoSe,/NF
MoNi,/MoO,@Ni
Co-B-P/NF

Ni;Se, @NiFe-LDH/NF
MoO,/Ni-NiO

Bi-NP Cu/Al,Cu,Ni@Cu,Ni
Mo,C/CC

/, not available.

Eii00 (] V]) Tafel Slope (mV/dec) Electrolyte

~0.05 347 1 M KOH
~0.17 59 1 M KOH
0.3 134 1 M KOH
0.06 34.1 1 M KOH
~0.15 532 1 M KOH
/ 139.2 1 M KOH
~0.06 39.1 1 M KOH
0.15 31 1 M KOH
/ 67 1 M KOH
~0.25 82 1 M KOH
/ 61.5 1 M KOH
0.17 / 1 M KOH
0.17 514 1 M KOH
0.03 30 1 M KOH
~0.09 42.1 1 M KOH
0.17 106.2 1 M KOH
0.16 59 1 M KOH
/ 110 1 M KOH
~0.37 124 1 M KOH

Substrate
NF
Mo plate
CFP
NF
NF
NF
NF
NF
Carbon foam (CMF)
NF
cC
CF
NF
NF
CF
NF
NF
Alloy plate
CcC

Preparation Method
Pulse current electrodeposition
Electrodeposition
Hydrothermal and sulfur annealing
Electrodeposition
Chemical reaction and electrodeposition
Phosphorization, nitridation, and solvothermal
Hydrothermal and pyrolysis
Electrodeposition
Wet impregnation, carbonization, and selenization
In situ growth and annealing
Phosphorization and calcination
Hydrothermal and annealing
Hydrothermal and selenization
Hydrothermal and annealing
Electroless deposition
Hydrothermal and electrodeposition
Electrodeposition
Chemical alloying/dealloying
Hydrothermal and annealing

Reference

[7]
[24]
[41]
[55]
[56]
[57]
[58]
[59]
[27]
[60]
[61]

[8]
[62]
[51]
[63]
[64]
[65]
[54]
[66]
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FIGURE 3.3 (a) SEM image of the FeCoNiCuPd/CFC. HER performance evaluation of
FeCoNiCuPd in 1 M KOH electrolyte. (b) HER polarization curves. (c) Comparison of over-
potential at 10 mA/cm?. Adapted with permission from Ref. [52]. Copyright 2022 Elsevier
B.V. (d) SEM image of f NiCo,S,/Ni;S,/NF. (e) Polarization curves and (f) corresponding
Tafel slopes of NiCo,S,/Ni;S,/NF, NiCo-LDH/NF, NiCo,S,/NF, Ni,S,/NF, and bare Ni foam
at a scan rate of 5 mV/s without IR correction. Adapted with permission from Ref. [70].
Copyright 2018 American Chemical Society.

of its unique structural and electronic properties. Both experimental and computa-
tional studies have shown that the catalytic activity of bulk MoS, is poor and highly
dependent on the number of exposed edge sites [67,68]. Thus, it is desirable to design
and modulate MoS, catalysts with the maximum exposed edge sites. In this regard,
Cui et al. [69] prepared a MoS, thin film with vertically aligned layers on a flat sub-
strate. The obtained MoS, catalyst with rich edges showed superior catalytic perfor-
mance to the bulk counterpart. Afterward, MoS, nanosheet arrays vertically aligned
on NF and edge-oriented MoS, films loaded on Mo substrate were also developed as
free-standing HER catalysts. Similar to MoS,, WS, adopts a layered structure with
adjustable electrical properties and exposed edge sites being the active HER centers.
Likewise, studies on WS, are mainly focused on synthesizing nanostructured WS,
with more edge sites. The edge-rich WS, nanosheets and synergistic effect between
the WS, nanolayers and heteroatom-doped graphene sheets were proposed to boost
the HER activity of the integrated film electrode, which attained a current density of
10 mA/cm? at an overpotential of 125 mV.

The sulfides of Ni, Fe, and Co have also received extensive research. For example,
a facile strategy to fabricate a 3D heteromorphic NiCo,S, and Ni;S, nanosheets net-
work on Ni foam (denoted as NiCo,S,/Ni;S,/NF) as a free-standing cathode for HER
in alkaline solution (Figure 3.3d) [70]. As expected, the optimal NiCo,S,/Ni,S,/
NF electrode exhibited greatly catalytic activity and stability with extremely low
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onset overpotential of 15 mV and Tafel slope of 105.2 mV/dec in alkaline solution,
which outperforms most of those reported non-noble-metal-based HER catalysts
(Figure 3.3e and f).

3.2.2.3 Transition Metal Selenides

Generally, transition metal selenides have a higher intrinsic catalytic activity in
comparison to the corresponding sulfides [71]. Accordingly, there is an increasing
interest to develop the transition metal selenides as HER electrocatalysts. Owing to
the homologous structure of MoS, and MoSe,, strategies investigated for improving
the HER activities of MoS, such as increasing conductivity by phase transforma-
tion, exposing active sites by fabricating vertical array, and coupling with conductive
materials were also beneficial for MoSe, [72]. As an example, N-doped MoSe,/gra-
phene nanoflake arrays on CC can act as an advanced free-standing HER electrode.

The Co-based selenide catalysts are more frequently reported HER catalysts.
Nanoparticulate CoSe, with cubic-pyrite-type phase on CFP is a representative
example in this case [73]. The synthesis followed a two-step process: drop-casting
and pyrolysis of the precursor ink to form cobalt oxide nanoparticles on CFP, and
post-selenization in Se vapor. The layer of CoSe, nanoparticles was conformably cov-
ered on carbon fibers. The CFP-supported CoSe, nanoparticle film gave a current den-
sity of 100 mA/cm at an overpotential of about 180 mV. Aside from cubic-pyrite-type
phase, CoSe, can also crystallize into an orthorhombic macar-site-type structure.
Zhu et al. [62] fabricated a unique heterostructure arrays of (Ni, Co)Se, nanowires
integrated with the metal—organic frameworks (MOFs)—derived CoSe, dodecahe-
dra on NF as an effective binder-free electrode for water splitting (Figure 3.4a), and
the as-synthesized (Ni, Co)Se,/CoSe,/NF electrocatalyst exhibits excellent electro-
chemical performance in alkaline solutions with HER overpotentials as low as 65
and 169 mV at 10 and 100 mA/cm, respectively, as well as high stability (Figure 3.4b
and c). The unique heterostructure with abundant active sites and strong synergis-
tic effects between (Ni, Co)Se, nanowires and CoSe, could modulate the electronic
structure and enhance the charge transfer, thus contributing to high electrocatalytic
activity.

3.2.2.4 Transition Metal Phosphides

Transition metal phosphides with metalloid properties are well known as the efficient
electrocatalytic species toward HER. Free-standing structured metal phosphides are
considered as one of the most promising ones in hydrogen evolution. For example,
Liu and co-workers [74] successfully synthesized 3D porous CoP nanosheet arrays
which were vertically distributed on NF through electrodeposition with subsequent
phosphatization procedure. Due to the unique 3D structure, the as-prepared CoP
nanosheets exhibited high HER activity, and the overpotentials to deliver a cur-
rent density of 10 mA/cm? were 79.5 and 86.6 mV in both acidic and basic media,
respectively. In addition, Wen and co-workers [75] successfully prepared vanadium
modification of Ni,P nanosheet arrays on a CC substrate (V-Ni,P NSAs/CC) via
hydrothermal and post-low-temperature phosphorization methods. During the hydro-
thermal process, VNi-LDH was in situ grown on the fiber structure of CC, which is
beneficial to expose enormous surface-active sites. When serving as HER catalyst,
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FIGURE 3.4 (a) SEM of (Ni, Co)Se,/CoSe,/NF heterogeneous nanoarrays. (b) Polarization
curves of (Ni, Co)Se,/CoSe,/NF and other contrasting electrocatalysts, and (c) comparison of
the electrocatalysts at 10 and 100 mA/cm?. Adapted with permission from Ref. [62]. Copyright
2022 Elsevier B.V. (d) The high-magnification SEM image of synthesized Co—B—P/NF (the
inset of (d) shows its digital photo). (e) Polarization curves of Co—B—P/NF and Co-B-P-2/
NF in 1 M KOH electrolyte. The inset illustrates the optical images of the electrode during
the HER tests (100 mA/cm?). (f) The measured and theoretical amount of H, as a function
of time on Co—B—P/NF at 100 mA/cm?. Adapted with permission from Ref. [63]. Copyright
2018 Royal Society of Chemistry.

only a small overpotential value of 85 mV was required to deliver a current density
of 10 mA/cm?.

The introduction of metalloid in the metal phosphides also exerts positive effects.
The study on ternary Co—B—P made by Sun et al. [63] indicated that the synergistic
effect of P and B favors dissociation of H,0, weakens surface H absorption, and
suppresses Co oxidation. A typical Co, ,B,;;P,,, nanosheet array was synthesized
on NF (Co-B-P/NF) via a facile room-temperature one-pot method (Figure 3.4d).
The obtained Co—B—P/NF electrode, which combines advantages of B/P synergis-
tic effects and super hydrophilic surface properties, resulted in significantly higher
HER catalytic activity than that of binary Co—P and Co-B as well as the hydropho-
bic Co—B-P. Furthermore, the 3D free-standing architecture contributed to remark-
able performance at high current densities up to 2000 mA/cm?, with a nearly 100%
Faradaic efficiency of HER (Figure 3.4e and f).

3.2.2.5 Transition Metal Carbides and Nitrides

Metal carbides and nitrides have been widely investigated as an alternative to Pt due
to their Pt-like electronic behavior, high conductivity, and considerable stability in
a wide pH range [76]. The synthesis of metal carbides usually requires a high-tem-
perature (above 700°C) carbonization process, which inevitably leads to the sinter-
ing and agglomeration of catalysts [77]. FSECs assembly is an effective strategy to



48 Green Hydrogen Production by Water Electrolysis

address this problem. Zou and co-workers in situ synthesized Mo,C micro-islands
on a flexible CC as a HER electrode [66]. Benefiting from the rich catalytic sites of
inland-like Mo,C, high electrical conductivity, and intimate connection of the cata-
lyst and substrate, the as-prepared binder-free electrode showed respectable HER
electrocatalytic performance in terms of a low overpotential of 140 mV at a current
of 10 mA/cm?.

Compared with metal carbides, metal nitrides usually showed an inferior HER
catalytic properties. Even so, some metal nitride-based HER catalysts have been
exploited by cation doping, which could significantly improve the performance by
redistributing the charge to activate the catalytic sites. For example, V-doped Co,N
nanosheets were recently synthesized by growing the V-doped Co(OH), nanowires
on NF via a hydrothermal reaction, followed by a nitridation treatment in an NH,
atmosphere [78]. The V doping caused downshift in the d-band center, which favors
the H desorption. In alkaline media, the optimized V-doped Co,N nanosheet arrays
showed a lower overpotential of 37 mV at 10 mA/cm?, lower than the Co,N coun-
terpart. Besides, the V-doped Co,N nanosheet displayed excellent stability for more
than 27 h.

3.2.3 AcTtive MATERIALS OF FSECs For OER

Compared with HER, OER involving complex reaction pathways is more sluggish
and is generally considered as the thermodynamically and kinetically rate-deter-
mining process in water electrolysis. Essentially, oxygen evolution is the result of
the oxidation of a hydroxyl group in alkaline solution. A proposed four sequential
proton-coupled electron transfer steps of OER in alkaline solution can be described
below [79]:

M+OH™ — MOH +e¢ (3.4
MOH + OH™ — MO + H,0 + e~ (3.5)
MO + OH™ — MOOH + ¢~ (3.6)
MOOH + OH™ - M+0, +H,0+¢" (3.7

The four steps of OER are all thermodynamically uphill processes, and the rate-lim-
iting step has the highest energy barrier. In the OER process, the intermediates of
MOH, MO, and MOOH are generated in turn as a result of concomitant electron and
proton transfer, and the bonding interactions (M—O) within these intermediates are
crucial for the catalytic activity. The adsorption energies of intermediates are widely
used as descriptors for the electrocatalytic ability. In acidic solution, the oxides of
Ru/Ir are the best for OER, while the catalysts derived from transition metal catalyze
the OER more favorably in alkaline media. The active materials of FSECs for OER
mainly include transition metal alloys, sulfides, hydroxides/oxyhydroxide, oxides,
and phosphates (Table 3.2).
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Comparison of the Electrocatalytic Activities of Free-Standing Transition Metal Catalysts for OER

Sample

NF15

S-FeOOH/IF
NiCoP@NiMn LDH/NF
CoSn,/NF
H-FeCoNiCuMo
NC/CuCo/CuCoOx/
Mo-Ni-Se@NF
CuFe/NF
Fe-Co-S/Cu,0/Cu
sd-NFF

NiNS/NF
H-CoS,@NiFe LDH/NF
Ce0,-NiCoP,/NCF
NiFeHCH (1:0.2)
Mo,S,/Co, ,S@CF-8
Fe-Ni,S,/FeNi
1D-CeO,/C
NiFe-OOHy

(Fe, V, Co, Ni)-doped MnO,

Ni;S,@CoS,-NF
Mo,S,/Co, ,S@CF-8
NiFe-OH NS/NF
Fe,0;-CoSe,@Se/CC
NiS, NWs/CFP
Ni-650-carbon

SS felt

/, not available.

E=100 (V)
/
1.54
1.52
1.59
~1.47
1.52
1.63
1.53
1.60
1.54
1.63
1.54
~1.59
~1.56
~1.56
>1.72
1.62
~1.65
/
1.56
~1.56
1.49
1.55
~1.56
/

~1.57 (Cell)

Tafel Slope (mV/dec)
70.8
59
437

/
34.7
88
449
54.5

111
49
58.8
80.0
72
39
86
54
46
38

104.4
95.2
86
52.8
50.2
94.5
69

Electrolyte
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH

Substrate

NF

Fe foil
NF
NF
NF
NF
NF
NF
CF
NFF
NF
NF
NCF
CcC
CF
INF
NF
NF
CFP
NF
Co foil
NF
CcC
CFP
Nickel-silica
SS

Preparation Method Reference
Magnetron sputtering [82]
Solution-phase pathway [84]
Hydrothermal and phosphorization [85]
Solvothermal [86]
Pulse current electrodeposition [7]
Hydrothermal and carbonization [87]
Hydrothermal [88]
Hydrothermal [89]
Redox and electrodeposition [90]
Hydrothermal [20]
Calcination [91]
Solvothermal and electrodeposition [92]
Hydrothermal and phosphorization [93]
Co-precipitation [94]
Hydrothermal [95]
Solvothermal [96]
Hydrothermal and annealing [97]
Solvothermal and O, plasma exposure [98]
Electrodeposition [99]
Hydrothermal [100]
Hydrothermal [95]
Ambient redox and hydrolysis co-precipitation [101]
In situ hydrothermal and soaking [36]
Hydrothermal and sulfur annealing [41]
In situ CVD [102]
Direct use [47]
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3.2.3.1 Transition Metals or Alloys

Recently, a new class of multi-component catalyst systems, entropy-stabilized mate-
rials including alloys and other types, has emerged that demonstrate superior OER
catalytic activity for water splitting. In light of the variable and flexible compositions,
entropy-stabilized materials provide infinite and enormous potentials for the design
of promising electrocatalysts. The HEAs are the alloys whose element numbers are
not less than 5 [80]. HEAs can bring abundant and diverse active centers which lead
to different selectivity. Both active sites and electronic structures of HEAs can be
tuned easily [81]. A large number of unique binding sites on the surface of HEAs
cause the proper adsorption energies.

In addition, HEAs often have good strength, corrosion resistance, and oxidation
resistance, all of which are important for the stability of electrocatalysts for OER [7].
These characteristics make HEAs have good application prospects in electrocatalytic
water splitting. Yang et al. [82] developed a FeCoNiCrMn high-entropy thin films
with different sputtering times prepared on NF substrate by magnetron sputtering,
and they were adopted as the free-standing electrodes for OER in alkaline water. It
is found that the OER electrocatalytic performances were related to the sputtering
times. Furthermore, the OER performances of FeCoNiCrMn HEA electrodes could
be boosted by surface reconstruction through cyclic voltammetry. The FeCoNiCrMn
HEA electrodes reconstructed by cyclic voltammetry could reach an overpotential of
282 mV at 10 mA/cm? and a Tafel slope of 64.3 mV/dec. Moreover, Huang et al. [7]
synthesized an equimolar FeCoNiCuMo HEAs on NF, denoted as H-FeCoNiCuMo,
with a fast (50 min), simple, low temperature (50°C), and scalable pulse current
electrodeposition method (Figure 3.5a). H-FeCoNiCuMo exhibited breakthrough
electrocatalytic performances for OER, achieving ultralow, less than 200 mV 1, in
alkaline electrolytes (194 mV in 1 M KOH), outperforming those of the popular IrO,
(294 mV in 1 M KOH) and RuO, (232 mV in 1 M KOH). However, the metal alloy
electrocatalysts can only be referred as pre-catalysts in the OER process, because the
hydroxides or oxyhydroxides are confirmed as the real active sites of transition metal
electrocatalysts [83]. And converting transition metals to hydroxides or (oxy)hydrox-
ide proactively (surface reconstruction) is an inevitable way to improve their electro-
catalytic activity [81]. Therefore, the oxidation state enhancement or ion leaching of
transition metal elements may occur during surface reconstructions.

3.2.3.2 Transition Metal Sulfides

Compared with transition metals such as Fe and Co, Ni and their composites have
been the most frequently investigated materials for OER and HER electrodes because
of their superior stability and excellent resistance toward corrosion in alkaline media.
However, employing Ni metal alone leads to relatively low catalytic activity and low
resistance to intermittent electrolysis. In this respect, several studies have been per-
formed involving various Ni-based electrodes on NF. In particular, nickel sulfides
(Ni5S, and NiS) have been the most studied materials, demonstrating promising elec-
trochemical behavior because of their high electrical conductivity and stability [103].
The metal-vacancy pair composed of Ni atom and sulfur vacancy as the catalytic
active site showed the catalytic synergy during OER. Sulfur vacancy improves the
OER performance by reducing the energy barrier and optimizing the adsorption free
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FIGURE 3.5 (a) Schematic of fabrication process for H-FeCoNiCuMo. Adapted with per-
mission from Ref. [7]. Copyright 2022 Elsevier B.V. (b) Preparation schematics of INF-FeCuS.
OER properties of INF-FeCuS, INF-FeCu, and INF. (¢c) OER iR-compensated LSV curves,
(d) OER Tafel plots, and (¢) OER durability tests of INF-FeCuS at 100 mA/cm? for 200,000
operation in 1 M KOH. Adapted with permission from Ref. [46]. Copyright 2023 Elsevier
BV.

energy of oxygen-containing intermediates (OH*, O*, and OOH¥*). Creating oxygen
vacancies in electrocatalysts is a common and effective method to promote OER. As
revealed by the OER mechanism, all intermediates interact with the transition metal
oxide surface through oxygen atoms, and the presence of oxygen vacancies will
change the absorption and desorption process of the electrocatalyst with reactants.
Zhuang et al. [104] prepared FeCoO, Vo-S nanosheet catalyst by heat treatment syn-
thesis strategy. The addition of S atoms modified and stabilized the oxygen vacancy,
forming Co-S coordination that effectively regulated the electronic structure of the
active site. The FeCoOx-Vo-S electrocatalyst only needed an 75, of 240 mV in 1.0 M
KOH. Metal cations can adjust the ligand field of the active center and have certain
influences on the electronic configuration. For example, Dang et al. [46] constructed
a novel metal sulfide heterostructure (INF-FeCuS) composed of Cu,;S, and Fe 5S, (5
by a simple hydrothermal method (Figure 3.5b). According to the results of experi-
mental and DFT calculation, the exposed Cu(I) sites in INF-FeCuS are the active
sites for OER process, which play the key role in the catalysis of OER process, while
the composite systems are also helpful. INF-FeCuS exhibited the superior catalytic
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property, with the OER potential of 1.45 V, low Tafel slope of 88.1 mV/dec, and good
OER stability for 55 h at 100 mA/cm? (Figure 3.5c—e), respectively.

3.2.3.3 Transition Metal Hydroxides/Oxyhydroxides

Layered double hydroxides (LDHs) are widely studied electrochemical catalysts, in
particular for OER [105]. The composition and structure of LDHs are easily tunable
by adjusting either positively charged layers (e.g., Ni**, Co**, Cu?*, Mg?*, Zn?, Ca>,
and Mn?*) or interlayer anions (e.g., CO;>~, NO3-, SO,*, CI-, and Br), leading to
unique redox features. However, the poor electrical conductivity of LDHs limits the
catalytic performance. Hybridizing LDHs with conductive carbon or exfoliating bulk
LDHs to ultrathin nanosheets is widely employed to address this issue [106,107].
To simplify the synthesis and improve the long-term stability, LDHs are often in
situ grown on a conductive substrate to form a free-standing electrode. Taking the
most widely investigated NiFe-LDH as an example [108], the amorphous mesopo-
rous NiFe hydroxide sheets were supported on an NF substrate by a facile one-step
electrodeposition route. The synthesized electrode enabled a current density of
200 mA/cm? at an overpotential of 240 mV and a TOF of 0.075/s at an overpotential
of 400 mV, which is almost threefold that of Ir/C (0.027/s). To further improve the
long-term stability and simplify the preparation process, Wang and co-worker [101]
developed a simple strategy to fabricate NiFe LDHs nanosheet arrays on the Ni foam
(NiFe-OH NS/NF) through a room-temperature redox and hydrolysis co-precipita-
tion method (Figure 3.6a), in which the Ni foam is directly used as the Ni source. The
NiFe-OH NS/NF exhibited excellent OER activity, with an overpotential of 292 mV
to reach a current density of 500 mA/cm?, which was lower than the industrial crite-
rion (300 mV at 500 mA/cm?). The high stability and large-scale synthesized method
made it possible for industrial applications. Similarly, Wang et al. [109] also devel-
oped Fe-doped Ni(OH), nanosheets on Ni foam using Ni foam as Ni resource, which
exhibited high OER activity.

Apart from the LDHs, the transition metal oxyhydroxides have also been widely
studied as OER electrocatalysts. For example, Fe-substituted CoOOH nanosheet
arrays grown on CC were employed as an efficient OER electrode by in situ anodic
oxidation of a-Co(OH), nanosheet [110]. X-ray absorption fine spectra demonstrated
that the CoOy octahedral structure in CoOOH was partially replaced by FeO, octa-
hedrons during the anodic oxidation process. DFT calculation revealed that the
active site of FeO, octahedron had a high catalytic activity for OER. The optimized
Fe-substituted CoOOH nanosheet arrays manifested good OER activity, which was
superior to most of the reported Co-based OER electrocatalysts.

3.2.3.4 Transition Metal Oxides

Owing to the low cost, high abundance, and considerable anticorrosion properties
in an alkaline environment, transition metal oxides were widely developed as OER
catalysts [111]. Spinel-type oxide (AB,O,, A and B are 3d transition metals such as
Ni, Fe, Co, Cu, Zn, and Mn) is a family of composite oxides attracting extensive
interests [112]. As an example of free-standing oxide electrode, rope-like CuCo,O,
nanosheets directly grown on NF were successfully synthesized by Zhang and
co-workers for OER [113]. Numerous gaps existing between the sheet-like clusters
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FIGURE 3.6 (a) Schematic diagram of the synthetic process of NiFe-OH NS/NF and com-
parison of photographs of bare Ni foam and NiFe-OH NS/NF. Adapted with permission from
Ref. [101]. Copyright 2022 Elsevier B.V. (b) Fabrication of multiphase CeO,-NiCoP, electro-
catalyst on NCF substrate. (c) LSV curves and (d) Tafel slopes of the CeO,-NiCoP, electro-
catalysts. Adapted with permission from Ref. [93]. Copyright 2022 Elsevier B.V.

are beneficial for the contact of CuCo,0, OER catalysts with electrolytes. Without
binder additives, the nanosheets resulted in low internal resistance, so that rope-like
CuCo,0, nanosheets showed superior performances, lower OER overpotential, and
good long-term stability. Gong and co-workers [114] investigated the OER perfor-
mance of three spinel structured FSECs, including MnCo,0,/NF, ZnCo,0,/NF, and
NiCo,0,/NF. Benefiting from the special homogeneous urchin-like structure and
porous property, NiCo,O,/NF delivered a much smaller overpotential for the OER
relative to the other two catalysts.

Apart from spinel oxides, other types of metal oxides were also developed as OER
catalysts. For example, nanostructured MoO, and MnO, have been widely investi-
gated and supported on 3D substrates such as NF and carbon paper [99,115]. The
intrinsically high conductivity of MoO, and porous nanosheet structures with abun-
dant active sites resulted in a low overpotential of 260 mV at 10 mA/cm?. Manganese
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dioxides are also active for OER but are plagued by low conductivity and high over-
potential, which could be well addressed by engineering of Mn/O vacancies and
cation doping [116]. Calculation of the density of states (DOS) of an oxygen-defi-
cient MnO, nanosheet revealed its half-metallicity property. As a result of enhanced
charge transfer, NF-supported ultrathin 6-MnO, nanosheet arrays with abundant
oxygen vacancies afforded a high OER performance with an overpotential of 320 mV
at 10 mA/cm?.

3.2.3.5 Transition Metal Phosphates

In 2008, Nocera’s group [117] reported a cobalt phosphate (Co—P) catalyst that
exhibited unexpected OER catalytic activity in neutral solution. After that, the
earth-abundant and low-cost metal phosphates have stimulated particular interests.
For preparation of the free-standing OER electrodes, amorphous FePO, nanosheets
were in situ grown on NF by a solvothermal method [118]. Compared with crystal-
line FePO,, the amorphous FePO, nanosheets with disordered structure possessed
low-energy level of d-band center and smaller Gibbs free energy, which played a
positive role in enhancing the OER catalytic activity. In addition to ferrous phos-
phate, Fe(PO,), catalyst also showed high efficiency in catalyzing water oxidation
[119]. Fe(POs,), in situ grown on the surface of a conductive Ni,P/NF scaffold gener-
ated a robust electrode. During the OER electrocatalysis, the Fe(PO,), phase was
converted into amorphous FeOOH, which was proposed as the real catalytic sites.
Benefiting from the more active FeOOH and the 3D conductive Ni,P/NF substrate,
the electrode yielded a current density of S00 mA/cm? at overpotentials of 265 mV
and a TOF value around 0.12s7! per 3d Fe atom at an overpotential of 300 mV, along
with high durability in 1 M KOH. Similar to the case of NiFe-based hydroxide cata-
lysts, the synergistic effect of Fe and Ni in phosphate gives rise to enhanced OER
performances [120]. Not surprisingly, iron-doped nickel phosphate in situ grown on
NF is a promising OER catalyst in alkaline electrolyte. In addition, Wen et al. [93]
developed an innovative hydrothermal synthesis and low-temperature phosphoriza-
tion method to in situ synthesize CeO,-NiCoP, on the NCF matrix containing the
incorporated Ce atoms. Featuring the hybrid nanosheet and nanowire morphology,
the resulting CeO,-NiCoP,/NCF catalysts showed high electrocatalytic performance
for OER. The nickel and cobalt atoms positioned at the heterostructure interface
were the active centers for OER, and the formed CeO, promotes the dissociation and
adsorption of water, thus causing the fast generation of O,. The OER overpotentials
of nanosized CeO,-NiCoP,/NCF for transferring j,, in alkaline electrolyte are about
260 mV with a low Tafel slope of 72 mV/dec and good stability (Figure 3.5¢ and d).
In terms of overall discussion, FSECs are widely adopted for the applications of
OER and HER. The tight interaction between the substrate and catalysts ensures
the integrate structure of the catalysts in a harsh environment, especially the strong
alkaline media at high oxidation potential. Therefore, compared with FSECs, the
powder catalysts require a binder for a better fix of catalysts on glassy carbon or
other conductive substrate, and the binder is suspected to be oxidized at a high work-
ing potential. Besides, the carbon-based FSECs with somewhat lower graphitization
degree are also facing the same issue at a high working potential. Therefore, the
research directions of FSECs should be divided into three aspects: (1) to understand
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the reaction mechanisms of the electrochemical process; (2) to develop catalysts
with high stability, especially stable at harsh conditions; and (3) to improve the OER
activity.

3.3 SYNTHESIS METHODS OF FSECs

To date, various preparation techniques have been developed to synthesize electrocat-
alysts with specific structures and morphology. This chapter describes five types of
synthesis strategies: hydrothermal/solvothermal thermal reaction, electrodeposition,
vacuum filtration, chemical vapor deposition (CVD) and low-temperature immersion
(LTI), depending on the selective substrate and target catalyst components.

3.3.1 HYDROTHERMAL/SOLVOTHERMAL SYNTHESIS

Hydrothermal/solvothermal method is to heat the autoclave with aqueous solution or
organic solvent as the solution in a special closed reaction vessel to make the chemi-
cal reaction in a high-temperature and high-pressure environment. The hydrother-
mal/solvothermal method is simple and low cost [95,121], making it an eco-friendly
technology. Under the condition of high temperature and high pressure, it is easy to
obtain an appropriate grain size, avoiding the possible grain defects and introduc-
tion of impurities in the preparation process. This method is mostly used for large
area or flexible substrates, which is of great significance for practical application.
For example, Yin et al. [100] fabricated a Ni/Co sulfide heterostructure anchored on
NF (Ni;S,@CoS,-NF) by a facile two-step hydrothermal method (Figure 3.7a). And
Ni,;S,@CoS,-NF showed the highest OER activity with the overpotential of 332 mV
at 100 mA/cm?. Hu et al. successfully prepared catalysts with 3D porous structure
on NF (Ni,;Se,@NiFeLDH/NF) by two-step hydrothermal method [64]. NiFe-LDH
nanosheets and Ni;Se, nanowires formed in situ on NF were interlaced to form a
porous core—shell structure, which provided a large surface area and accelerated
electron transport efficiency. The 1,, values for HER and OER in 1 M KOH were 68
and 222 mV, respectively.

3.3.2 ELECTROCHEMICAL DEPOSITION

Electrochemical deposition synthesis (EDS) is a technology of coating on electrode
by electrochemical reaction under the action of external electric field. It has the
advantages of simple operation, low synthesis temperature, low cost, and high syn-
thesis efficiency. Electrodeposition is usually used to fabricate free-standing nano
films on conductive substrates. Shang et al. [122] synthesized Fe hydroxides film
encapsulated in V-doped nickel sulfide nanowire on NF (uFe/NiVS/NF) compos-
ites via a controllable electrodeposition (Figure 3.7b). They found that the best OER
catalytic performance could be obtained at the electrodeposition time of 15 s. Xu
et al. [123] prepared CoPO@C on NF by simple electrodeposition. The effects of
different morphologies (cube, octahedron, sphere, and nanoflower) synthesized at
different potentials on the OER performance were further studied, exhibiting that the
catalyst with sphere morphology showed the best OER catalytic activity among all
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FIGURE 3.7 (a) Schematics of the preparation process of Ni;S,@CoS,-NF. Adapted with
permission from Ref. [100]. Copyright 2022 Elsevier B.V. (b) Schematic illustration of the
synthesis of uFe/NiVS/NF through ultrafast chemical deposition and eFe/NiVS/NF through
electrodeposition. Adapted with permission from Ref. [122]. Copyright 2017 Elsevier B.V.
(c) Schematic illustration showing the synthetic procedure of CoSe,@VG/CC array. Adapted
with permission from Ref. [125]. Copyright 2019 Elsevier Ltd. (d) Schematic illustration of
the synthesis of NF@NiFe-LDH-1.5-4. Adapted with permission from Ref. [126]. Copyright
2021 Wiley-VCH GmbH.

samples. Li et al. [124] prepared NiFe-LDH@Ni NTAs/NF 3D-layered nanoarray on
NF via a facile electrochemical dealloying method coupled with the electrodeposi-
tion method. Due to the hollow tube-core layer structure, the internal and external
electrons were highly dispersed, and a large number of active sites were exposed,
which made the catalyst show a low 7, of 191 mV for the OER.

3.3.3 Vacuum FILTRATION

The separation of liquid and solid can be realized through a porous substrate by
forcing vacuum on the opposite side of the filter using vacuum filtration method. The
film thickness can be controlled by changing the concentrations [127]. Although the
operation is simple, it consumes a good deal of solvent and time, and therefore, it has
not been commonly used. Kong et al. [128] prepared graphene oxide free-standing
SnSe thin-film electrode (SnSe-TP@rGO) using a two-step synthesis technology
of vacuum filtration and low-temperature annealing. The unique 3D-layered frame
structure ensured the good stability of the system and accelerated the electron trans-
fer efficiency. Kader et al. [129] prepared an independently supported PtNLs-MoS,/
rGO graphene oxide paper catalyst which demonstrated high OER catalytic activities
by simple vacuum filtration and electrodeposition.
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3.3.4 CVD SyYNTHESIS

CVD synthesis is usually carried out under atmospheric pressure or low vacuum,
and gas—solid growth method is one of the most common chemical vapor synthe-
sis methods. CVD can be used to obtain thin-film coatings with high purity, good
compactness, and good crystallization [130]. Generally, argon or hydrogen gas is
introduced as the gas phase, and sulfur powder, selenium powder, or other powder
raw materials can also be used as the gas phase [131]. CVD is widely used in the
preparation of FSECs. Zhou et al. [125] synthesized selenide nanosheet array on CC
(CoSe,@vertically oriented graphene (VG/CC)) without any adhesive via an in situ
CVD synthesis (Figure 3.7c). The 3D porous VG framework not only provided an
electron transmission channel, but also addressed the problems of volume expan-
sion and particle aggregation. Ma et al. [132] synthesized graphene encapsulated in
(S, N)-co-doped nanosheets on NF (3DSNG/NF) via an in situ CVD synthesis. The
OER properties of 3DSNG/NF with different S and N doping concentrations were
further investigated. When the doping contents of N and S were 2.56 and 2.95 at%,
respectively, the catalyst showed good catalytic activity. Ali et al. [102] synthesized
multi-walled carbon nanotubes (MWCNTSs)-graphene hybrid nanomaterials on Ni
silica nanocomposites by a simple CVD method. The effects of the combination of
Co, Fe, and Ni with silicon matrix on the structure of mixed carbon nanomaterials
were studied, showing high OER performances.

3.3.5 Low-TEMPERATURE IMMERSION

The “low-temperature immersion” (LTI) is a method of preparing electrocatalysts
by soaking the sample at a lower temperature [126]. This method is simple and
energy-saving, and it generally requires FSECs as a medium [5]. Improving the OER
performance of the free-standing non-precious materials with etching-based prin-
ciple is the main means in LTI engineering. The excellent electrocatalytic perfor-
mance of catalysts synthesized by LTI engineering has aroused the great interests.
Because the rapid growth of primary nanocrystals can be avoided during LTI, the
crystallinity of many electrode materials is very low [133,134]. Numerous studies
have shown that the amorphous with a large number of active sites and unsaturated
sites formed in LTI is the main reason for the excellent OER performances [23,65].
For instance, Li et al. [126] reported a time- and energy-saving approach to directly
grow NiFe-layered double hydroxide (NiFe-LDH) nanosheets on NF under ambi-
ent temperature and pressure (Figure 3.7d). These NiFe-LDH nanosheets are verti-
cally grown on NF and interdigitated together to form a highly porous array, leading
to numerous exposed active sites, reduce resistance of charge/mass transportation,
and enhance mechanical stability. As FSECs, the representative sample (NF@
NiFe-LDH-1.5-4) shows an excellent catalytic activity for OER in alkaline electro-
lyte, requiring low overpotentials of 190 and 220 mV to reach the current densities of
100 and 657 mA/cm? with a Tafel slope of 38.1 mV/dec. Moreover, Guo et al. [135]
prepared a 2D Fe-doped nickel hydroxide electrode (RT—-Fe@Ni(OH),) with high
current density for OER under room temperature. The RT-Fe@Ni(OH), electrode
exhibited an overpotential of 0.312 V at 100 mA/cm? and a retention rate of 96.3%
after 100 hin 1 M KOH.
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3.4 SUMMARY AND OUTLOOK

Exploiting cheap, efficient, and robust HER/OER catalysts is of crucial importance
in water-splitting technology for hydrogen energy. Compared with conventional elec-
trode prepared with catalyst powder, FSECs integrating in situ grown catalytically
active phase benefit the simplification of electrode preparation, decrease of interface
resistance, exposure of abundant active sites and enhancement of stability, making
them promising for practical applications. In the past decades, there has been solid
developments in free-standing transition-metal-based electrocatalytic materials that
range from metals, chalcogenides, phosphides, carbides, and nitrides for HER and
OER. Among them, the transition metal phosphides and alloys exhibit higher HER
catalytic activity and stability than other compounds. For the OER, the most promis-
ing non-noble-metal electrocatalysts are based on LDHs and chalcogenides, which
often outperform the benchmark noble-metal catalysts (i.e., Ir and Ru compounds)
in alkaline media.

In spite of the substantial progress in materials design/synthesis and properties
investigation, the following challenges remain in the further development of FSECs
for alkaline water electrolysis:

1. The detail catalytic mechanisms of FSECs and interaction effects of the
active materials and support should be clarified concretely.

2. The catalytic properties of FSECs and bonding strength of the active mate-
rials and support should be enhanced.

3. The novel structures and morphologies of FSECs should be further designed.

4. The low-cost and facile synthesis methods of FSECs should be developed
for their large-scale preparation.
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4.1 INTRODUCTION

To address the issues of increased demand for energy usage worldwide and the need
to cut down the carbon emissions, the development of renewable energy with the fast-
est growing rate, such as solar, tide, and hydro energy, to substitute fossil energy is
critical [1,2]. In 2020, the total share of renewable energy power generation globally is
reported to be 29% [3,4]. By 2019, Chinese cumulative wind power installed capacity
and generated electricity had grown to 209,150 MW and 406,030 GWh, respectively
[5]. However, most of these energy sources are unstable with intermittent electricity
production, setting obstacles to their integration into the electricity grid system [1].
Owing to its properties of high energy density and carbon-free-emission, hydrogen
has been esteemed as a highly efficient energy carrier that can be greenly produced
using electrical energy from renewable sources through water electrolysis technolo-
gies (i.e., alkaline water electrolysis (AWE), proton exchange membrane water elec-
trolysis (PEMWE), and solid oxide water electrolysis (SOEC)) [6—11].

Among these water electrolysis techniques, AWE is regarded as a potential candi-
date for the green production of hydrogen due to its relatively mature technology with
simple operation, high energy efficiency (60%—80%), large-scale production capac-
ity, and relatively low-cost electrode and membrane materials, different from the
PEMWE that is only commercial for small scale [12,13,18] (Table 4.1). In general, the
major AWE components consist of the diaphragm, gas diffusion layer, bipolar plate,
and end plate. The separator materials, such as polyphenylene sulfide (PPS) fabric
and Zirfon-type separator consisting of ZrO, nanoparticles, are generally employed
as the diaphragms in AWE. The nickel foam is usually employed as the gas diffu-
sion layer, and stainless steel-based materials are generally utilized as the bipolar
plate and end plate [14]. AWE generally works at a low temperature of 50—-80 °C
with approximately 20%-30% KOH (or NaOH) solution as the electrolyte [9,15]. The
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TABLE 4.1

Parameter Comparison for AWE and PEMWE
Parameters AWE
Diaphragm Zirfon-type separator
Cathode Nickel-based catalysts
Anode Nickel-based catalysts
Current collector plate Nickel

Bipolar plate Stainless steel
Electrolyte 20%-30% KOH/NaOH
Current density <0.5 A/em?

Gas purity >99.5%

Lifetime ~100 kh

PEMWE
Proton electrolyte membrane
Pt/C
RuOy or IrOx
Titanium
Titanium
Pure water
1-2 Alem?
>99.99%
~50-100 kh

FIGURE 4.1 Structure illustration of AWE.

simple composition and functioning mechanism of the AWE system is illustrated in

Figure 4.1 [16].

In AWE, the cathode hydrogen evolution reaction (HER) and the anode oxygen
evolution reaction (OER) are the key electrochemical reactions. In the cathode, H,O
molecules are reduced by catalyst to form H, and negatively charged hydroxyl ion
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(OH") involving four-electron transfer process (4H,O+4e™ — 2H, + 40H"), while
in the anode, OH™ are oxidized by the catalyst to generate O, and H,O and release
four electrons (4OH™ — O, +2H,0+4¢") [17,18]. The current research mainly
sheds light on the development of electrode materials involving efficient electrocat-
alysts for HER and OER catalysis offering low overpotential, especially for OER
catalysis with sluggish kinetics [19]. As the typical gas evolution reactions, there
exists considerable effect induced by the formation of bubbles adhering to the elec-
trode surface during the water electrolysis process [20,21]. However, the impacts of
electrolytic gas bubbles on the electrode process and cell performance during practi-
cal operations of AWE are usually ignored and are currently understudied. The gas
bubbles are reported to promote the local convection inside AWE to some extent but
mainly lead to a negative effect on the electrochemical reactions involving the simul-
taneously occurring evolution and transport processes of bubbles in the practical
AWE cell. The presence of bubbles inside an AWE cell probably leads to a series of
problems, such as high coverage and accumulation of bubbles on the catalytic sites,
as well as slow detachment of bubbles from the catalytic sites. The slow detachment
of bubbles can significantly affect the performance of AWE because of the increased
activation, ohmic, and concentration overpotentials, resulting in a decreased elec-
trolysis performance and reduced durability.

In this chapter, the evolution mechanism of bubbles in water electrolysis systems
and the consequent polarization loss including activation, ohmic, and concentra-
tion overpotentials are discussed primally. Moreover, the latest advances regarding
the promotion of bubble removal, as well as the challenges and prospects of bubble
on AWE, are presented with the aim to provide a valuable guide for the design of
high-performance electrode materials for AWE application.

4.2 BUBBLE EVOLUTION DYNAMICS

For the AWE device involving H, and O, gas evolution reactions, the H, bubbles
generated in the cathode should be taken into consideration as well as the O, bubbles
generated in the anode of AWE, which is different from PEMWE in which H, gas is
able to flow straight out the cell bypassing the process of bubble formation [22,23].
The evolution process of gas bubbles for AWE generally includes three processes:
nucleation, growth, and detachment (Figures 4.2 and 4.3a) [24,25]. The bubble
dynamic and factors on evolution processes are introduced in this part.

4.2.1 NUCLEATION

The bubble nucleation is related to the increased amount of the dissolved gas adja-
cent to the electrode surface during water electrolysis, where the gas molecules are
continuously generated due to electrochemical reactions. There exists a saturation
concentration (C,,,) of the dissolved gas in the electrolyte near the electrode surface,
which is positively related to the partial pressure P of the gas acting on a liquid sur-
face according to Henry’s law (equation 4.1):

Ca = PKy(T) @D
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FIGURE 4.2 Various stages of bubble evolution: (I) the nucleation, (II) growth, and (I111)
detachment of bubbles on electrode surface. Nucleation takes place typically on cracks and
crevices in the electrode surface, after which the bubble grows by taking in gas from the dis-
solved gas boundary layer.

where Ky, represents Henry’s solubility constant, which is a characteristic of each
liquid—gas pair and is also related to temperature (T) with a decreasing function
[29-31]. Once the actual dissolved gas concentration (C,) adhering to the electrode
surface exceeds C,,, the gas in the liquid phase is supersaturated. The supersatura-
tion state at pressure P can be expressed by the supersaturation ratio () to describe
the excess amount of dissolved gas (equation 4.2):

[ s TR 42)
Csal KHP

When ¢ is larger than 0, the nucleation of bubbles is initiated on the electrode surface
[32]. The bubble nucleation in AWE typically occurs at the heterogeneous interface,
like the electrode surface with defects (e.g., cracks and splits) and the impure elec-
trolyte, and the bubble formation depends on both the gas—liquid interaction and the
solid—gas interaction [26,33,34]. If the value of { is lower than 0, bubbles tend to
shrink in the unsaturated liquid near the electrode surface.

4.2.2 GROWTH

The bubble growth is defined as the transfer process of dissolved gas from the lig-
uid phase to the gas bubble phase on the interface. When C, exceeds the dissolved
gas concentration near the interface of a bubble (C,) [35], with the continuance of
electrocatalytic reaction of HER and OER, the bubbles will grow and their growing
rate depends greatly on the supersaturation level (i.e., {) [23], which can be affected
by the geometry feature and wettability of catalyst layer at the same current density
[24,36].

For the growth of a bubble, there are three different growth stages that are gov-
erned by different forces (Figure 4.3b), including the first stage: nuclei (lasts about
10 ms, controlled by inertia exerted by the liquid around the bubble), the second
stage: under critical growth (controlled by the mass transfer of dissolved gases to
the bubble), and the third stage: critical growth (controlled by the electrochemical
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FIGURE 4.3 (a) A H, bubble nucleates and grows from the mid of a ring electrode [25].
Copyright 2019, IOP Publishing. (b) A sketch of the stages of bubble growth before detach-
ment from a substrate: stage I: nuclei, stage II: under critical growth, stage I1I: critical growth,
stage I'V: necking [26]. Copyright 2018, Journal of the Electrochemical Society. (c) Water
electrolysis produces twice as much hydrogen as oxygen [27]. Copyright 2020, Royal Society
of Chemistry. (d) The critical diameter for H, bubble departure increased with increasing cur-
rent density: (d-a) 0.3; (d-b) 0.45; (d-c) 0.6; and (d-d) 0.75 mA/cm? in 0.5 M KOH, at 22 + 1°C
[28]. Copyright 2012, Industrial & Engineering Chemistry Research. (e) The critical diameter
for O, bubble departure increased with increasing current density: (e-a) 0.3; (e-b) 0.45; (e-c)
0.6; and (e-d) 0.75 in 0.5 M KOH, at 22 + 1°C [28]. Copyright 2012, Industrial & Engineering
Chemistry Research. (f) The critical diameter for H, bubble departure decreases with increas-
ing KOH concentration: (f-a) 0.5 M; (f-b) 1 M; (f-c) 2 M; and (f-d) 4 M at 0.6 mA/cm?, at
22 + 1°C [28]. Copyright 2012, Industrial & Engineering Chemistry Research.

reaction rate) [22]. The growth of bubbles could affect the performance of AWE,
which is due to the coverage effect induced by bubbles with a slower detachment rate,
thus covering up active sites for electrochemical reactions [37].

4.2.3 DETACHMENT

Bubble detachment means that bubbles break away from the electrode surface. When
the buoyant force (upward force) is larger than that of adhesion force (related with the
hydrophilicity and gas—liquid interfacial tension), the bubbles will depart from the



Electrolytic Gas Bubbles on Process of Water Electrolysis 73

electrode surface. The radius of bubble detachment (r,) can be calculated according
to Fitz’s formula (equation 4.3) [38,39]:

1

5
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where r, is the radius of contact area between a bubble and solid surface, y is the sur-
face tension, g is the gravitational constant, and p is the liquid density.

The maximum theoretical bubble detachment radius and the detachment rate can
be affected by the physicochemical properties of the electrode, such as the micro-
morphology, hydrophilicity, and the electrostatic interactions between charged bub-
bles and electrode surface [19]. In AWE, the size of the O, bubble is reported to be
larger than that of the H, bubble, whereas in PEMWE, there is little distinction in
the size of H, and O, bubbles, which can be ascribed to different wettability of elec-
trolyte to the electrode [1]. The wettability of the electrode in an acidic electrolyte
is lower compared with that in an alkaline electrolyte. Moreover, the generated H,
is more than O, during water electrolysis, with the H,/O, volume ratio of 2/1 at the
same electrolysis current density (Figure 4.3c), which leads to a fast growth rate and
detachment rate of H, bubbles [40,41].

The critical radius for bubble departure is also reported to be related to the work-
ing condition of AWE (e.g., current density and KOH concentration). In Dongke
Zhang’s work (Figure 4.3d and e), they found that the critical radius for gas bubble
departure increases with the increase of current density in 0.5 M KOH, showing the
increase from 0.59 to 1.09 mm for H, bubbles for current density increase from 0.3
to 0.60 mA/cm? and from 0.60 to 1.08 mm for O, bubbles when the current density
endures an increase from 0.3 to 0.60 mA/cm?, respectively [28]. The change of bubble
size with the rise of current density can be ascribed to the change of interfacial ten-
sion force of bubbles. There is an obvious increase in the number of H, bubbles at a
higher current density over that at a lower current density. Higher current density can
result in a larger cell voltage, which can lead to an interfacial tension force growth
in the x-coordinate direction. To overcome the interfacial tension force, the bubble
buoyancy force needs to increase to a certain extent by enlarging the bubble radius.
Furthermore, the critical radius for electrolytic gas bubble detachment has a depen-
dence on the concentration of electrolyte, showing a decrease from 0.59 to 0.27 mm
while KOH concentration increases from 0.5 to 4 M, respectively (Figure 4.3f).

4.3 BUBBLES IMPACT ON ELECTROCHEMICAL PROCESSES

According to the free Gibbs energy of water electrolysis, the theoretically reversible
voltage is determined to be 1.23 V under typical environment. However, generally,
the working voltage for AWE is high because there exists the voltage loss (AE) pri-
marily caused by the kinetic energy and mass transfer loss and ohmic drop. AE can
be determined by the difference between the equilibrium voltage (E,) of the electro-
chemical reactions and the operating voltage (E) at a given current density. The volt-
age loss includes the activation, ohmic, and concentration losses (Figure 4.4), which
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FIGURE 4.4 Three polarization losses observed from the polarization curve of water
electrolysis.

are related to the electrochemical reactions and transport process (e.g., diffusion,
convection, and migration), expressed as follows (equation 4.4) [42]:

E= nact + nohm + nconc (44)

where 7, represents the activation overpotential that includes the anodic (1,) and
cathodic (#,) reaction overpotentials, 7, represents the ohmic overpotential that is
in connection with the ions transport in the electrolyte, and 7, represents the con-
centration overpotential. Since the water electrolysis involves the gas-evolving elec-
trode, the bubbles will be generated on the electrode surface. The bubble generation
and attachment on the electrode will affect the polarization loss during the electroly-
sis process, which in turn affects the total overpotential losses and thus decreases the
efficiency of water electrolysis and even its lifetime, as will be described in detail in
the following subsections.

4.3.1 BusBLE EFFECT ON ACTIVATION OVERPOTENTIAL

The activation overpotential reflects the kinetic loss of electrochemical reactions that
take place at the electrode surface during the water electrolysis process that corelate
to the activation energy of these reactions. The presence of bubbles adhering to the



Electrolytic Gas Bubbles on Process of Water Electrolysis 75

electrode surface will result in increasing the activation overpotential at a given cur-
rent density, which is due to the partial coverage by bubble on solid-liquid interface
between electrode and electrolyte through blocking part of the catalytic active sites
for each of the electrochemical reactions and thus decreasing the electrocatalytic
effective active area. Therefore, the coverage of the bubble is generally determined
by the proportion of the total area which is covered up. The activation overpotential
can be expressed according to the Butler—Volmer equation [42]:

R,T
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where o is the percentage of bubble coverage on the electrode surface, R, is the
universal gas constant, T is the temperature, a is the transfer coefficient, Z is the stoi-
chiometric number, and F is the Faraday constant. From this equation, the activation
overpotential is mainly determined by the bubble coverage.

In Vogt et al.’s work, they investigated the influence of bubble coverage on current
density and found that an increase in bubble coverage is proportional to the current
density increase shown with an empirical equation [43,44]. The relation between
bubble coverage and current density will provide a guide for the determination of the
electrocatalytic active area and thus predict the increased overpotential induced by
bubbles. They also found that the percentage of bubble coverage is affected by the
velocity of the electrolyte flow in 1 M KOH solution, showing that the bubble cover-
age decreased with the increase of velocity.

4.3.2 BusbLEs EFFEcTs ON OHMIC OVERPOTENTIAL

The presence of bubbles also leads to the increase in ion conducting resistance,
resulting in the rise of ohmic overpotential. The ohmic overpotential generally
originates from two aspects: the ion conducting resistance (relates to the ion com-
ponent flow through the electrolyte) and the electronic resistance (represents the
electronic component flow through the external circuit) [45,46]. In AWE electro-
chemical system, the ohmic overpotential is mainly contributed by the ion conduct-
ing resistance, because the electronic resistance accounts for a very low percentage
of overall ohmic loss. Since the liquid was used as the electrolyte in AWE, the
effect of bubbles in the electrolyte on the ion transport is more significant than that
of PEMWE using solid as electrolyte (e.g., perfluorosulfonic acid ionomer) that
can eliminate the ion transport blockage effect. In the liquid electrolyte of AWE,
both bubbles attached on the electrode and bubbles flow in the electrolyte can
hinder the ion transport by reducing the number of available pathways for ions to
migrate, thus lowering the effective conductivity of the electrolyte and resulting in
an increase in ohmic loss [24].

In addition, bubbles adhering to the electrode surface can also lead to the uneven
distribution of current near bubbles, which is indicated in Tobias et al.’s work [47].
The shorter distance between bubbles is more significant of this effect. When bub-
bles contact the electrode surface at an acute angle, the current density drops to zero,
while influences little as bubbles far from the electrode.
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Additionally, the ohmic overpotential was found to change with the dynamical
processes involving bubbles nucleation, growth, and separation from the electrode
surface, all of which have an effect on total resistance of the electrolyte.

4.3.3 BusbLE EFFEcTs ON CONCENTRATION OVERPOTENTIAL

The concentration overpotential depends on the concentration gradients of reactants,
intermediates, and products. At high current density, the concentration polarization
becomes significant, in which the mass transport process during electrochemical
reactions becomes the limiting step [48]:
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As mentioned above, the evolution of bubbles is initiated by the gas supersaturation
adjacent to the electrode surface. In this premise, the generated bubbles could adsorb
the dissolved gas and thus decrease the gas supersaturation levels in the electrolyte
(decrease Co, or Cy, in equations 4.6 or 4.7), thereby facilitating the diffusion of
electrolyte and the reduction of concentration overpotential [23].

Apart from the decrease of concentration overpotential caused by bubble growth
which has been mentioned above, their growth can also have a declining effect on the
concentration overpotential by inducing convective flow effect, which can decrease
concentration gradients and thus increase the efficiency of AWE. This particular
promotion effect is more apparent when bubble detachment begins, thus inducing
turbulence.

The effect of reduced mass transport loss is generally produced by many bubbles,
while few bubbles will cause an increase in mass transport loss. For the presence
of many bubbles observed on the electrode at high current density, bubble evolu-
tion becomes faster to eliminate the excess supersaturation and reduce concentration
overpotential. When the dissolved gas in the electrolyte is not released by enough
bubble detachment frequency, which means few bubbles are generated, the mass
transport loss will increase due to the high supersaturation [49].

4.3.4 OVERPOTENTIAL FLUCTUATIONS BY EVOLVING BUBBLES

The attachment of bubbles not only increases the activation loss by masking the
electrode surface, but also increases the ohmic loss through changing the ionic con-
duction pathway. Additionally, the detachment of bubbles is reported to be beneficial
for the mass transfer of reactants during electrochemical reaction, thus decreasing
the concentration loss. The electrochemical parameters, such as the current density,
potential, and resistance, are very sensitive to the change in electrode active area and
dissolved gas concentration. Under this condition, the formation and detachment of
bubbles in AWE will lead to fluctuations in electrochemical parameters, especially
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potential and current density. Accordingly, by analyzing the electrochemical behav-
ior in the presence of bubbles, the overpotential change under different bubble evolu-
tion, growth, and detachment characteristics can be investigated and compared. The
total overpotential fluctuation A7y (¢) can be simplified and written as follows [50]:

AnT (t) = Anohm (t) + Anacl (t) + AT’conc (t) (48)

where ANopm (2), AN, (2), and ATecone (1) represent the overpotential fluctuation caused
by ohmic, activation, and concentration loss during the gas evolution process, respec-
tively. The fluctuating terms of A7y, () and An, (¢) are related to the fluctuations of
electrode active surface, while An.(¢) can be viewed as induced by the gas evolution
fluctuation. Iwata et al. investigated the relation between wettability, bubble kinetics,
and transport overpotential, and showed that the bubble kinetics shift dramatically as
the slight decrease in hydrophilicity of the electrode, leading to a significant increase
in transport overpotential [40]. Under the higher hydrophilicity condition, dense and
fine bubbles will be formed on the electrode, leading to lower overpotential and over-
potential fluctuations.

Sahar et al. investigated the relation between the bubble diameter and the overpo-
tential [51] and found that the overpotential is proportional to the square of bubble
diameter and changes linearly with time. Furthermore, they also found that the bub-
ble detachment from electrode surface has an effect on the steep potential fluctuation
during gas evolution through spectroscopic analysis [52]. Likewise, Luo et al. found
out that resistance (AR), ohmic current (Aig), and total current (Ai) endure fluctua-
tion during the formation and detachment of a H, bubble (Figure 4.5) [22,45]. The
jump in the AR—t trace represented the growth of a bubble which blocks the elec-
trode. When the bubble finally detached, the screened surface would be recovered,
resulting in a decreased electrolyte resistance, which eventually gives rise to the
recovered current Ai.
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FIGURE 4.5 Fluctuation of total current (Ai) during the formation and detachment of an
electrogenerated H, bubble [20,45]. Copyright 2019, American Chemical Society.
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4.3.5 MEcHANICAL DAMAGE

The presence of bubbles can also affect the catalytic durability of electrode in
AWE, because the repeated formation and bubble detachment may cause mechani-
cal damage of catalytic structure and even the shedding of catalyst from the elec-
trode due to the produced stress caused by detachment of accumulated bubbles,
especially at high current density [53-55]. Furthermore, the stress of bubbles
formed in the pores could tailor the pore structure of the catalytic layer and affect
the mass transfer process. Consequently, it is very essential to promote the bubble
transport through the catalytic layer with the aim of improving stability [56]. It
remains a challenge to have a direct observation of catalyst degradation induced by
bubbles in the catalytic layer, and the degradation mechanism caused by bubbles
is not fully clarified. Shao-Horn and co-workers investigate the structural changes
induced by bubbles of a catalyst in OER by utilizing in situ TEM characterization.
The structural oscillations of the catalyst are found, which is due to the generation
and rupture of O, bubbles inside perovskite oxide particles in the presence of water
and e-beam [57,58].

4.3.6 BuBBLES-INDUCED THERMAL LOSSES

The presence of bubbles on the catalytic layer can also result in non-uniform water
distribution and localized water scarcity, which leads to the inhomogeneous and
unstable distribution of current, voltage, and temperature. Moreover, in the region
of local water deficiency, the heat produced by electrochemical reactions cannot be
dissipated in time, which leads to localized dryness and “hot spots” on the electrode
of AWE.

4.4 STRATEGIES TO MITIGATE BUBBLE PHENOMENA

As mentioned above, the gas bubbles adhering to the electrode surface could mask
the electrocatalytic active sites and set an obstacle to the contact between the active
sites and the electrolyte, leading to an increase in activation overpotential [59,60].
Furthermore, the bubbles also block the electrolyte diffusion to the active site which
results in an increased ohmic overpotential and impeded mass transfer. All these
facts consequently lead to a decreased efficiency for AWE and an unsatisfied durabil-
ity. Under these conditions, developing effective mitigation strategies to reduce the
adverse effect of bubble induced is very urgent, especially at high current density.
In recent years, a great number of strategies have been explored to inhibit bubble
formation or promote bubble removal. The mitigation strategies mainly focus on the
material modifications by means of specially designed electrodes to improve bubble
management, such as the hydrophilic/hydrophobic and porous structure modifica-
tion on the electrode and diffusion layer, as well as the surface tension of electrolyte
[24,59,61-64]. Although adopting magnetic, electric, and/or sound field treatments
embedding in AWE could facilitate bubble transfer by preventing bubble nucleation
or induce early separation, the rise in energy consumption suppresses their appli-
cation in practical condition of AWE and these approaches are generally complex,
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making them not suitable for practical application of AWE. Therefore, developing
highly mass-transferred AWE electrodes to promote bubble detachment from elec-
trode surface is vital and urgent for the practical application of AWE.

4.4.1 INTRODUCTION OF HYDROPHOBIC SITES

Modification of electrode hydrophobicity is reported to be effective in mitigating the
adverse effect of bubbles by promoting the nucleation and growth of bubbles. One
strategy is to introduce hydrophobic sites on the electrode by generating a hydro-
phobic location on the electrode surface to control the position for the formation and
release of bubbles, in which the nucleation activation energy of bubbles is reduced,
thus hindering the coverage of bubbles on the electrocatalytic active sites [61]. Pablo
Penas et al. proposed a novel strategy to facilitate gas evolution away from the elec-
trode surface and alleviate the bubble coverage by adopting a ring microelectrode
encircling a hydrophobic microcavity where bubbles grow in succession [25]. Results
show that the ring microelectrode does not endure the coverage of the bubble under
AWE test conditions [65]. The hydrophobic microcavity can induce the nucleation
and growth of bubbles during the electrolysis of water because the nucleation energy
distribution of bubbles is most favorable there. The bubble formed on the microcavity
will reduce the concentration of dissolved gas around it during the growth process,
reducing the concentration polarization of the electrode reaction [66]. In addition,
the possibility of nucleation of the bubble on the ring working electrode is greatly
reduced, so that the reaction site is exposed as much as possible. The presence of
bubbles increases the ohmic overpotential, which is alleviated to some extent after
the bubbles are removed, as shown in Figure 4.6a, and fluctuates more frequently at
high currents [25].

Promoting bubble nucleation by depositing polytetrafluoroethylene (PTFE)
islands on the electrode is one of the effective hydrophobic modification strategies.
Teschke et al. studied the effect of PTFE partially covered nickel electrodes on the
performance of HER catalysis [67]. Figure 4.6b shows that the best modification
effect was achieved when PTFE coverage was ~20%, showing the potential lower
than that without PTFE modification at high current. The reason is that PTFE draws
bubbles from the metallic sites, thus leaving more free active sites for adsorption and
reduction of ions in the electrolyte. In 2011, Brussieux et al. adopted PTFE islands
with different shapes to modify the Ni and Cu electrodes and used high-resolution
photography to show that bubbles do form mainly on the PTFE islands rather than
the active sites on the electrode surface [68].

In addition to using PTFE to modify the electrode, other modification methods
can also be used, such as hydrophobic modification of the electrode surface that
makes the bubble more likely to rupture. Wang et al. used photolithography and wet
etching method to construct a series of superhydrophobic “artificial lotus leaves” that
mimic the micro/nanolayered structure of lotus leaves and facilitate bubble bursting
and separation [69]. Figure 4.6¢ shows that bubbles burst much faster (13 vs. 220 ms)
than bubbles with general microstructure, and the properties of layered structure
such as height width and spacing can have an influence on the bubble rupture [70].
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FIGURE 4.6 (a) (Left) Sequence of images of a hydrogen bubble nucleating and growing
from the hydrophobic micropit of the SiO, substrate. (Right) Cell potential E and bubble
radius a of the first three bubbles plotted against elapsed time [25]. Copyright 2019, IOP
Publishing. (b) Current vs. voltage measurements using partial covered surface electrodes.
[J: uncovered; [l: 20% coverage; O: 40% coverage; [ll: 60% coverage [67]. Copyright 1984,
IOP Publishing. (c) (left) SEM images of the “artificial lotus leaf”” and bubble bursting behav-
ior on surface. (right) SEM images of patterned micropillar array on silicon surfaces and
bubble behavior on surfaces [69]. Copyright 2009, American Chemical Society.

The influence of hydrophobic sites on the nucleation and release of bubbles was
also proved by Giacomello et al. through molecular dynamics simulation and other
calculation methods [71]. Compared with the flat and smooth surface, the superhy-
drophobic surface increases the nucleation rate of bubbles, and the nucleation rate of
bubbles can be further controlled through the careful design of the surface micro-
structure [72]. In these works, the control over the nucleation sites shows that the
prohibition of bubble nucleation near the electrode can be realized, thus minimizing
the energy loss induced by bubbles in AWE.
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4.4.2 PoROUS STRUCTURE MODIFICATION

Designing an AWE electrode with a modified porous structure is one of the effective
strategies to mitigate the effect of bubbles on AWE performance by promoting mass
transfer capability [73]. By designing gradient porous structures or constructing
ordered pore structures to tailor the size and arrangement of pores in the electrode
material, the detachment radius of bubbles and the adhesion of bubbles on electrode
surface can be effectively reduced, thus promoting the removal of bubbles from the
electrode, exposing active sites for electrochemical reactions and the stable operation
of electrodes in AWE [74,75]. At present, commercial nickel foam (NF) is one of the
suitable diffusion layers owing to its high electrical conductivity and interconnected
porous structure that provides diffusion channels for anode OER and cathode HER
reactions [76—78]. However, the features of disordered arrangement of NF framework
with uneven thickness and density are usually unfavorable for the release of gas bub-
bles during the continuous electrochemical reaction under AWE working conditions,
thus affecting AWE performance. Therefore, constructing electrodes processing pore
structure with a designed gradient can promote bubble splitting and minimize bubble
residence time inside the electrodes. Yang et al. prepared a well-designed gradient
porous NF-based composite substrates with reducing pore size from the middle to
two sides of the electrode (SML-LMS) by combining two stack-up gradients porous
NF and using a solvothermal treatment to load hierarchically porous coral-shaped
MoS,/Ni,S, heteronanorod electrocatalysts (SML-LMS-HE) [79]. The as-prepared
electrode can accelerate the bubble detachment and fully expose catalyst active sites
during the process by inducing the splitting of large bubbles. The diameters distri-
bution of hydrogen bubbles shows that bubble detachment diameters on the surface
of SML-LMS-HE are generally (80%) smaller than 100 pm, with no bubbles larger
than 200 pm, unlike the diameter distribution of LMS-SML-HE possessing gradient
porous composite substrate with rising pore size from middle to both sides of the
electrode. The average bubble detachment diameter of SML-LMS-HE is 74.5 pm,
which is less than LMS-SML-HE (187.7 pm). The mechanism of bubble evolution
visualized that the large bubbles have a tendency to get split into bubbles with smaller
sizes inside SML-LMS-HE. As a result, the as-prepared electrode with the design
of a gradient porous structure offers an ultralow HER overpotential of 83 mV at
-10 mA/cm? and can catalyze HER for 18 h.

In addition, by carefully designing the bubble transport path in the electrode, the
coalescence of bubbles in the electrode can be reduced and the removal of bubbles
can be accelerated, thereby reducing the retention of bubbles on the porous electrode.
Recently, 3D printing has been developed as a convenient method to create compli-
cated electrodes with distinct chemical, mechanical, and hollow or gradient pore
structures [80—83]. These special structures exhibit unique physical and mechanical
properties [84]. The well-designed pore structure in the 3D-printed electrode can
optimize the transport path of the bubbles, thereby promoting the further improve-
ment in the performance of the gas evolution electrode. Kou et al. fabricated an
ordered periodic porous 3D-printed Ni (3DPNi) through solvent evaporation 3D
printing strategy to facilitate bubble transport (Figure 4.7a) [85]. Compared with the
randomly scattered irregular pores in the internal space of commercial 3D substrates,
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FIGURE 4.7 3DPNi electrode design for solving the bubble trapping. (a) Structure model
of 3DPNi and NF. (b) Simulation frames showing bubble shape (d = 20) during transport in
3DPNi and NF. Arrow in the inset highlights an interaction with the NF surface, which is
manifested through bubble deformation. (c) Bubble migration time through 3DPNi and NF as
a function of bubble diameter [85]. Copyright 2020, Advanced Energy Materials.

the ordered micron-scale pores in the 3D-printed periodic structure can effectively
reduce the frequency of bubble collision and deformation (Figure 4.7b), thereby
achieving rapid bubble release. Besides, the 3DPNi coating the catalyst electrode
releases bubbles stably and periodically, with an interruption period of about 124 ms,
which is significantly lower than that of commercial disordered NF supporting the
catalyst (3131 ms). Figure 4.7c shows the time needed to cross the specific plane
of 3DPNi and NF for a bubble with different diameters. Consequently, the release



Electrolytic Gas Bubbles on Process of Water Electrolysis 83

radius for the bubbles in the 3D ordered structure is significantly lower than that of
disordered NF, and the catalyst supported on 3DPNi shows a significant advantage
over the catalyst supported on ordinary NF in terms of activity. The above changes
in bubble behavior once again demonstrate the positive impact of electrode porous
structure modification and design on water electrolysis.

4.4.3 SUPERAEROPHOBIC MODIFICATION

The superaerophobic modification is defined as a way to make electrode surface with
a high bubble contact angle larger than 150° in water that makes bubbles difficult
to attach, resulting in a low adhesion force. In contrast, the superaerophilic surface
possesses a low bubble contact angle of ~<10° with a high adhesion force [19]. The
superaerophobic modification of the electrode surface is regarded as one of effec-
tive strategies to mitigate the adverse effect of bubbles on electrolysis performance
by controlling the adhesion behavior of bubbles underwater and promoting bubble
dynamics. The superaerophobic properties of the electrode surface can be achieved
by adjusting the surface composition and constructing the micro—nano structure of
the catalytic layer (e.g., nanoflowers, nanocones, and vertical nanosheets) with a dis-
continuous three-phase interface (Figure 4.8a), which ensures the rapid separation of
bubbles in a small size [74]. In the discontinuous zones of the three-phase interface
with a rough surface, the adhesion of bubbles is much lower than that in the continu-
ous zones [59,86].
Bubble adhesion force (F,g;.5i0n) 0N the surface can be expressed as follows [87]:

—Fadhesion = kdyw (COS Opmin — COS emax ) “4.9)

where v, is the surface tension of the liquid, k is the coefficient of solid force, d is
the contact width, cos 8,;, — cos 8,,,, represents the difference between the cosine of
the maximum and minimum static contact angles on the uphill (6,,,,) and downbhill
(@,,;,) upon tilting the substrate at a particular angle, which is called the contact angle
hysteresis (CAH) [88].

From this equation, by increasing the aerophobic property of the electrode sur-
face, the contact angle of the bubble can be increased, thus reducing bubble contact
width (d) to reduce F,gpesion and promote bubble removal from the electrode surface
[89]. Wang et al. proposed a method to facilitate bubble escape for water electroly-
sis by using nonwoven stainless steel fabrics (NWSSFs) as the conductive substrate
decorated with flakelike iron nickel-layered double hydroxide (FeNi LDH) nano-
structures [70]. Compared with other 3D porous catalytic electrodes, the as-prepared
FeNi LDH@NWSSF electrode with flake shape is capable of trapping a continu-
ous water film, resulting in a lower adhesion between the bubble and electrode sur-
face, which is conducive to the fast removal of small bubbles on the electrode. As
shown in Figure 4.8b, within 0.025 s, the oxygen bubbles formed can be completely
released from the porous structure, and the maximum dragging force released by the
bubbles between the NWSSF channels reaches merely 14.29% of that in NF chan-
nels. Consequently, it offers overpotentials as low as 210 and 110 mV (@10 mA/cm?)
in 1 M KOH for OER and HER, respectively, with a relatively long-term stability
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FIGURE 4.8 (a) Schematic representation of the adhesion behavior of air bubbles on smooth and nanostructured films. Smooth film on the left and nano-
structured film on the right [59]. Copyright 2022, Journal of Materials Chemistry A. (b) Shapes of gas bubbles at the bottom of FeNi LDH@NWSSF (contact
angle is ~169.7, indicating its superaerophobicity) and in situ observations of the oxygen evolution reaction on FeNi LDH@NWSSF. (c) Polarization curves
and Tafel plots of FeNi LDH@NWSSF, FeNi LDH@NF, and FeNi LDH@SSF for OER at a scan rate of 5 mV/s. Time dependence of catalytic current density
during electrolysis for FeNi LDH@NWSSF at a current density of 10 mA/cm?[70]. Copyright 2017, ACS Applied Materials & Interfaces (d) Schematic of the
bubbles detachment behavior of different structures, bubbles images at different intervals during the hydrogen evolution on nanocones structure, and bubbles
images at different intervals during the hydrogen evolution on the flat surface and #,,, 775y, and 7, for different electrodes [90]. Copyright 2018, Journal of
Electroanalytical Chemistry. (e) Adhesive force measurements of gas bubbles on Ni-Mo nanosheets, NiMoO, precursor, Pt/C electrode, and Ni foam. Digital
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(Figure 4.8c¢). Its full water splitting performance is also excellent compared with
reported catalysts that offer a voltage of 1.56 V at the current density of 10 mA/cm?.
Barati Darband et al. prepared a new 3D-layered nickel-carbon nanotube (Ni-CNT)
nanostructure by electrodeposition by implanting CNT into the Ni nanocones (NNCs)
[90]. The Ni-CNT hierarchical nanostructure with a high aerophobic is conducive to
bubble separation and effectively reduces the shielding of bubbles to the active site,
thus achieving high activity and stability. The diameter of the bubble on the Ni nano-
structured surface is ~60 pm, which is smaller than that of the flat surface (300 pm).
As a result, the Ni-CNT hierarchical nanostructure accelerates the detachment of
bubbles and effectively exposes the electrode area covered by bubbles, affording the
HER overpotentials of 82, 116, and 207 mV at the current densities of 10, 20, and
100 mA/cm?, respectively (Figure 4.8d).

Zhang et al. arranged the assembled two-dimensional Ni-Mo nanosheet structure
vertically on a conductive substrate, which helps realize the superaerophobicity of the
electrode, thus facilitating bubble release in HER [91]. The facilitated HER process
at high current density is related to the boosted mass transfer behavior in comparison
with the Pt/C catalyst under the same condition. Comparing NiMoO,, precursor with
Pt/C electrode or Ni foam, the results indicate that the bubble adhesion of Ni-Mo
nanosheets was the smallest (=2 puN), while the adhesion of Pt/C electrode prepared
by the drip-dry method was almost 15 times that of the Pt/C electrode with a synthe-
sis process of drop drying (=29 uN). On the Ni-Mo nanosheet electrode, the bubble
release rate was faster, with an average bubble diameter less than 95 pm, while on the
Pt/C surface, the bubble release size was around 364 pm (Figure 4.8¢). The Ni-Mo
alloy nanosheets facilitated electron transport and mass transfer, outperforming the
state-of-art Pt/C catalyst (Figure 4.8f).

Yang et al. prepared a core—shell structured NiFe nanowire array based OER elec-
trode using Ni,Fe,_, alloy as core and ultrathin amorphous NiFe oxyhydroxide nanow-
ire arrays as shell (denoted as Ni,sFe,,-AHNA) through a magnetic-field-assisted
chemical deposition approach [27]. In the 1 M KOH electrolyte, this electrode shows
the overpotentials of only 248 and 258 mV at 500 and 1000 mA/cm?, respectively,
and it can be stable up to 120 h. One of the reasons for excellent performance is that
the well-designed structure is able to boost both charge and mass transfer during
electrochemical reactions, which also proves the importance of mitigating the effect
of bubbles especially under high current density conditions (Figure 4.9). The above
conclusion provides us with a favorable approach to strengthen bubble management
by designing the electrode, thus avoiding the adverse transfer of the charge and the
ion within the electrode and channels, promoting efficient release of the bubbles, and
reducing the mechanical damage of the electrode caused by violent bubbles release.

Jong et al. prepared Ni catalysts with controllable surface morphology using the
oblique angle deposition (OAD) method [92]. The porosity of Ni catalysts increased
with the increase of tilted incidence angle 8, which can significantly boost their aero-
phobicity, thus tailoring the release behavior of the H, bubble. When the porosity of
the Ni catalyst reaches ~52%, the catalyst has superaerophobicity and exhibits the
best HER catalytic activity as well as superior stability. Moreover, the highly porous
catalyst that is superaerophobic has the potential to boost the supersaturation of dis-
solved H, in the electrolyte, leading to a decreased bubble critical size. Therefore, the
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FIGURE 4.9 (a) Schematic diagram of the synthesis of Nij4Fe,,-AHNA and its catalytic
function for the OER. (b) (Top) Digital photos demonstrating the oxygen bubbles on the sur-
face of nickel foam, IrO,/nickel foam, and Ni, 3Fe,, ,-AHNA during the OER process. (Down)
The corresponding size distribution statistics of releasing bubbles for fifty bubbles. The insets
are the corresponding photos of the bubble/catalyst contact angles under the electrolyte [27].
Copyright 2020, Royal Society of Chemistry.

smaller bubbles that near the surface can expose a more active surface and facilitate
the ions transport in the electrolyte, thus boosting the activity of HER. Meanwhile,
the mechanical damage of the catalyst induced by larger bubbles can be mitigated,
thus enhancing the stability.

Ye et al. synthesized a monolithic 3D hollow foam electrode through a feasible
chemical plating-calcination strategy, which can meet the demand of high current
density water electrolysis [55]. The prepared electrode is able to endure pressure
as high as 2.37 MPa and processes high electrochemical surface area (ECSA) and
conductivity as well as the low transfer resistance for gas, all of which favor the cata-
lytic performance boost. Consequently, the electrode offers only 83 and 293 mV at
50 mA/cm? for HER and OER, respectively (Figure 4.10). The outstanding aeropho-
bicity of the Ni-Mo-B HF electrode can be observed from the large contact angle of
air bubble (158 °). Based on the Cassie—Baxter and Wenzel equations, the wettability
of this electrode is in relation to the roughness of micro- and nanosurface structure,



Electrolytic Gas Bubbles on Process of Water Electrolysis 87

(2) (b)

OH;
\ Superaerophobic
o, / / Hi(ructure
\ " !
Ni-Mo-B
Electrode
(C) 0 O Nickel Foam
= A Pt-C/NF
e ~ | o NiBMS
-100 2 [v NiMoBMS
— = @ Ni-Mo-B HF,
; =1y
£-200 =
S 2
< 1
E-300 £
= —&— Nickel foam ?0.1 I
i —A— Pt-C/NF (a)
-400F 2 —o—Ni-B/MS
- —%—Ni-Mo-B/MS
—&—Ni-Mo-B HF R 203
-500 L L 1 0.0
0.4 0.3 0.2 0.1 0.0 05(a) Lo 15, 2.0
E (V vs. RHE) Log [j (mA em™)]
0.55
1290 [o— Nickel foam O Nickel foam
10v0 F —4—IrO/NF A 1r0/NF
—O—Ni-B/MS E & NiBMS 3
—v— Ni-Mo-B/MS — vV Ni-Mo-B/MS RS
& 800 [ —o—Ni-Mo-B HF 050 o NiMoBHF oy
£ § ' 3
& 600 2 3, Sl
E & » 3 2
E 400 L 0asf il A o
R (@] gt N &
200 ’
0 et eusunsnnsansns st 0.40 % & N "
1.0 1.2 1.4 1.6 1.8 1.35 1.50 1.65 5 1.80 1.95
E (V vs. RHE) Log [ j (mA ¢cm™)]

FIGURE 4.10 (a) Schematic diagram of microstructure of Ni-Mo-B HF electrode and its air
bubble contact angle in 1 M KOH. (b) Optical photos of H, bubbles attached to nickel foam
and Ni-Mo-B HF at low current density (20 mA/cm?) (b-a, b-d) and large current density
(100 mA/cm?) (b-b, b-e). (b-c, b-f) Illustration of bubbles attached to NF and Ni-Mo-B HF
electrode. (c) HER and OER performance of Ni-Mo-B HF [55]. Copyright 2021, Advanced
Functional Materials.

which can bring a reduction of the contact area between the bubbles and electrode
[93]. Additionally, the increasing pathway for gas to release can be created by the
built-in channel within the foam, thereby facilitating the mass transfer during water
electrolysis.

4.4.4 SURFACTANT MODIFICATION

Surfactants, which are amphiphilic molecules that possess both hydrophobic and
hydrophilic groups, can be adsorbed on interfaces and self-assemble into differ-
ent phases in solution [94,95]. Therefore, the introduction of surfactants on the
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electrode or in electrolyte can also construct a superaerophobic electrode to miti-
gate bubble effects by changing the surface tension of bubbles, thus influencing their
sizes, growth, and detachment behavior. Xie et al. prepared the surfactant modifica-
tion of a NiFe layered double hydroxide (NiFe-LDH) array electrode for OER by
using a cationic (hexadecyl trimethyl ammonium bromide, CTAB) or an anionic
(sodium dodecyl sulfate, SDS) surfactant to immerse the NiFe-LDH electrodes
followed by infrared baking, showing a surface with superaerophobicity and sur-
face charges to some extent [20]. The surfactants gathered on the electrode surface
promote the OER activity by boosting the mass transfer and gas release through
decreasing the surface tension of the electrode, showing the lower bubble adhesive
force (~1.03 pN for CTAB-modified electrode) and corresponding facilitated small
bubbles release during OER. Moreover, the bipolar feature of the CTAB molecule
results in bilayer assembly of the surfactants with the polar ends facing the electrode
surface and the electrolyte, which leads to charge neutralization on the electrode
surface and thus promotes the OH- transfer during OER catalysis. As a result, the
NiFe LDHs-CTAB nanostructured electrode exhibits a high current density increase
(9.39 mA/(mV cm?)), which is 2.3 times the number of conventional NiFe-LDH nano-
array electrode. Unfortunately, most surfactants are unstable in alkaline electrolytes
due to saponification, which is not beneficial for their practical application.

4.5 SUMMARY AND OUTLOOK

AWE is esteemed as a practical technology for the production of green hydrogen,
which has great potential for future large-scale applications driven by renewable
energy sources such as solar and wind. In summary, this chapter covers three main
aspects of bubbles involved in AWE including the basic evolution dynamics for bub-
bles, the propounding influences on the performance of AWE, and the practical strat-
egies to resolve the corresponding problems.

First of all, three main processes are introduced: (1) nucleation, (2) growth, and (3)
detachment, as well as mathematical formulas and factors that can have an influence
on each process are also mentioned, which are affected by the supersaturation of dis-
solved gases in the electrolyte, transfer process of dissolved gas, and the relationship
between bubble adhesion and buoyancy. Second, in terms of the impact of bubbles on
the performance of AWE, we summarize six potential aspects of influence on the (1)
activation overpotential, (2) ohmic overpotential, and (3) concentration overpoten-
tial, as well as bubble evolving induced (4) overpotential fluctuation, (5) mechanical
damage, and (6) thermal losses. The increase in activation overpotential is mainly
due to the attached bubbles masking the electrodes and decreasing the effective elec-
trocatalytic area. In addition, attached and free bubbles increase the ohmic overpo-
tential due to a blockage of the ion pathways available for current transport. Bubbles
may decrease the concentration overpotential by absorbing dissolved gas products
and decreasing supersaturation levels in the electrolyte. In addition, in the process of
electrode reaction, especially at high current density, the formation and detachment
of bubbles in AWE will lead to fluctuations in potential and produced stress caused
by the detachment of accumulated bubbles. It should be noted that the local overheat-
ing of the electrode at high current density will cause the electrolyte to boil, resulting
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in a large number of bubbles. For the final mitigation strategy part, we also reviewed
different methods to eliminate or reduce the formation and release of bubbles in
water electrolysis without introducing additional accessories, including the strategies
of (1) introduction of hydrophobic sites, (2) porous structure modification, (3) super-
aerophobic modification, and (4) surfactant modification. The summarized strategies
here help inspire efficient bubble removal methods in electrochemical systems to
enable high-performance AWE. Although a considerable number of literatures have
been reviewed, we are still not able to have a comprehensive understanding that
would help us make accurate predictions and have control over the bubble impact
on electrochemical systems, and there is still much room for improvement of AWE
performance with regard to bubble management due to a limited understanding of
bubble evolution and transport in AWE. Further development of bubble management
in AWE can be focused on, but not limited to, the following areas: (1) in situ charac-
terizations of bubble evolution by a faster camera; (2) simulation of detailed physi-
cochemical processes and its impact on electrochemical performance on computer;
and (3) optimization of electrode interface for more bubble nucleation sites, smaller
bubble detachment size, and higher bubble detachment frequency.

Looking into the future, the development of advanced characterization tech-
nologies is the vital prerequisite that is required for future advancements in bubble
management in AWE, owing to the fact that observation and analysis of the bub-
ble behaviors are mainly carried out in three-electrode systems through current
technologies. There should be great differences between the experimental results
in three-electrode systems and practical results in actual AWE applications, which
means the acquired conclusions from experimental data might not be valid in the
practical production application. Therefore, specific technologies that can detect
bubble behaviors are needed in the future. Moreover, the proposed promising strate-
gies above only involve improvement approaches in terms of developing electrode
materials that can mitigate the bubble phenomena, which does not satisfy the current
need for the practical application of AWE. However, we believe that with the accu-
mulating theoretical and practical work aimed at understanding the bubble induced
phenomena, the development of proper technologies will be facilitated, thus giving
rise to more and more feasible mitigation approaches.
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Alkaline Water
Electrolysis at
Industrial Scale

Anran Zhang, Ying Ma, Rui Ding, and Liming Li

5.1 INTRODUCTION

At the kernel of the global warming dilemma and the ever-increasing depletion
of fossil fuels, exploration of renewable energy resources has become the epicen-
ter of intent of researchers comprehensively. Hydrogen, as a clean energy source, is
gradually replacing fossil fuels such as oil and coal, becoming an important carrier
of global energy. H, has long been proposed as an alternative energy vector to fossil
fuels to generate power for domestic heating, industrial and transport sectors. In this
sense, it has the potential to revolutionize the world’s energy economy toward the
predicted hydrogen economy/society. Green hydrogen produced by water electrolysis
coupled with renewable energy sources has emerged as an advanced and attractive
strategy in recent years for storing and providing clean and sustainable energy. The
upstream and downstream industrial chain of “green hydrogen” includes renewable
energy power supply, hydrogen production systems, auxiliary systems, storage and
transportation systems, and downstream applications. Renewable energy hydrogen
production is the core of the hydrogen energy industry chain. The excess electrical
energy converted from renewable energy enters the electrolytic water hydrogen pro-
duction device through voltage regulation by the converter, where water electrolysis
is carried out to produce hydrogen. The prepared hydrogen is purified and enters the
hydrogen storage system. A portion of the gas is regulated on the grid side through
a fuel cell power generation system. Another part of the gas enters energy terminals
or hydrogen refueling stations through long-distance trailers, liquid hydrogen tank
cars, or pipeline transportation to meet downstream hydrogen energy consumption
needs in industries such as transportation, power generation, chemical production,
and metallurgy.

Water electrolysis hydrogen production equipment, as the core process equip-
ment for the “green electricity-green hydrogen” conversion, has attracted worldwide
attention. Many central enterprises and listed companies in China have also actively
laid out the manufacturing of water electrolysis hydrogen production equipment and
released water electrolysis hydrogen production equipment products. The mainstream
technologies for hydrogen production through electrolysis of water include alkaline
water (ALK) electrolysis, proton exchange membrane (PEM) electrolysis, solid oxide
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electrolysis cell (SOEC), and anion exchange membrane (AEM) electrolysis. Among
them, alkaline electrolysis technology is mature, with a single unit scale of up to
1000 Nm?*/h H,; the system has a long lifespan, low cost, and is easy to implement on a
large scale. It is currently the mainstream electrolysis technology. Compared to alka-
line electrolysis, PEM electrolysis has advantages such as high current density and
fast response. However, it is in a relatively early stage and has high costs. Currently,
high-power large-scale applications have not been achieved in China, and the green
hydrogen demonstration application projects and core products of mainstream enter-
prises still mainly rely on alkaline electrolysis cells. SOEC and AEM electrolysis
are still in the laboratory stage and have not been commercialized. Therefore, in this
chapter, we will focus on discussing alkaline electrolytic cell technology.

Alkaline electrolytic cells were commercialized in the mid-20th century; under
the action of an electric current, water molecules decompose to produce H, and O,,
which are discharged from the anode and cathode, respectively. As a weak electro-
lyte, pure water has poor conductivity and high resistance, so a 30 wt.% NaOH/KOH
solution is usually used as an electrolyte to improve solution conductivity and reduce
the internal resistance of the electrolytic cell. From the principle of electrolytic water,
it can be seen that the electrolysis process only consumes water, so it is only neces-
sary to supplement the hydrogen system with water through a water pump. The cath-
ode electrode and the anode electrode of electrolytic cell are generally nickel mesh
with a catalyst attached to the surface. At present, the catalytic material of industrial
equipment is generally Raney nickel. Many universities and enterprises are study-
ing other catalytic functional materials. In addition, as an important component of
alkaline electrolyzers, the membrane was initially made of asbestos as the membrane
material. However, it has swelling properties in alkaline electrolytes, and asbestos
is harmful to human health. It has gradually been replaced by membranes such as
polyphenylene sulfide (PPS) with good thermal stability, mechanical strength, and
electrochemical performance.

With the development of hydrogen energy becoming a global consensus, various
countries’ hydrogen production technology routes are based on local hydrogen source
potential and future hydrogen industry demand, presenting a cascade development
trend from low hydrocarbon, clean hydrogen to renewable hydrogen. This chapter
will introduce the alkaline electrolytic water hydrogen production technology in
various countries, including the routes and major manufacturers of electrolytic water
hydrogen production technology in countries such as the United States, Japan, and
Europe. Comparative analysis of the current development status of domestic elec-
trolysis water technology and quantitative comparison of the gap with foreign tech-
nology levels were conducted. Based on this, potential technical routes for hydrogen
production from electrolysis water in China were analyzed.

5.2 DEVELOPMENT TRENDS OF INTERNATIONAL ALKALI
WATER ELECTROLYSIS TECHNOLOGY

From the perspective of development history, alkaline water electrolysis began to
achieve industrial application of alkaline water electrolysis hydrogen production
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technology around the 20th century. After experiencing the development process
of unipolar to bipolar, small to large, atmospheric to pressurized, manual control to
fully automatic control, alkaline water electrolysis hydrogen production technology
has gradually entered a mature industrial application stage.

The research on electrolytic water hydrogen production technology in Europe and
America started early. The United States and Europe developed the roadmap for
electrolytic water hydrogen production technology in 2011 and 2013, respectively.
Among them, the leading companies in electrolytic water hydrogen production are
mostly distributed in Europe, including Nel, ITM Power, HydrogenPro, Encapter,
Sunfire, Mcphy, and other companies, which have mature applications in alkalinity
and PEM.

5.2.1 THYSSENKRUPP NUCERA

Thyssenkrupp nucera (Germany, https:/thyssenkrupp-nucera.com/) is developing
a 20 MW alkaline water electrolysis unit which is setting a benchmark in water
electrolysis technology worldwide. Table 5.1 provides some technical characteristics.
This standardized solution for green hydrogen production offers high current density
operation with an optimized footprint. And it matches highest market demands: The
prefabricated AWE units can be easily transported, installed, and interconnected
to obtain the desired plant capacity, up to several hundred megawatts or even giga-
watts as a cost efficient, highly modularized solution for large-scale green hydrogen
production.

5.2.2 N

Nel ASA (Norway, https://nelhydrogen.com/) has developed the world’s most energy-
efficient electrolyzers—Atmospheric Alkaline Electrolyzer (150-3880 Nm3h). The
A Series features a cell stack power consumption as low as 3.8 kWh/Nm? of hydro-
gen gas produced, up to 2.2 MW per stack. A Series electrolyzers can produce up to
3880 Nm?*h of hydrogen or just over 8 ton/day. The modular concept enhances the

TABLE 5.1
Main Technical Characteristics of the 20 MW Alkaline
Water Electrolysis Unit

Technical Characteristics Performance
Product capacity H, 4000 Nm3h

Power consumption at startup 4.5 kWh/Nm3 (DC)
Standard operating range 10%-100%

H, product quality at electrolyzer outlet >99.9% purity (dry basis)
H, product pressure at electrolyzer outlet >300 mbar,

Source: Thyssenkrupp nucera Co.
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flexibility of the device by providing customized indoor hydrogen solutions for any
application, configuration, and size according to customer requirements. This robust
system can be containerized, offering one of the world’s smallest footprints for high
capacity electrolyzer plants at 200 barg.

5.2.3 McPHY ENErGY S.A.

McPhy Energy S.A. (France, https:/mcphy.com/fr/) launched the revolution-
ary “Enhanced McLyzer” technology in 2018. Table 5.2 provides some technical
characteristics. The “Enhanced McLyzer” electrolytic cell is a true technological
breakthrough in the market, combining the reliability and maturity of high-pressure
alkaline technology with optimal flexibility while integrating it into the design of
ultra-high-capacity (multi-MW) electrolytic platforms, specifically for industrial and
heavy transportation sectors. This fully modular solution integrates a 4 MW module
design (McLyzer 800-30) and can produce low-carbon hydrogen gas at high pressure
(30 bar).

5.2.4 HYDROGENPRO

HydrogenPro (Norway, https://hydrogen-pro.com/) is committed to developing high-
pressure alkaline electrolyzer. The new plating technology acquired recently is
able to increase the efficiency of each unit by 14% to reach 93% of the theoreti-
cal maximum. The new technology is proven in a small industrial scale unit, and
a production facility that can handle full size electrodes is now under construction.
Complete assembly lines are being planned in Europe and the United States to satisfy
demand for local content. Compared to traditional alkaline systems, HydrogenPro’s
high-pressure units (up to 30 bar) save compression costs and are superbly suited for
variable loads from solar panels and wind turbines.

TABLE 5.2
Main Technical Characteristics of the 20 MW Alkaline Water
Electrolysis Unit

Technical Characteristics Performance
Model McLyzer 800-30
Pressure (barg) 30

Nominal flow rate H, (Nm%/h) 800

Rated power About 4 MW
Consort. specific direct current at nominal flow rate (kWh/Nm?) 4.5

Source: McPhy Energy S.A. Co.
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5.2.5 SuNrre GMmBH

Sunfire’s (Germany, https:/www.sunfire.de/en/) ultra-reliable pressurized alkaline
electrolyzer is optimal for applications without or with limited steam availability.
With a proven system lifetime of at least 90,000 operating hours, the electrolyzer is
their established solution for renewable hydrogen production. The electrolyzer has a
scalable system design. The system produces 2230 Nm?3h hydrogen at 30 bar(g) with
a power consumption of 4.7 kWh/Nm3.

The demand for green hydrogen construction is strong, and the order size has
increased significantly year-on-year. With the acceleration of global green hydrogen
construction pace, the demand for electrolytic cells continues to increase rapidly, and
the expansion pace of various electrolytic cell giants also keeps up. Among these
enterprises, Nel, the leader of electrolytic cells, leads in performance, and its com-
petitors are also closely following. Nel was founded in 1927 and has accumulated
over 90 years of alkaline electrolytic cell technology. Through external acquisitions,
it has expanded its PEM electrolytic cell and hydrogen refueling station businesses,
forming two major business segments: hydrogen electrolytic cell (alkaline electro-
lytic cell, PEM electrolytic cell) and hydrogen refueling station. Among them, the
electrolytic cell business accounts for over 70%, making it the largest electrolytic
cell company in Europe. In 2022, Nel’s revenue was $94 million, including $30 mil-
lion for alkaline electrolyzers, a year-on-year increase of +506%, and $40 million
for PEM electrolyzers, a year-on-year decrease of —1%. French company Mcphy’s
revenue in 2022 was $17 million, a year-on-year increase of +22%, with electro-
lytic cells accounting for 68% and hydrogen refueling station business accounting
for 32%; Hydropro’s production capacity is currently 0.3 GW. At the end of 2022,
HydrogenPro upgraded its manufacturing plant in Tianjin, China, with a goal of
reaching 300 MW to deliver purchase orders. The company plans to achieve a global
production capacity of 10 GW in the near future. ITM Power currently has a produc-
tion capacity of 1 GW by the end of 2022, with plans to increase it to 2.5 GW by
the end of 2023, and plans to double and increase it to 5 GW by the end of 2024.
In addition, Thyssenkrupp, Sunfire, Green Hydrogen Systems, Reliance, and others
have all announced expansion plans. It is expected that the overseas electrolytic cell
production capacity will reach 8 GW by 2023 (Table 5.3).

In addition, Japan focused on promoting the development of alkaline electrolysis
water devices, especially the large-scale electrolysis cell technology of 2000 Nm?/h,
through pioneering research and development projects such as hydrogen utilization
and hydrogen society construction technology from 2014 to 2018. In 2019, Japan
established a 10-year technical breakthrough goal for ALK and PEM water electroly-
sis technology by benchmarking the development routes of electrolysis water tech-
nology in the United States and Europe. It focused on the research of reactor reaction
mechanism as well as durability evaluation methods and standardization, and it con-
ducted system level optimization based on various information, such as renewable
energy generation prediction, power supply adjustment, and hydrogen demand, to
improve current density, efficiency, and durability.
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TABLE 5.3
Production Capacity of Major Overseas Electrolytic Cell Companies
Production

Company Country  Capacity in 2022 Notes

Thyssenkrupp nucera Germany 1 GW Planned production capacity of 1.5 GW
in 2023

Nel Norway 0.6 GW Production capacity includes ALK and
PEM

HydrogenPro Norway 0.3 GW Planned production capacity of 1.3 GW
in 2023

Sunfire Germany 0.3 GW Planned production capacity of 0.5 GW
in 2023

ITM Power England 1 GW Planned production capacity of 2.5 GW
in 2023

McPhy France 0.1 GW

Green Hydrogen Systems ~ Denmark 0.1 GW

Reliance Industries Denmark / Planned production capacity of 0.5 GW
in 2023

5.3 DEVELOPMENT TREND OF ALKALINE WATER
ELECTROLYSIS TECHNOLOGY IN CHINA

China has shown an industrial application status in the field of electrolytic water
technology, with ALK hydrogen production as the main technology and PEM hydro-
gen production as the auxiliary technology. Among them, China’s ALK hydrogen
production equipment ranks first in the global market share. Due to the high maturity
of alkaline water electrolysis technology in China, precious metals are not used as
equipment production raw materials, and the unit price is relatively low. Compared
to alkaline water electrolysis, although PEM water electrolysis has advantages such
as high efficiency, no alkaline solution, and good dynamic response, its cost is still
about 5-6 times that of ALK due to the fact that core components such as proton
exchange membranes still rely on imports. Therefore, large-scale high-power appli-
cations have not yet been achieved in China.

5.3.1 ANALYSIS OF ALKALINE MARKET IN CHINA

At present, demonstration and application projects of renewable energy hydrogen pro-
duction in China and the core products of mainstream enterprises still mainly rely on
alkaline electrolytic cells. According to industry research and release data, the market
size of China’s electrolytic water hydrogen production equipment exceeded 900 mil-
lion yuan in 2021, with a shipment volume exceeding 350 MW. In 2022, it is estimated
that the annual shipment volume of China’s alkaline electrolytic water hydrogen pro-
duction equipment is about 780 MW, and the total shipment volume of electrolytic cells
is about 800 MW, doubling from 2021. The market share of China’s top electrolytic
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water hydrogen production equipment manufacturing enterprises is still relatively high,
with a relatively concentrated market. Throughout the year, the delivery amount of top
enterprises’ equipment exceeded 1 billion yuan, while the contract signing volume
exceeded 1.5 billion yuan. The total market share of top three enterprises’ electrolytic
cells is close to 80%.

According to industry databases, as of the end of 2022, there are over 100 renewable
energy electrolysis water hydrogen production projects in China that have been built,
under construction, and under planning. More than half of these projects have announced
the types and scale of electrolysis water hydrogen production, with a total scale of alka-
line electrolysis water hydrogen production exceeding 17 GW. These projects are mainly
distributed in the Northwest, North China, and South China regions, with the scale of
hydrogen production in the three regions accounting for over 95%. Due to the planning
period of the aforementioned project ranging from 2025 to 2035, and taking into account
factors such as land, it is preliminarily estimated that the supply of new renewable energy
to produce green hydrogen in China will reach approximately 500,000 tons by 2025.

The largest renewable energy hydrogen production demonstration application
project that has been built or is currently under construction in China in 2022 is
the Sinopec Xinjiang Kuche Green Hydrogen Demonstration Project, and it is also
the largest photovoltaic green hydrogen production project under construction in the
world. The project has purchased a total of 1000 Nm?¥/52 sets of alkaline electrolytic
cells for hydrogen production, equivalent to a power load of 260 MW; this accounts
for nearly one-third of China’s water electrolysis hydrogen production delivery this
year. After being put into operation, the annual production of green hydrogen can
reach 20,000 tons, which is of great significance for promoting the development of
the green hydrogen industry chain, promoting the transformation and upgrading of
the energy industry, promoting the economic and social development of Xinjiang
region, and ensuring national energy security (Table 5.4).

TABLE 5.4
Summary of China’s Green Hydrogen Demonstration Projects
Technology
Demonstration Projects Project Status Scale Route
Ordos City Scenery Integration ~ Hydrogen 390 MW ALK
Green Hydrogen production
Demonstration Project equipment bidding
Sinopec Nova Oil Company Equipment 52%1000 Nm*h (260 MW) ALK
Xinjiang Kuga Green shipment
Hydrogen Demonstration
Project
Da’an Wind Solar Production Hydrogen 39,000 Nm*h (195 MW) ALK
Green Hydrogen Synthesis production
Hydrogen Integration equipment bidding

Demonstration Project
(Continued)
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TABLE 5.4 (Continued)

Summary of China’s Green Hydrogen Demonstration Projects

Demonstration Projects

Otok Qiangian 250 MW
photovoltaic power station
and hydrogen energy
comprehensive utilization
demonstration project

The first phase of Guoneng
Ningdong Renewable
Hydrogen Carbon Emission
Reduction Demonstration
Zone Project

State Power Investment
Zhejiang Taizhou Dachen
Island Hydrogen Energy
Comprehensive Utilization
Demonstration Project

Heilongjiang Qitaihe Boli
County 200 MW wind power
hydrogen production project

300 MW photovoltaic
hydrogen production project
in Laiyuan County, Hebei

Gansu Pingliang 100 MW
wind power hydrogen
production project

Zhongneng Green Power
Zhangye Hydrogen Energy
Comprehensive Application
Demonstration Project

Baicheng distributed
generation hydrogen
production and hydrogenation
integration demonstration
project

Project Status
Hydrogen
production
equipment bidding

Hydrogen
production
equipment bidding

Put into operation

Hydrogen
production
equipment bidding

Hydrogen
production
equipment bidding

Started construction

Under construction

Complete startup
and put into
operation

Scale
9000 Nm*/h (45 MW)

5000 Nm‘/h (25 MW)

4,1000 Nm*/h (20 MW)

1500 Nm*/h (7.5 MW)

2%#600 Nm?/h (6 MW)

5SMW

1000 Nm*h (5 MW)

2%1000 Nm3/h(10 MW-ALK);
1#200 Nm*/h (1 MW-PEM)

Technology
Route

ALK

ALK

ALK

ALK

ALK

ALK

ALK

ALK/PEM

5.3.2

INVENTORY OF MAJOR ENTERPRISES IN CHINA

Driven by dual carbon goals and hydrogen energy industry planning, the green
hydrogen industry has emerged as a key focus of new energy development in China.
Companies in industries such as wind power, photovoltaic, energy groups, and
automobiles have all laid out green hydrogen businesses, involving the upstream,
midstream, and downstream of the green hydrogen industry chain. As of the end
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of 2022, more than a hundred enterprises in China have laid out the production of
electrolytic hydrogen production equipment. There are three types of participants
in domestic electrolytic cell equipment. The first type is established electrolytic cell
enterprises such as PERIC Hydrogen Technologies Co., Ltd., John Cockerill, and
Tianjin Mainland Hydrogen Equipment Co., Ltd., which have a deep technological
foundation and high market share. The second category is photovoltaic leading enter-
prises such as LONGI and SUNGROW, with strong financial and technical strength.
The photovoltaic business is highly collaborative with the electrolytic water hydro-
gen production business, each of which has entered the electrolytic water hydrogen
production equipment market with technological advantages and order advantages,
forming an impact on traditional enterprises.

5.3.2.1 PERIC Hydrogen Technologies Co., Ltd.

PERIC Hydrogen Technologies Co., Ltd. (China, http://www.peric718.com/) is cur-
rently a research and production enterprise with a relatively complete domestic
hydrogen equipment industry chain. It can produce 350 sets of alkaline hydrogen
production equipment and 120 sets of PEM pure water hydrogen production equip-
ment annually, as well as carry out the construction of various types of hydrogen
refueling stations. The water electrolysis hydrogen production equipment maintains
a leading position in the national market share. The company has been developing
pressurized water electrolysis hydrogen production devices using military technology
since 1984, and it has now formed four major series with over 20 specifications and
a gas production capacity of 0.5-2000 Nm?h series of water electrolysis hydrogen
production devices has been developed, along with a series of hydrogen purification
devices and a series of oxygen purification devices. So far, the company has produced
and sold over 1000 sets of water electrolysis hydrogen production devices, includ-
ing over 400 sets of hydrogen drying, purification devices, pressure swing adsorp-
tion devices, and methanol hydrogen production devices, with a cumulative output
value of over 3 billion yuan. Users are all over the country and exported to more
than 30 countries and regions. On December 16, 2022, hydrogen energy company
independently developed a water electrolysis hydrogen production equipment with a
single hydrogen production capacity of 2000 Nm?3/h, which was offline in Handan.
According to the introduction, the H-type alkaline water electrolysis hydrogen pro-
duction equipment has fully independent intellectual property rights, achieving key
technological breakthroughs such as high current density, wide adjustable range, low
operating energy consumption, and high stability.

5.3.2.2 John Cockerill

John Cockerill (China, http://www.cjhydrogen.com/) has undertaken all the person-
nel and intellectual property rights of Suzhou Jingli Hydrogen Production Equipment
Co., Ltd. By increasing research and development capabilities, updating equipment,
and expanding production capacity, it focuses on the research and development, pro-
duction, and sales of alkaline electrolytic water hydrogen production equipment. It
is positioned as the headquarters of John Cockerill Group’s hydrogen business in
China. In 2021, the company produced over 50 units with a hydrogen production
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capacity of 1000 Nm%¥h electrolytic water hydrogen production equipment, partici-
pated in 1200 and 1300 Nm¥h R&D, and produced hydrogen production equipment
for electrolysis of water. The production capacity will reach 1 GW in 2022, and it is
expected to deliver 1500 Nm%h in the second half of the year hydrogen production
equipment for electrolysis of water.

5.3.2.3 Tianjin Mainland Hydrogen Equipment Co., Ltd.

Tianjin Mainland Hydrogen Equipment Co., Ltd. (China, http://www.cnthe.com/)
was established in 1994 with a registered capital of 30 million yuan. They mainly
produce alkaline water electrolysis hydrogen production equipment and gas purifica-
tion equipment. The alkaline water electrolysis hydrogen production equipment has
formed a series, with a maximum gas production capacity of up to 1000 Nm?%h.

5.3.2.4 LONGI

LONGI (China, https:/www.longi.com/cn/) launched the ALK Hil series of prod-
ucts in February 2023, which can be as low as 4.3 kwh/Nm? under full DC power
consumption conditions. Simultaneously launching the ALK Hil plus product, the
DC power consumption is as low as 4.1 kwh/Nm? under full load conditions. At a
current density of 2500 A/m?, it can be as low as 4.0 kwh/Nm3. In 2022, LONGI
ranked third in the country in the shipment of electrolytic water equipment, with a
production capacity of 1.5 GW. According to the company’s plan, production capac-
ity will be further expanded to 2.5 GW in 23 years and 5-10 GW in 25 years.

5.3.2.5 SUNGROW

SUNGROW s (https://www.sungrowpower.com/) traditional business is photovoltaic
inverters, and it is a leading global photovoltaic inverter company. SUNGROW has
established a wholly owned subsidiary to produce hydrogen from photovoltaics into
local hydrogen energy. At present, SUNGROW has established the first demonstra-
tion platform for photovoltaic off-grid hydrogen production and hydrogen storage
power generation in China in the fields of platform, technology, and products, as well
as the largest 5 MW electrolytic water hydrogen production system testing platform
in China and an annual production capacity of GW level hydrogen production equip-
ment factory. SUNGROW can independently produce 1000 standard m? of alkaline
hydrogen production system, providing a complete system solution including hydro-
gen production power supply, electrolytic cell, and intelligent hydrogen energy man-
agement system. Its electrolytic hydrogen production products have been applied in
multiple projects (Table 5.5).

Multiple forces are participating in the competition, and Chinese enterprises are
rapidly expanding their production capacity. The production capacity of electrolytic
cells such as PERIC Hydrogen Technologies Co., Ltd. and LONGI is globally lead-
ing, and domestic enterprises mainly focused on PERIC Hydrogen Technologies Co.,
Ltd. have sufficient production capacity planning and rapid expansion. With the rapid
growth of the market, the large-scale demand in the market has also prompted the
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TABLE 5.5
Production Capacity of Mainstream Domestic Electrolytic Cell Enterprises
Production
Electrolytic Water Equipment Capacity in
Province Enterprise 2022 Notes
Hebei PERIC Hydrogen Technologies 1.5GW Production capacity includes ALK
Co., Ltd. and PEM
Jiangsu John Cockerill 1 GW The company plans to have a
production capacity of 1.5 GW
by 2023
Tianjin Tianjin Mainland Hydrogen 1 GW
Equipment Co., Ltd.
Shanxi LONGI 1.5 GW The company plans to generate
2.5 GW in 23 years and
5-10 GW in 25 years
Anhui SUNGROW 1 GW Production capacity includes ALK
and PEM
Guangdong  Kohodo Hydrogen Energy 0.3 GW The company plans to have a
production capacity of 0.5 GW
by 2023
Jiangsu GUOFUHEE 0.5 GW The company plans to have a
production capacity of 1.0 GW
by 2023
Beijing SinoHy Energy 0.5 GW
Jiangsu CPUH, 1GW
Beijing Aerospace Sizhuo Hydrogen 0.5 GW
Technology Co., Ltd.
Guangdong  Kylin-tech 0.5 GW
Shandong AUYAN 1 GW
Guangdong  Sheng Hydrogen Production / The company plans to have a
Equipment Co., Ltd. production capacity of 0.5 GW
by 2023
Neimeng Yili Hydrogen Field Era 0.25 GW The company plans to have a
Technology Co., Ltd. production capacity of 2.5 GW
by 2023
Jiangsu Shuangliang Eco-Energy / The company plans to have 100
sets of 1000 Nm?/h production
capacity
Liaoning Dalian Hydrogen Element / The company plans to have a

Technology Co., Ltd.

Source: Trendbank.

production capacity of 1.5 GW
by 2023
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continuous development of large-scale water electrolysis hydrogen production equip-
ment. On July 12, 2022, China Huadian Hydrogen Energy Technology Co., Ltd.’s
first set of 1200 Nm3¥H alkaline electrolytic cell products are offline. On August
18, the new product of Xibeiyou Hydrogen 1400 standard hydrogen production sys-
tem was launched. On December 16, PERIC Hydrogen Technologies Co., Ltd. held
the world’s first single unit hydrogen production of 2000 Nm3¥%h Water electrolysis
hydrogen production equipment release ceremony. According to PERIC Hydrogen
Technologies Co., Ltd., this device has achieved multiple key technological break-
throughs such as high current density, wide adjustable range, low operating energy
consumption, and high stability.

In terms of ALK hydrogen production technology, there is still significant room
for improvement in China’s hydrogen production efficiency technical indicators. In
terms of hydrogen production efficiency and current density, the current electroly-
sis current density of industrial alkaline electrolytic cells in China is about 0.3 A/
cm2@1.84 V. The current density of electrolytic cells in European and American
countries is as high as 0.4 A/cm2@1.8 V Above all, there are also problems with
low gas production and high electrolysis energy consumption of individual equip-
ment, which leads to high green hydrogen costs and production in China, which
is not conducive to the development of the hydrogen energy industry. Therefore,
the development of efficient alkaline water electrolysis hydrogen production tech-
nology and large-scale alkaline electrolysis hydrogen production equipment is of
great significance for achieving low-cost green hydrogen production on a large
scale, and it is also in line with the overall development strategy of national energy
(Table 5.6).

TABLE 5.6
Manufacturing Scale of Global Alkaline Electrolytic Cell
Manufacturers

Hydrogen
Company Production per Stack Performance Index
PERIC Hydrogen 0.5-2000 Nm*h 3.2 MPa;

Technologies Co., Ltd. 2500-3000 A/m?;
LONGI 0.5-1200 Nm*/h 4.3-4.8 kWh/m*H,
McPhy 0.4-200 Nm?/h 3.0 MPa;

3000-4000 A/m?;
4.3-4.8 kWh/m*H,
Cummins Inc. 1.0-15 Nm?3/h 1.0 MPa; 4.3-4.8 kWh/m*H,
Thyssenkrupp 500 Nm*h Atmospheric pressure;
4.3-4.8 kWh/m*H,
Nel 0.4-485 Nm*/h Atmospheric pressure;

4.4-4.8 KWh/m®H,
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5.4 CONCLUSION

Under the carbon reduction scenario of the “dual carbon” goal, green hydrogen has
rich application scenarios. On the one hand, it can cooperate with new energy power
plants to play the role of hydrogen energy storage. On the other hand, in the indus-
trial field, hydrogen energy can also be used as a tool for carbon reduction. As the
cost of green hydrogen continues to decrease and supply continues to increase, the
demand for green hydrogen will significantly expand, with the main increase com-
ing from demonstration projects of carbon reduction by chemical enterprises and
large state-owned enterprises in the industrial field. The increase in green hydrogen
projects is expected to directly drive the procurement demand for electrolytic cells.
Alkaline water electrolysis is currently the main hydrogen production technology
suitable for large-scale green hydrogen production. Studying efficient alkaline water
electrolysis technology for hydrogen production and promoting the industrial appli-
cation of technological achievements will provide key equipment for the large-scale
production of low-cost green hydrogen, provide rich zero hydrocarbon sources for
the development of China’s hydrogen energy industry, and generate immeasurable
environmental and social benefits.
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6.1 INTRODUCTION

Due to its high combustion calorific value, sustainability, abundant reserves, and zero
pollution, hydrogen energy is known as the cleanest energy in the 21st century, which
has great potential to replace fuels and make the energy system greener, cleaner,
and more sustainable in the future. In recent years, due to the increasing demand
for carbon reduction in various countries, hydrogen energy has received more and
more attention as an ideal solution to achieve carbon neutrality. In the hydrogen
energy industry, extensive attention has been paid to the development of hydrogen
production technology. At present, hydrogen produced by fossil energy and indus-
trial by-products occupy the mainstream market, including hydrogen produced by
coal, natural gas, petroleum, and methanol. Due to the dependence on fossil fuels,
this method will still emit greenhouse gases such as carbon dioxide, so the hydro-
gen produced by this method does not belong to clean hydrogen energy. Among the
many hydrogen production methods, hydrogen production by electrolytic water is
one of the most important green hydrogen production methods, as well as the most
promising.

The main principle of hydrogen production by water electrolysis is that water
molecules are dissociated under the action of direct current to generate oxygen and
hydrogen, wherein hydrogen is generated from the anode of the electrolyzer and
oxygen is generated from the cathode. According to different diaphragm materials
of the electrolyzer, it can be divided into alkaline water electrolysis (AWE), proton
exchange membrane water electrolysis (PEMWE), and high-temperature solid oxide
electrolysis cell (SOEC).

The working temperature of AWE is 70°C-90°C and its working pressure is
1-3MPa. Generally speaking, 30% KOH aqueous solution is used as the electrolyte,
and porous materials such as asbestos, polyester cloth, nylon, and ceramics are used
as the diaphragm. In terms of electrode materials, commercial electrolyzer products
are mainly non-precious metals such as nickel mesh (cloth), supplemented by simple
electrode surface roughening or alloying to improve the specific surface area and
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activity, while also reducing the electrolytic energy consumption of the electrode to a
certain extent. However, in practical applications, there are still many shortcomings
in alkaline water electrolysis hydrogen production, including electrolyte pollution,
electrode corrosion, low current density, low efficiency, and small load range.

SOEC hydrogen production technology [1-3] uses solid oxide as electrolyte mate-
rial, with porous cermet Ni/YSZ as cathode material and perovskite oxide and other
non-precious metal catalysts as anode material. The commonly used electrolyte is
YSZ-based oxygen ion conductor or BZCY-based proton conductor, which needs to
operate at high temperatures of 500°C—850°C and high pressure, requiring high sta-
bility and durability in the component materials of the electrolyzer, which limits the
application of this technology. Most people believe that SOEC is still in the exper-
imental research and development stage, and it is difficult to achieve widespread
application in a short time.

Different from AWE and SOEC hydrogen production technology, PEMWE uses
perfluorosulfonic acid proton exchange membrane as a solid electrolyte, which
has excellent chemical stability, high proton conductivity, and good gas isolation.
Compared with alkaline water electrolysis, PEMWE has the characteristics of
more compact structure, lower ohmic resistance, higher operating current density
and energy efficiency, wide operating temperature (20°C—80°C), high safety, high
hydrogen purity, fast response speed, and can adapt to the volatility of renewable
energy, etc. Therefore, PEMWE is considered to be the most promising technology
for high-purity hydrogen production in future industrial applications.

6.2 BASICS OF PEMWE
6.2.1 WoOoRkKING PriNnciPLE oF PEMWE

PEMWE is an advanced hydrogen production technology that can achieve large
current density (>1 A/cm?), high hydrogen purity (>99.99%), and fast response
(<5 seconds) toward dynamic electricity input [4,5]. PEMWE refers to the process
of converting electrical energy into chemical energy with the help of catalyst and
storing it in hydrogen and oxygen. The core of PEMWE is the electrolyzer, which
is mainly composed of membrane electrode assembly, current collector, end plate,
sealing gasket, etc. The membrane electrode is the core component of the electro-
lyzer, which is composed of proton exchange membrane (PEM), catalytic layer (CL),
and porous transport layer (PTL) from the inside to outside. It is the main place of
material transmission and electrochemical reaction of the PEM electrolyzer. Among
them, the catalyst layer of MEA provides a three-phase interface for material trans-
port and electrochemical reactions, where the reaction gas, protons, and electrons
react with the help of the electrocatalyst. The cathode catalyst layer and the anode
catalyst layer are attached to the two sides of the proton exchange membrane, which
provides a transmission channel for protons to pass from the anode to the cathode.
The porous transport layer is usually in direct contact with the flow channels on the
bipolar plate and plays the role of mechanical support, electron conduction, gas dif-
fusion, and drainage. The characteristics and structure of the membrane electrode
will directly affect the performance and life of PEM electrolyzer. Figure 6.1 shows
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Porous Transport Layer Membrane Catalyst Layer

FIGURE 6.1 Working principle of PEMWE hydrogen production.

the working principle diagram of PEM water electrolysis membrane electrode for
hydrogen production.

Under the action of an external DC power supply, the water molecules (H,0) on
the anode side will lose electrons to form oxygen molecules (O,) and hydrogen ions
(H)*, and then H* will pass through the solid polymer electrolyte membrane (pro-
ton exchange membrane or Nafion membrane) to cathode in the form of hydronium
ions. Meanwhile, the electrons produced on the anode will travel from the external
circuit to the cathode. So, a hydrogen evolution reaction occurs on the cathode side,
where electrons react with hydrogen ions to form hydrogen molecules. Unlike alka-
line water electrolyzers, the reactant of PEM water electrolyzer is deionized water,
and in order to improve the service life time, the resistivity of the deionized water is
usually greater than 18.2 MQ*cm. The reaction formulas of anode and cathode are,
respectively:

Cathode : 2H* +2¢” — H,:E° = OVgy 6.1)

Anode : H,O — 2H"+1/20, +2¢;E° =1.23 Vyus (6.2)

The actual working voltage (V) [6]:

V=E+ Vy + Vians + Vorm 6.3)
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where V is the total voltage of the PEM electrolyzer and E is the theoretical decom-
position voltage, also known as the reversible cell voltage; V,. is the activation
overvoltage, which is a voltage loss to overcome the energy barrier formation of elec-
trochemical reactions; Vg, is the Ohmic voltage loss, which represents the energy
dissipation related to ohmic drops in the electrolytic cell. These include a number
of contributions: electrolyte, electrodes, and electrical connections. Vi, is the mass
transfer voltage loss, also known as concentration polarization, which is the devia-
tion of electrode potential from equilibrium potential due to the change of reactant
concentration during electrochemical reaction.

During hydroelectrolysis, hydrogen evolution reaction (HER) occurs at the cath-
ode and oxygen evolution reaction (OER) occurs at the anode. In theory, a voltage of
1.23 V can drive the PEM electrolytic cell to produce hydrogen. Due to the polariza-
tion and energy loss, additional energy needs to be provided to compensate for the
energy loss and drive the electrolysis reaction. In fact, only when the electrolytic cell
voltage reaches at least 1.481 VRHE can the electrolysis reaction continue to occur,
which is considered to be the thermoneutral voltage of electrolysis. In engineering
applications, the operating voltage of electrolysis voltage is generally 1.7-2.0 V,
which is significantly higher than the thermal neutral voltage. Due to the polariza-
tion loss and the restriction of catalytic activity, the hydrogen production efficiency
of electrolytic water is low and the energy consumption is large, which limits its
wide application. Therefore, many efforts have been made in recent years on catalyst
materials, bipolar plate coatings, catalytic layer preparation methods, and design and
manufacturing of PEMWE.

6.2.2 StrucTURE OF PEMWE

The proton exchange membrane (PEM) electrolyzer is a structure composed of
numerous electrolytic cells, arranged in series and secured with end plates and bolt
sets. Figure 6.2 illustrates the structure of a typical single electrolytic cell, which
includes three components: the membrane electrode, anode assembly, and cathode
assembly.

The membrane electrode is the site where water is split into oxygen and hydrogen.
It typically consists of a proton exchange membrane, which conducts protons, and a
catalyst layer on both sides. This catalyst layer is usually created by loading precious
metal catalysts such as platinum and iridium onto the surface of the proton exchange
membrane through processes like spraying.

Outside the catalyst layer, a porous transport layer is positioned. This layer is typi-
cally sintered from titanium fiber or titanium powder and facilitates the transport of
electrons, reactants, and products. To minimize the decay rate of the electrolytic cell,
it’s common to plate its surface. A flow field plate with channels for water and gas
transmission is placed outside the porous transport layer. This arrangement ensures
efficient operation of the PEM cell.

The output pressure of hydrogen is a crucial parameter in the design of an elec-
trolytic cell. Currently, the output pressure of proton exchange membrane (PEM)
hydrolysis hydrogen production equipment available in the market is typically below
SMPa.
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FIGURE 6.2 Cross section of the electrolytic cell [7].

To minimize the use of noisy and costly hydrogen compressors, or to cater to spe-
cific hydrogen applications such as space vehicles and submarines, the PEM hydroly-
sis cell needs to be capable of outputting high-pressure hydrogen and directly storing
itin a cylinder.

In 2015, Honda designed and applied for an invention patent of a 70 MPa
high-pressure PEM hydrolysis device, representing the highest level of current PEM
high-pressure electrolysis technology. To ensure sealing performance, the hydrogen
outlet is positioned at the center of the electrolytic cell, and multiple sets of seal-
ing rings are used for simultaneous sealing. The effectiveness and durability of the
electrolytic cell’s sealing structure have been verified, and the minimum thickness of
the PEM maintaining a high differential pressure of 70 MPa has been confirmed [8].

6.2.3 System or PEMWE

PEM hydrogen production system is generally divided into four parts: water treat-
ment system, gas treatment system, electrolyzer system, and voltage conversion
system. The water treatment system is used to produce high-purity deionized water
required for electrolysis, which consists of reverse osmosis pure water device, elec-
trodeionization system, etc. The gas treatment system is used to remove oxygen and
water impurities from hydrogen to meet the requirements of users with high oxygen
content and water content of hydrogen, and it is composed of a deaerator and two dry-
ers to meet the continuous production of stable hydrogen. The electric tank system
is the core device of PEM electrolytic water hydrogen production system, which can
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FIGURE 6.3 Schematic diagram of PEMWE system.

be divided into three parts: tank, anode, and cathode. The voltage conversion system
provides the power and voltage required for the electrolytic cell to electrolyze water
and consists of ACDC and DCDC (Figure 6.3).

At present, the application research of PEM electrolysis water hydrogen produc-
tion system in wind-solar complementary power generation energy storage system
has become a hot spot. According to the characteristics of wind and solar energy,
the PEM electrolysis water hydrogen production system is developed with faster
dynamic response speed, higher electrolytic efficiency, higher hydrogen production
pressure, and smaller equipment footprint.

6.3 KEY COMPONENTS OF PEMWE
6.3.1 ELECTROCATALYST

6.3.1.1 Catalyst of Hydrogen Evolution Reaction

In 1972, Trasatti [9] first plotted a “volcanic” curve for HERs. In an acidic medium,
the current density on the surface of the metal catalyst (M) and the bond energy
strength (EM-H) of M-H formed during the hydrogen evolution reaction satisfy the
“volcanic” curve, as shown in Figure 6.4. The “volcano type” curve is usually used
as a basis for understanding the catalytic activity of different catalysts. It is a useful
guide [10] for screening or designing suitable catalysts. The best metal catalysts for
HER are located near the peak of the volcanic curve, and it is obvious that metal Pt is
the preferred catalyst for the hydrogen evolution reaction of the PEMWE. Moreover,
compared with other non-precious metal catalysts, it shows good electrochemical
performance and long-term stability in acidic media. Therefore, metal Pt has always
been the standard electrochemical catalyst on the cathode side of the membrane
electrode.
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FIGURE 6.4 “Volcanic” relationship between current density on metal surface and M-H
bond energy strength [11].

In addition, the catalytic activity of Pt can be improved by changing its surface
structure during the preparation process. In order to further improve the life of the
catalyst, the graphitized carbon material is usually used as the carrier. A higher degree
of graphitization can effectively reduce the oxidation of the carrier under start—stop
conditions and high-potential operation. In Lim et al.’s study [12], carbon-coated
core—shell Pt/C catalysts containing nitrogen were prepared on carbon nanofibers for
hydrogen evolution (cathode reaction of hydroelectrolysis), showing excellent cata-
lytic activity with Pt and providing active sites for HER. Besides, the carbon shell
also protects the Pt from dissolution and agglomeration, reducing the loss of catalyst
activity during the reaction. Cheng et al. [13] used a carbon defect-driven spontane-
ous deposition method to construct highly dispersed, ultra-small (<1 nm) and stable
Pt atomic clusters (Pt-ACs) supported by defective graphene as the hydrogen evo-
lution electrocatalysts. The strong binding energy between Pt and carbon defects
effectively limits the migration of Pt atoms. Meanwhile, the mass-specific activity,
utilization efficiency, and stability of Pt catalyst were significantly improved.

Pt is very close to the top of the “volcanic” diagram compared to other transition
metals and has excellent catalytic activity. However, it is still not the volcano’s peak,
which means that there are catalysts with higher catalytic activity than Pt, providing
a theoretical basis for designing new catalysts. It is found that the catalytic perfor-
mance of Pt can be improved effectively after alloying with other transition metals.
For example, catalysts of Pt;M series, because of the change in the surface structure
of the d-band’s center position, the catalytic ability is also changed. In the Pt;M series
catalysts, the catalytic activity is Pt<Pt;Ti <Pt;V <Pt;Ni <Pt;Fe <Pt;Co. In addi-
tion to binary alloy catalysts, there are also ternary alloy catalysts, such as Pt,CrNi,,
Pt,CuFe,, and Pt,FeNi,;, which also show higher catalytic activity than Pt.

Reducing the amount of precious metals in the catalyst and developing non-precious
metal hydrogen evolution catalysts adapted to acidic environments are another research
focus, in which sulfide, phosphide, carbide, and boride show promising and desirable
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HER activity. Xu et al. [14] tested the HER of tungstophosphate heteropolyanion (PWA)
hybridized with carbon nanotubes (CNTs), and the results showed that the activity of
the new catalyst can reach 20% of that of Pt/CNTs. Hinnemann et al. [15,16] investi-
gated MoS2 and its compounds as alternative catalysts for HER. The results showed that
MoS2 exhibited excellent electrocatalytic activity in HER and was a suitable catalyst
material for HER. However, the current density is significantly lower than that of con-
ventional Pt catalysts. Therefore, platinum-group precious metals are still the primary
raw materials used in the HER side of PEMWE technology in the short term.

6.3.1.2 Catalyst of Oxygen Evolution Reaction

Miles and Thomason [17] studied OER activity in 1 M H,SO, (80°C) by cyclic
voltammetry. The order of OER activity was Ru=Ir>Pd>Rh>Pt>Au>Nb.
Another study by Reier et al. found that the OER activity of Ru, Ir, and Pt nanoparti-
cles in 0.1 M HCIO, followed the order Ru> Ir> Pt [18]. It can be seen that the oxides
of Ru and Ir precious metals have good catalytic activity, making them indispensable
materials in OER catalysts. As shown in Figure 6.5, among metal oxides materials,
RuO, exhibits lower overpotential [11] under acidic conditions and is near the top of
the “volcanic” diagram of OER activity. Theoretically, it is the best catalytic material
for oxygen evolution at present.

However, Ru will be seriously corroded during OER process in acidic electrolyte,
resulting in lower stability of Ru as OER electrocatalyst. In 1983, Kotz et al. [19]
found precipitation and corrosion of metal Ru and Ir electrodes at the anode side in
0.5 M H,SO,. At the same time of O, precipitation, metal Ru would form a hydrate
oxide film with high defects on the metal surface, which would be dissolved from
the catalyst layer by serious corrosion. A corrosion model was built for this process
in Figure 6.6.
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FIGURE 6.5 Volcano-shaped relationship between OER activities on metal oxide surfaces
and enthalpy for the transition metal oxides in acidic [11].
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FIGURE 6.6 Model for the oxygen evolution and corrosion on Ru and RuO, electrodes [19].

In the research of precious metal oxygen evolution catalysts, the focus is to improve
the catalytic performance and increase the durability of catalysts by doping, modify-
ing, and changing the crystal structure and specific surface area [20-22]. Wang et al.
[23] doped Rh (Ru mass percentage 21.16%) into graphene-supported RuO, through
ion exchange adsorption, and Rh stabilized the metal valence state during the OER
reaction. The low-valence Ru-O-Rh activity center and oxygen vacancies worked syn-
ergistically to optimize the activity and stability of the catalyst, and n10 was 161 mV
in 0.5 mol/L H,SO, and stable for 700 hours at a current density of 50 mA/cm?.
Similar to RuO,, the introduction of impurity atoms or the formation of solid solu-
tions in IrO, is also a common modification method. Huo et al. [24] introduced Re
(denoted as Re-IrO,, Ir atomic percentage is 89%) into IrO,, and the incorporation
of Re does not change the structure of IrO, due to the similar ion radii of the two.
The surface migration energy of Re-IrO, is much greater than that of other elements,
such as Ni, Cu, and Zn-doped IrO,, and the increased surface energy can inhibit the
dissolution of Ir. In addition, doped Re increased the recrystallization temperature of
IrO,, thereby increasing OER activity, with n10 being 255 mV in 0.5 mol/L H,SO,.

Non-precious metal oxygen evolution catalyst is a kind of potential low-cost oxy-
gen evolution electrocatalyst. By means of heterogeneous element doping or disper-
sion, anchoring, and protective coating of single atom catalyst, non-noble metal OER
catalysts that are stable in acid hydroelectrolysis systems can be prepared. The devel-
opment of highly active non-precious metal electrolysis catalysts is of great signifi-
cance for the wide application of hydrogen energy.

Among non-precious metal catalytic materials, only a few amorphous nitrides,
Co spinel oxides and Ti alloys, N-doped carbides such as NbNx and ZrNx, and
Ni-Mn-SbOx can be applied in acidic OER processes. Gao et al. [25] demonstrate
that N atom doping can regulate the electronic structure of single atom catalyst and
promote the catalytic activity of OER. The N doping in the Co@GY catalyst induces
the redistribution of Co single atoms on the catalyst surface, which greatly enhances
the OER activity of the catalyst. Also, the doped N induced the change in charge
density on the catalyst surface, which not only increased the number of active sites,
but also weakened the adsorption of oxygen-containing species, significantly reduc-
ing OER overpotential, as shown in Figure 6.7.
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FIGURE 6.7 The optimal structure of Co@N2-GY and Co@N-GY and the minimum
energy conversion path of adsorbed species: (a)—(c) Co@NI1-GY and (b)-(d) Co@N2-GY
[25].

In acidic electrolyte, the initial oxygen evolution overpotential of Mo-Co,S;@C is
200 mV, and the slope of Tafel curve is 90.3 mV/dec (Figure 6.8) [26]. For 10 mA/cm?
current density, the oxidation overpotential is 370 mV. DFT calculation shows that
the synergistic interaction between atomically dispersed Mo and Co substrate can
effectively change the binding energy of intermediate reactive species on the catalyst
surface and reduce the OER overpotential. There is a strong interaction between
monatomic metal on Mo-Co,S;@C catalyst surface and catalyst support, which sig-
nificantly improves the stability and electrochemical activity of catalyst. Mo single
atom doping has a very important effect on improving the kinetic activity of cata-
lyst OER. The synergistic interaction of Co,Sg; and Mo atom coupled with charge
transfer promoted the conversion of H,O adsorbed at the active site of Co, and O,
precipitation reaction occurred. Monatomic modification strategy is beneficial for
the preparation of low-cost OER electrocatalysts with stable performance in acidic
hydroelectrolysis systems, which will significantly reduce the cost of electrolysis
catalysts and has important application value and significance. It is necessary to fur-
ther understand the catalytic principle of non-noble metal OER catalysts, so as to
develop new non-precious metal catalyst materials with high active site density and
high stability.
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FIGURE 6.8 Calculation of free energy of Co active site for catalysts such as Co@GY, Co@
N1-GY, and Co@N-GY, U=0V [25].

6.3.2 ProTON EXCHANGE MEMBRANE

The proton exchange membrane used for PEMWE should have high proton conduc-
tivity, low permeability, high mechanical strength, good thermal and chemical sta-
bility, and high durability. In order to obtain better overall performance in PEMWE,
perfluorosulfonic acid (PFSA)-based electrolyte membranes need to be optimized in
terms of EW value, thickness, functional additives, and porous support layer.

PFSA membranes are commonly used commercial PEM for hydrogen production.
Nafion®, a PFSA solid polymer electrolyte, is the benchmark membrane in PEM elec-
trolyzers due to its chemical stability, mechanical strength, and proton conductiv-
ity. The membrane has hydrophobic fluorocarbon backbone and hydrophilic sulfonic
acid end group side chain.

Thicker PEMs are generally used in conventional PEMWE because thicker dia-
phragms possess high mechanical strength and low gas permeation especially hydro-
gen permeation. It has been found that a new structure of MEA or membrane with
an interlayer containing a noble metal catalyst such as Pt between the cathode and
anode or in the PEM was proposed. The interlayer allows hydrogen permeating from
the cathode side to the anode side to react with oxygen in a recombination reaction,
thereby greatly reducing the amount of hydrogen permeating and the hydrogen con-
centration in the anode. Moreover, the closer the interlayer is to the anode side, the
better the effect, because the oxygen concentration on the anode side is high, which
is favorable for combining with hydrogen, and increasing the pressure on the anode
side is favorable for the functioning of the precious metal interlayer. Mirshekari et al.
[27] embedded a Pt sandwich with Pt loading of 0.025 mg/cm? and thickness of
100-200 nm in MEA, which could reduce hydrogen permeation to less than 10% of
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the low flammability limit, and the composite MEA was operated with a low loading
catalyst for 3000 hours without significant degradation.

In order to reduce ohmic losses and their associated energy losses at high current
densities, one of the reliable options is to reduce the membrane thickness. However,
there are some disadvantages of using thin PEM for PEMWE that need to be
improved. First, reducing the thickness of PEM increases the amount of gas perme-
ation and reduces the purity of the hydrogen produced by the cathode, while reaching
a certain concentration of hydrogen in the oxygen side poses a safety hazard. Second,
the mechanical strength of thin PEM is low. It is easy to form defects and pinholes,
which affect the safety of the electrolyzer and reduce the durability. Third, thin PEM
is not suitable for high-pressure electrolyzer, which is damaged due to the large pres-
sure difference between two sides. Therefore, the selection of membrane thickness
must be considered from the aspects of proton conductivity, permeability, mechani-
cal strength, and so on.

Developing a composite membrane with a supporting layer is one of the methods.
Gore used expanded polytetrafluoroethylene (ePTFE) as a reinforcing layer, impreg-
nated with PFSA resin to prepare ultrathin reinforced PEM, which has been applied
to fuel cell vehicles from Toyota, Hyundai, Honda, and SHPT (Shanghai Hydrogen
Propulsion Technology Co., Ltd.). Fumatech’s reinforced short-branched membranes
for PWMWE use PEEK as the internal porous layer, and by optimizing the porous
support substrate, the membrane thickness is set at 80—150 pm. The decomposition
voltage at 80°C is 1.71 V, and it can withstand a pressure difference of 0.5-2 MPa
on both sides [20]. Giancola et al. [28] used polysulfone (PSU) nanofibers as the
porous support layer to prepare composite membranes impregnated with Aquivion
PFSA (PFSA) resin, which could simultaneously ensure the proton conductivity
and mechanical strength of the PESA-based electrolyte membrane. Compared with
unsupported membranes, the composite membranes can guarantee the proton con-
ductivity and improve the mechanical strength, effectively reducing the membrane
swelling ratio and hydrogen permeation, and making it possible to use thinner and
more durable membranes in PEMWE.

In recent years, many studies have been conducted to find a hydrocarbon film as
an alternative to PEM hydroelectrolysis. The cost and performance of hydrocarbon
polymer electrolytes at high temperature and low humidity are expected to exceed
that of commercial fluorinated polymer electrolytes. Researchers have attempted
to use hydrocarbon membranes to replace PFSA membranes in PEMWE [29,30]
because hydrocarbon membranes have lower gas permeability and higher proton
conductivity. At present, the hydrocarbon films that have received attention include
sulfonated polyether ketone (SPEEK), sulfonated polyether sulfone (SPAES), and sul-
fonated polyphenylene sulfide sulfone (sPPS) [31-33].

The key issue in synthesizing hydrocarbon-based polyelectrolytes is the way in
which polar groups are introduced. Most of the polar groups are sulfonic acid groups,
and the stability of the introduced sulfonic acid group is considered first. In general,
desulfurization problem is also important for these sulfonated polyelectrolytes. This
problem can be alleviated by alkyl sulfonation and the introduction of electron adsor-
bent groups, but there is still no fundamental solution, which is one of the reasons for
the low chemical stability of hydrocarbon-based electrolytes. There are two common
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sulfonation reactions for hydrocarbon-based polyelectrolytes. First, direct polymer
sulfonation is sulfonation of the base polymer with sulfuric acid or other sulfonating
agents. This is a macromolecular reaction that usually takes place in a heterogeneous
system, making it difficult to precisely control the sulfonation reaction. Second, sul-
fonic acid groups are introduced in the monomer stage to protect the monomer, and
then prepolymerization and block copolymerization are carried out. This method
can be sulfonated in an orderly manner, the monomer can be disulfonated and tetra-
sulfonated, and the molecular chain is relatively regular, which is conducive to the
comprehensive regulation of the proton conductivity and mechanical properties of
the prepared diaphragm.

Block copolymerization is attracting attention as a method to alleviate the problem
of high molecular weight to some extent and to significantly improve mechanical and
electrochemical properties. As a result, the hydrophilic aggregates form ion chan-
nels for efficient proton conduction, while the crystalline aggregates of the hydro-
phobic moieties maintain the mechanical properties. Similar attempts have been
made to synthesize the block copolymers shown in Scheme for hydrocarbon-based
polyelectrolytes. Block copolymers are obtained by synthesizing oligomers as block
components and further polymerizing them. In practice, it is difficult to precisely
synthesize oligomers with high molecular weight, and the reproducibility of syn-
thesis is problematic. In addition, exchange reactions may occur during the copoly-
merization reaction, making it difficult to precisely control the polymer structure.
Since materials with excellent electrochemical or mechanical properties have been
obtained, it is necessary to develop a new material with a simple and controllable
structure (Figure 6.9).

The development of PEMWE was made possible by technological advances in
proton exchange membranes. As a solid electrolyte, the characteristics of the proton
exchange membrane not only affect the performance of PEMWE, but also affect
the design of Balance of Plant (BOP) and system safety, so the selection and opti-
mization of the proton exchange membrane in the membrane electrodes not only
need to be considered to satisfy the requirements of the electrolysis efficiency of
the PEMWE, but the life of the performance requirements needs to be taken into
account the requirements of the safety aspects.
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FIGURE 6.9 Copolymer electrolytes based on hydrocarbon polymers.
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6.3.3 Porous TRANSPORT LAYER

The PTL of PEM water electrolysis cell mainly plays the role of material distribu-
tion and conduction current. The material used as the porous diffusion layer of PEM
water electrolysis cell should meet the following requirements: (1) Excellent mechan-
ical properties, which can achieve the effect of supporting the electrolytic cell; (2)
high porosity and strong permeability, which can ensure material transmission; (3)
good electrical conductivity, low contact resistance with the film electrode, so as
to meet the current transmission; and (4) excellent corrosion resistance under high
potential. At present, the research work of porous diffusion layer has several direc-
tions: (1) The research on the porous diffusion layer material itself, mainly including
the development of new materials, coating [34], and modification. (2) Study on the
influence of porous diffusion layer on the performance of electrolytic cell, includ-
ing the durability of porous diffusion layer, corrosion mechanism, bubble formation
mechanism, and influence in porous diffusion layer.

6.3.3.1 The Influence of PTL’s Structure

The distribution of pore size, porosity, and infiltration in the diffusion layer signifi-
cantly impacts the electrolyzer’s operational efficiency, internal state distribution,
and durability.

In general terms, a larger pore size and higher porosity facilitate material trans-
portation [35,36]. However, when the pore size and porosity become too large, the
contact between the diffusion layer and the catalyst layer deteriorates [37]. This leads
to an increase in resistance [38] and a decrease in the utilization rate of the catalyst
layer [39]. Therefore, in practical applications of the diffusion layer, its pore size and
porosity have optimal values. According to literature statistics, the optimal pore size
is approximately 10 um, and the optimal porosity is between 30% and 50% [40]. Ito
[41,42] utilized titanium felt as the substrate to investigate the impact of pore size
and porosity on the diffusion layer. The findings indicate that a decrease in pore
size is beneficial to electrolytic performance when the pore size exceeds 10 pm, and
changes in porosity have minimal effect on performance when porosity is higher
than 0.5. It is discovered through theoretical and experimental studies that the opti-
mal pore size of powder sintered titanium was 12—13 pm, while the optimal particle
size of titanium powder was 50—75 pm [35].

In PEM fuel cells, a microporous layer is often added between the diffusion layer
and the catalyst layer to enhance contact and promote liquid water discharge in order
to prevent waterlogging. This approach has been applied in recent electrolytic cell
research. Huget [43] utilized the pore network model to analyze the impact of vary-
ing pore size gradients on two-phase transport. The simulation results demonstrated
that the diffusion layer structure model, where the pore size increases from the cata-
lyst layer to the flow channel (LTH), has superior overall transport capacity. This
structure provides a gas transport path while ensuring smooth water flow. In contrast,
in the mode without a pore gradient or with pore size decreasing from the catalyst
layer to the flow path (HTL), water becomes segmented into isolated clusters in the
diffusion layer region near the flow path. Lee [44] conducted a comparison of the
performance of two diffusion layers with opposing porosity gradients. The results
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showed that when the low porosity region of the diffusion layer was in contact with
the catalyst layer, performance improved. Specifically, the voltage was reduced by
29% at 4.5 A/cm?, the gas content in the catalyst layer was decreased by 50% as
shown by neutron imaging results, and the mass transfer capacity of the electrolytic
cell was significantly enhanced. Schuler prepared three types of microporous layers,
each with a different pore size. When compared to the traditional single-layer struc-
ture, the electrolytic cell utilizing the microporous layer demonstrated superior elec-
trochemical performance. The mass transfer overpotential at 2 A/cm? was reduced
by 60 mV. The high specific surface area and low roughness of the microporous layer
increased the catalyst utilization rate by more than two times. Additionally, due to
the flatter surface and smaller local stress of the microporous layer, the allowable
thickness of the proton exchange membrane was also reduced [45]. In addition to
improving the gradient in the thickness direction of the diffusion layer, some studies
have suggested that in-plane ordering structure designs, such as diffusion layer drill-
ing, can also enhance the mass transfer performance of the electrolytic cell [46—48].

The flow of water and gas in porous media is driven by capillary force [49], which
means that the infiltration of the diffusion layer will also influence the mass transfer
process of the electrolytic cell. Kang introduced hydrophobic reagents to the diffu-
sion layer to render it hydrophobic. The results show that not only the mass transfer
impedance but also the ohmic impedance and activation impedance increase [50].
Lim alternately applied hydrophilic and hydrophobic modification agents to the sur-
face of the diffusion layer to create an amphiphilic diffusion layer. This reduced
water and gas interference in the diffusion layer and improved the performance of
the PEM fuel cell using this diffusion layer by 4.3 times and the electrolytic cell by
1.9 times [51]. Although hydrophilicity is a crucial property of the diffusion layer,
research in this area remains significantly lacking.

6.3.3.2 The Influence of Materials

During operation, the anode potential is higher than the cathode, and the anode is
highly corrosive. At present, the porous diffusion layer materials on the anode side
of the electrolytic cell are mainly corrosion-resistant materials such as titanium mesh
[52], titanium plate, titanium felt [42], and stainless steel [53]. The cathode porous
diffusion layer generally uses carbon materials, such as carbon paper, carbon cloth,
carbon felt, and some other chemical/physical modified materials. Mo [53] used
stainless steel mesh as anode PTL in PEMEC to study the corrosion mechanism of
metal migration. Zhang [54] compared the performance of PEM water electrolysis
cell using titanium felt and studied titanium 