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a b s t r a c t

Decarbonizing the planet is one of the major goals that countries around the world have set for
2050 to mitigate the effects of climate change. To achieve these goals, green hydrogen that can
be produced from the electrolysis of water is an important key solution to tackle global decar-
bonization. Consequently, in recent years there is an increase in interest towards green hydrogen
production through the electrolysis process for large-scale implementation of renewable energy-
based power plants and other industrial, and transportation applications. The main objective of this
study was to provide a comprehensive review of various green hydrogen production technologies
especially on water electrolysis. In this review, various water electrolysis technologies and their
techno-commercial prospects including hydrogen production cost, along with recent developments in
electrode materials, and their challenges were summarized. Further some of the most successful results
also were described. Moreover this review aims to identify the gaps in water electrolysis research
and development towards the techno-commercial perspective. In addition, some of the commercial
electrolyzer performances and their limitations also were described along with possible solutions for
cost-effective hydrogen production Finally, we outlined our ideas, and possible solutions for driving
cost-effective green hydrogen production for commercial applications. This information will provide
future research directions and a road map for the development/implementation of commercially viable
green hydrogen projects.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Global energy demand and consumption are always on the rise
ue to an increase in population and standards of living, apart
rom the industrial growth of developing countries (Ibrahim,
012; Mostafa et al., 2019). Inductively the global primary energy
upply was 14,410 MTOE in 2019 (IEA, 2019a). According to the
nternational energy agency’s prediction, the global energy de-
and will be increased by 50% in 2030 (EIA, 2016). To date, more

han 95% of this huge energy demand is fulfilled by using fossil fu-
ls, however, the use of fossil fuels releases a high concentration
f greenhouse gas emissions consequently increasing the global
arming and environmental pollution (Sazal, 2020; Lee et al.,
018). Therefore, the rapid development of alternative green en-
rgy technologies is essential to meet global energy demands and
ustainable development. In this context, the ‘Paris Agreement’
as framed and approved by 196 parties at the 21st conference of
he parties (COP 21) in 2015, which aims to respond to the global
arming actively by preventing a global temperature rise below
.5 ◦C (Jacquet and Jamieson, 2016). In addition, many countries
ave focused on introducing environmentally friendly energy
olicies for a sustainable environment and decarbonization. For
xample, South Korea announced the 2nd Climate Change Re-
ponse Master Plan in 2019 to reduce greenhouse gas emissions
rom 709.1 million tons in 2017 to 536 million tons by 2030
or a sustainable and low-carbon green society (Lee et al., 2020).
hus, globally various research institutions/organizations have
oved towards the development of innovative technologies that
an utilize renewable sources for generating green energy and
uels. Hydrogen is one such promising environmentally friendly
enewable energy carrier and it is the most abundant element
n the universe (Immanuel and Dmitri, 2018; Pinsky et al., 2020;
awood et al., 2020). The hydrogen atom is composed of one
roton and one electron, making it the lightest element in the
niverse, and having unique properties like high energy den-
ity (120 MJ/kg) and lower volumetric energy density (8 MJ/L).
owever, it is not readily available directly on the earth, it is
vailable in chemically combined forms of water, fossil fuels, and
iomass. Hence the main challenge is to separate hydrogen from
he naturally occurring compounds efficiently and economically.

. Hydrogen production

Hydrogen can be produced from various sources of raw mate-
ials including renewable and non-renewable sources which are
round 87 million tons/year (Dawood et al., 2020; Milani et al.,
020). However, as of 2020, most of the hydrogen (95%) was
roduced from non-renewable fossil fuels especially steam re-
orming of natural gas, emitting 830 million tons/year of CO2 and
he rest of the hydrogen was produced from renewable resources

ncluding water electrolysis (Mosca et al., 2020; IEA, 2019b). The
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major hydrogen production methods and their applications are as
shown in Fig. 1.

Hydrogen is classified into different color shades i.e., blue,
gray, brown, black, and green respectively based on their hy-
drogen production technology, energy source, and environmental
impact (Noussan et al., 2021; Ajanovic et al., 2022), as shown in
Table 1. The blue hydrogen is produced from the steam reform-
ing of natural gas. During this process, natural gas is split into
hydrogen (H2) and carbon dioxide (CO2), the produced CO2 is cap-
tured (85%–95%) and stored underground using industrial carbon
capture and storage techniques and some of the generated CO2
cannot be captured. In addition, long-term impacts of storage are
uncertain, and leakage can still negatively affect the environment
and climate (Hermesmann and Muller, 2022; Navas-Anguita et al.,
2021). The gray hydrogen is produced from non-renewable fossil
fuels such as natural gas or coal by steam reforming/auto-thermal
reforming process, this process is similar to the blue hydrogen
process, but the produced CO2 is not being captured, it is directly
released into the atmosphere (Nikolaidis and Poullikkas, 2017).
Brown hydrogen is most abundant in use today, which is pro-
duced from hydrocarbon-rich feedstock (brown coal or methane)
via the gasification process. But as a result, every tone of brown
hydrogen releases 10–12 tons of CO2 into the atmosphere. The
black hydrogen is produced from coal gasification, during this
coal gasification process syngas are produced from the gasifier
and the hydrogen can be separated from the other gases using
absorbers or special membranes and the remaining gases can be
released into the atmosphere (IRENA, 2020a; IEA, 2019b). Green
hydrogen is produced from renewable water and electricity by
electrolysis process, in this process water is split into hydrogen
(H2) and oxygen (O2) under the influence of electricity with zero
carbon emissions (Carmo et al., 2013).

In the transition towards global decarbonization, nowadays
renewable-powered green hydrogen generation is one way that is
increasingly being considered as a means of reducing greenhouse
gas emissions and environmental pollution (Yue et al., 2021; Bur-
ton et al., 2021). Hence, there is an increasing interest to make the
production and utilization of this green hydrogen more scalable
and versatile process. Water electrolysis is a key technology for
splitting water into hydrogen and oxygen by using renewable en-
ergy (solar, wind) (Ibrahim, 2012; Burton et al., 2021). Solar and
wind energies are prepared and well suitable renewable power
sources for hydrogen production through water electrolysis due
to their widespread power distribution (Wang et al., 2014). The
combination of renewable energy with water electrolysis is par-
ticularly more advantageous because surplus electrical energy can
be stored chemically in the form of hydrogen to balance the
discrepancy between energy demand and production (Brauns and
Thomas, 2020). Further, the produced hydrogen and oxygen can
be directly used for the transportation and industrial sector as
primary energy sources. Hydrogen is not only a primary energy
source it is an energy carrier that can be directly used in fuel cell
vehicles and the industrial sector. Moreover, hydrogen can also
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Fig. 1. Major hydrogen production methods and applications. . (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
Table 1
Hydrogen color shades and their Technology, cost, and CO2 emissions.
be used as a feedstock in chemical and petrochemical industries
to produce ammonia and synthetic fuels (Jovan and Dolanc, 2020;
Shiva Kumar and Himabindu, 2019a; Shiva Kumar et al., 2019b).
Apart from that, another advantage of hydrogen as an energy
carrier is the increased efficiency of hydrogen storage systems
when compared to batteries.

2.1. Significant role of green hydrogen in energy transition

Green hydrogen is widely viewed as a promising fuel for future
ustainable development and energy transition due to fact that
reen hydrogen can be produced from water and renewable en-
rgy sources through the electrolysis process, in this process there
re no greenhouse gas emissions. Therefore, green hydrogen is
ncreasingly being promoted to address climate change issues and
eet the global net-zero challenges. Moreover, global demand

or green hydrogen and its applications is expected to increase
xponentially over the next decade. Fortunately, globally some
rojects are already underway to produce green hydrogen from
enewable energy sources like wind and solar (IEA, 2021).

. Water electrolysis

Water electrolysis is one such electrochemical water splitting
echnique for green hydrogen production with the help of elec-
ricity, which is emission-free technology. The basic reaction of
ater electrolysis is as follows in Eq. (1).

H O + Electricity (237.2 kJ mol−1) + Heat (48.6 kJ mol−1)
2 (

13795
−→ H2 + 1/2O2 (1)

The above reaction (Eq. (1)) requires 1.23 V theoretical thermo-
dynamic cell voltage to split the water into hydrogen and oxygen
at room temperature. However, experimentally the required cell
voltage for efficient water splitting is 1.48 V. The additional
voltage is required to overcome the kinetics and ohmic resis-
tance of the electrolyte and cell components of the electrolyzer
(Shiva Kumar and Himabindu, 2020; Lee et al., 2021b; Lim et al.,
2021).

Past two centuries, water electrolysis is a well-known tech-
nology for green hydrogen production. However, globally only
4% of hydrogen (65 million tons) can be produced from water
electrolysis due to economic issues, with most of this hydrogen
being produced as a by-product from the Chlor-alkali industry (Yu
et al., 2018; Hall et al., 2020; Yodwong et al., 2020). The largest
electrolysis plant (135 MW/30,000 N m3/h) has been deployed for
the fertilizer industry (Bertuccioli et al., 2014a,b). Since the 18th
century, water electrolysis technologies are being continuously
developed and used in industrial applications, during this journey
different trends have affected its development, with this split
into roughly five generations. Each generation of water elec-
trolysis and their challenges, technological breakthroughs, and
significance are shown in Fig. 2.

During these developments, four types of water electrolysis
technologies were introduced based on their electrolyte, operat-
ing conditions, and their ionic agents (OH−, H+, O2−), such as

i) Alkaline water electrolysis (ii) AEM water electrolysis
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Fig. 2. Generations of water electrolysis development (IRENA, 2020b).
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iii) PEM water electrolysis and (iv) Solid oxide water electrol-
sis. However, the operating principles are the same for all the
ases (Shiva Kumar and Himabindu, 2019a). The four types of
ater electrolysis technologies and their characteristics along
ith advantages, disadvantages were described in the following
ubsections and Tables 2 & 3.

.1. Alkaline water electrolysis

Alkaline water electrolysis is well established mature technol-
gy for industrial hydrogen production up to the multi-megawatt
ange in commercial applications across the globe (Kuckshinrichs
t al., 2017). The alkaline water electrolysis phenomenon was
irst introduced by Troostwijk and Diemann in the year 1789.
fter several developments in the year of 1939, the first industrial
arge-scale alkaline water electrolyzer plant with the capacity
f 10,000 N m3 H2h−1 went into operation (Diogo et al., 2013).
n later early 19th century, more than 400 industrial alkaline
lectrolyzer units were successfully installed and operated for
ndustrial applications (Grigoriev et al., 2020). However, the alka-
ine water electrolyzer operates at lower temperatures (30–80 ◦C)
ith a concentrated alkaline solution (5M KOH/NaOH). Moreover,

n alkaline water electrolyzer nickel (Ni) coated stainless steel
lectrodes and asbestos/ZrO2-based diaphragms are used as a
eparator (Shiva Kumar et al., 2018a,b,c,d, 2017). The ionic charge
arrier is hydroxyl ion (OH−) with KOH/NaOH and water perme-
ting through the porous structure of the diaphragm to provide
he functionality of the electrochemical reaction (Shiva Kumar
t al., 2017; Lee et al., 2021a). The alkaline water electrolysis
s a favorable system design for large-scale applications. Today,
he investment cost of alkaline water electrolysis is USD 500–
000/kW, and the lifetime of the system is 90,000 h (Bertuccioli
t al., 2014a,b; Schmidt et al., 2017). However, the major chal-
enge associated with alkaline water electrolysis is limited current
ensities (0.1–0.5 A/cm2) due to moderate OH− mobility, and
sage of corrosive (KOH) electrolytes (IRENA, 2020a). Due to the
igh sensitivity of the KOH electrolyte to ambient CO2 and the
ubsequent salt formation of K CO , the resulting decrease in the
2 3
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number of hydroxyl ions and ionic conductivity. In addition, the
salt of K2CO3 close the pores of the anode gas diffusion layer
which subsequently decreases the ion transferability through the
diaphragm and consequent reduction of hydrogen production.
Apart from that, the alkaline water electrolysis produces low
purity (99.9%) of gasses (Hydrogen and Oxygen) due to the ex-
isting diaphragm does not completely prevent the crossover of
the gases from one half-cell to the other.

3.1.1. Working principle of alkaline water electrolysis
Alkaline water electrolysis is an electrochemical water split-

ting techniques in the presence of electricity. The electrochemical
water splitting consists of two individual half-cell reactions such
as hydrogen evolution reaction (HER) at the cathode and oxygen
evolution reaction (OER) at the anode. During the alkaline elec-
trolysis process, initially at the cathode side two moles of alkaline
solution are reduced to produce one mole of hydrogen (H2) and
two moles of hydroxyl ions (OH−), the produced H2 can be
eliminated from the cathodic surface and the remaining hydroxyl
ions (OH−) are transferred under the influence of electric circuit
between anode and cathode through the porous separator to the
anode side. At the anode, the hydroxyl ions (OH−) are discharged
to produce the 1/2 molecule of oxygen (O2) and one molecule of
ater (H2O), as shown in Fig. 3.

.1.2. Cell components of alkaline water electrolysis
The major alkaline water electrolysis cell components are

iaphragms/separators, current collectors (gas diffusion layer),
eparator plates (bipolar plates), and end plates respectively. In
eneral, Asbestos/Zirfon/Nickel coated perforated stainless-steel
iaphragms are used as separators in alkaline water electrol-
sis (David et al., 2019; Shiva Kumar et al., 2017). The nickel
esh/foam is used as gas diffusion layers and stainless
teel/nickel-coated stainless steel separator plates are used as
ipolar and end plates respectively.
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Table 2
Technical characteristics of typical water electrolysis technologies (IRENA, 2020b).

Alkaline AEM PEM Solid Oxide

Anode reaction 2OH−
→ H2O +

1
2 O2 + 2e− 2OH−

→ H2O +
1
2 O2 + 2e− H2O → 2H+

+
1
2 O2 + 2e− O2−

→
1
2 O2 + 2e−

Cathode Reaction 2 H2O + 2e−
→ H2+ 2OH− 2 H2O + 2e−

→ H2+ 2OH− 2H+
+ 2e−

→ H2 H2O + 2e−
→ H2 + O2−

Overall cell H2O → H2 +
1
2 O2 H2O → H2 +

1
2 O2 2H2O → H2 +

1
2 O2 H2O → H2 +

1
2 O2

Electrolyte KOH/NaOH (5M) DVB polymer support with 1
M KOH/NaOH

Solid polymer electrolyte
(PFSA)

Yttria stabilized Zirconia
(YSZ)

Separator Asbestos/Zirfon/Ni Fumatech, Nafion
®

Solid electrolyte YSZ

Electrode/Catalyst
(Hydrogen side)

Nickel coated perforated
stainless steel

Nickel Iridium oxide Ni/YSZ

Electrode/Catalyst
(Oxygen side)

Nickel coated perforated
stainless steel

Nickel or NiFeCo alloys Platinum carbon Perovskites (LSCF, LSM)
(La,Sr,Co,FE) (La,Sr,Mn)

Gas Diffusion layer Nickel mesh Nickel foam/carbon cloth Titanium mesh/carbon cloth Nickel mesh/foam

Bipolar Plates Stainless steel/Nickel coated
stainless steel

Stainless steel/Nickel coated
stainless steel

Platinum/Gold-coated
Titanium or Titanium

Cobalt coated stainless steel

Nominal current
density

0.2–0.8 A/cm2 0.2–2 A/cm2 1–2 A/cm2 0.3–1 A/cm2

Voltage range (limits) 1.4–3 V 1.4–2.0 V 1.4–2.5 V 1.0–1.5 V

Operating
temperature

70–90 ◦C 40–60 ◦C 50–80 ◦C 700–850 ◦C

Cell pressure <30 bar <35 bar <70 bar 1 bar

H2 purity 99.5–99.9998% 99.9–99.9999% 99.9–99.9999% 99.9%

Efficiency 50%–78% 57%–59% 50%–83% 89% (laboratory)

Lifetime (stack) 60 000 h >30 000 h 50 000–80 000 h 20 000 h

Development status Mature R & D Commercialized R & D

Electrode area 10 000–30 000 cm2 <300 cm2 1500 cm2 200 cm2

Capital costs (stack)
minimum 1 MW

USD 270/kW Unknown USD 400/kW >USD 2000/kW

Capital costs (stack)
minimum 10 MW

USD 500–1000/kW Unknown USD 700–1400/kW Unknown
Table 3
Advantages and disadvantages of typical water electrolysis technologies.
Electrolysis technology Advantages Disadvantages

Alkaline water
electrolysis

• Well established Technology
• Commercialized for industrial applications
• Noble metal-free electrocatalysts
• Relatively low cost
• Long-term stability

• Limited current densities
• Crossover of the gasses
• High concentrated (5M KOH) liquid
electrolyte

AEM water electrolysis • Noble metal-free electrocatalysts
• Low concentrated (1M KOH) liquid
electrolyte.

• Limited stability
• Under development

PEM water electrolysis • Commercialized technology
• Operates higher current densities
• High purity of the gases
• Compact system design
• Quick response

• Cost of the cell components
• Noble metal electrocatalysts
• Acidic electrolyte

Solid oxide water
electrolysis

• High working temperature
• High efficiency

• Limited stability
• Under development
3.1.3. Research and development of alkaline water electrolysis
Alkaline water electrolysis is a mature and well-established

echnology up to the multi-megawatt scale and globally number
f manufacturers are successfully deployed and used for indus-
rial applications (IRENA, 2020b; IEA, 2021), some of the com-
ercial alkaline water electrolyzers and their manufacturers are

isted in Table 4. However, some improvements are still needed
n this technology such as increase in the current density and
educe the crossover of the gasses. To achieve these challenges,
ew electrode materials and separators need to be developed.
oreover, an alkaline water electrolyzer can be integrated with

enewable energy (solar, wind) sources which can be more ben-
ficial for reducing the capital cost. In this direction, some of
he research institutes/organizations are still actively working on
13797
increasing the efficiency and reducing hydrogen production cost.
For example, Liu et al. (2020) reported heterojunction hybrid
structures of MoS2@Ni0.96S as a low-cost and noble metal-free
bifunctional electrocatalysts for OER and HER in alkaline media.
The developed MoS2@Ni0.96S-1 electrocatalyst exhibited a signifi-
cantly lower overpotential of 104 mV at 10 mA cm−2 towards the
HER and OER overpotential of 182 mV at 10 mA cm−2 with the
highest HER and OER activity. Additionally, achieved a lower cell
voltage of 1.86 V for the overall water splitting and demonstrated
superior stability during the continuous operation of 15 h. This
improvement is mainly due to strong integration between ultra-
thin MoS2 nanosheets with non-stoichiometric Ni0.96S nanocrys-
tals, exposure of more active sites, and presence of abundant
heterojunction interfaces within MoS @Ni S-1h. Qazi et al.
2 0.96
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2021) developed an efficient bifunctional nano heterostructure
lectrocatalyst of NiCo-NiCoO2@Cu2O@CF for overall water split-
ing and studied their performance in 1M KOH solution. As
repared NiCo-NiCoO2@Cu2O@CF electrocatalyst has shown im-
roved electrochemical performance towards the HER and OER
n alkaline media with a lower overpotential of 133 and 327 mV
o achieve a current density of 10 mA cm2 with a small Tafel
lope of 119 and 118 mV dec−1 for HER and OER respectively.
n addition, experimentally studied their performance through
ingle-cell electrolysis process using NiCo-NiCoO2@Cu2O@CF as
a bifunctional electrocatalyst for both HER and OER. The re-
sults showed better electrochemical performance than the other
non-noble metal electrocatalysts, the attained cell voltage of
1.69 V to reach the current density ≥10 mA cm−2. Further,
the developed electrocatalyst was stable during the continuous
electrolysis process of 12 h in a strong alkaline solution due to
the robust mechanical adhesion between NiCo-NiCoO2 nanopar-
ticles. The better performance was achieved by the small size of
NiCo-NiCoO2 nano heterostructures uniformly distributed on the
oxidized surface of copper foam enabling them to maximum uti-
lization active sites during the electrochemical reactions. Xu et al.
(2022) developed a highly efficient bifunctional electrocatalyst
of 2D metal–organic framework (MOF)-derived NiCoP nanoflakes
(NiCo(nf)-P) for overall water splitting in alkaline media. The
developed electrocatalyst performance were studied by three-
electrode cell assembly with linear sweep voltammetry (LSV)
method at the potential cycling rate of 2 mV s−1 in a 1M KOH
electrolyte solution. The developed NiCo(nf)-P was shown better
electrocatalytic activity with a lower onset potential of 37 mV and
1.435 V than commercial 5% Pt/C (43 mV) and IrO2 (1.504 V) at
the current density of 100 mV cm−2 towards the HER and OER.
In addition, NiCo(nf)-P was shown lower overpotential of 119 mV
and 315 mV than commercial 5% Pt/C (291 mV) and IrO2 (400) to
achieve the current density of 100 mV cm−2 towards the HER and
OER. The Tafel slope also potentially lower for NiCo(nf)-P (112 mV
dec−1) and 66 mV dec−1 than commercial 5% Pt/C (164 mV dec−1)
and IrO2 (88 mV dec−1), which indicates the rapid charge transfer
across the electrocatalytic interfaces of as developed NiCo(nf)-P.
Further, the developed NiCo(nf)-P electrocatalyst stability studies
were carried out at different current densities of 100, 500, and
1000 mA cm−2 towards the HER and OER using chronopoten-
tiometric (V-t) measurements. The, attained results show the
stable electrochemical performance during the 30 h of continuous
operation, as shown in Fig. 4. Moreover, the developed NiCo(nf)-
P electrocatalyst HER and OER performance also were studied
in alkaline electrolyzer, it shows the excellent electrocatalytic
 l
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activity with a lower cell voltage of 1.94 V at the operating
current density of 1 A cm−2.

Further, Jin et al. (2021) have synthesized N-doped carbon
supported Ni-Mo-O/Ni4Mo nanointerface electrocatalyst (Ni-Mo-
O/Ni4Mo@NC) by electrodeposition–calcination–electrodeposition
techniques and studied their electrocatalytic activity towards
the hydrogen evolution reaction in alkaline solution (1M KOH).
The synthesized Ni-Mo-O/Ni4Mo@NC electrocatalyst has shown
a higher electrocatalytic activity with a lower overpotential of
61 mV at a geometric current density of 10 mA cm−2, which is
50% lower than that of Ni-Mo-O (120 mV) due to the introduction
of N-doped carbon layers. Also, studies in neutral conditions (1M
PBS solution) Ni-Mo-O/Ni4Mo@NC shows an overpotential of <
60 mV, which is lower than that of Ni-Mo-O (∼100 mV). The
Tafel slope of Ni-Mo-O/Ni4Mo@NC is determined to be 99 mV
dec−1, which is relatively lower than that of Ni-Mo-O (135 mV
dec−1). Lv et al. (2021) introduced multi-heterostructure inter-
faces and 3D porous structures of Co2P/N@Ti3C2Tx@NF as an
efficient HER electrocatalyst for alkaline media. Initially, CPN@TC
with multi-heterostructure interfaces were fabricated on the sur-
face of MXene (Ti3C2Tx)-modified NF by a two-step electrode-
position method and subsequent nitriding process. The prepared
Co2P/N@Ti3C2Tx@NF electrocatalyst performance was studied in
1M KOH solution, the results exhibited an outstanding HER per-
formance with an overpotential of only 15 mV at 10 mA cm−2

and a small Tafel slope of 30 mV dec−1, as shown in Fig. 5.
In addition, shown superior stability during the 3000 cycles of
CV tests and only 20 mV shifting can be at the current density
of 100 mA cm−2. In addition, water dissociation (∆G∗H2O) and
hydrogen adsorption (∆G∗H) energies were calculated by DFT
density functional theory) for different materials. According to
he DFT calculations, the prepared CPN@TC has strongest binding
nergy of −0.822 eV, which is favorable for the HER reactions.
lso, the prepared CPN@TC possesses an H* adsorption energy
ith the closest value to zero, which is generally considered to
e the best electrocatalyst.

.2. Anion exchange membrane (AEM) water electrolysis

AEM water electrolysis is a developing technology for green
ydrogen production. Over the past few years, many research
rganizations/institutions are actively working in the develop-
ent of AEMWE due to its low cost and high performance com-
ared to the other conventional electrolysis technologies. The first
ournal publication on AEMWE was by We and Scott in 2011

atter many researchers are contributing to the development
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Fig. 4. Electrocatalytic activity of as synthesized electrocatalysts LDH(NS) , NiCo(NS)-P, MOF(nf) , NiCo(nf)-P, NiCo(NR)-P, and commercial 5% Pt/C and IrO2 . (a) HER LSV
urves, (b) HER overpotentials at different current densities of 100, 500, and 1000 mA cm−2 and (c) HER Tafel slopes. (d) OER LSV curves, (e) OER overpotentials at
ifferent current densities of 100, 500, and 1000 mA cm−2 (f) OER Tafel slopes (g, h) NiCo(nf)-P electrocatalyst HER and OER stability studies (V-t curves) at different
urrent densities of 100, 500, and 1000 mA cm−2 (i) LSV curves of NiCo(nf)-P and NiCo(nf)-P; Commercial IrO2 and 5% Pt/C for overall water splitting. The inset is
he V-t curves of NiCo(nf)-P at current densities of 100, 500, and 1000 mA cm−2 towards overall water splitting (Xu et al., 2022).
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f AEMWE (Wang et al., 2020a,b). The AEM water electrolysis
echnology is similar to conventional alkaline water electrolysis
Miller et al., 2020). However, the main difference between alka-
ine and AEM water electrolysis is the replacement of the conven-
ional diaphragms (asbestos) with an anion exchange membrane
quaternary ammonium ion exchange membranes) in alkaline
ater electrolysis. AEM water electrolysis offers several advan-
ages such as cost-effective transition metal catalysts being used
nstead of noble metal catalysts, distilled water/low concentrated
lkaline solution (1M KOH) can be used as electrolyte instead of
igh concentrated (5 KOH solution) (Henkensmeier et al., 2021).
espite the significant advantages, AEMWE still required further
nvestigations/improvements towards the MEA stability and cell
fficiency which are more essential for large-scale or commercial
pplications. As of now, the reported stability is 2000 h with
ustain ion and 1000 h for Fumatech (A 201 and FAA3-50), and
35,000 h for Enapter multicore AEM electrolyzer (Pavel et al.,
014; Carbone et al., 2020; Enapter, Germany).

.2.1. Working principle of AEM water electrolysis
AEM water electrolysis is one of the electrochemical water

plitting techniques with the help of an anion exchange mem-
rane and electricity. The electrochemical reaction consists of two
alf-cell reactions they are hydrogen evolution reaction (HER)
13799
nd oxygen evolution reaction (OER). Initially, at the cathode side,
he water molecule is reduced to generate hydrogen (H2) and hy-
roxyl ions (OH−) by the addition of two electrons. The hydrogen
s released from the surface of cathode and the hydroxyl ions
OH−) are diffused through the ion exchange membrane to the
node side by the positive attraction of the anode, while the elec-
rons are transported through the external circuit to the anode. At
he anode side, the hydroxyl ions recombine as a water molecules
nd oxygen by losing electrons. The produced oxygen is released
rom the anode. The basic principle and half-cell reactions of AEM
ater electrolysis as shown in Fig. 6.

.2.2. Cell components of AEM water electrolysis
Generally, AEM water electrolysis cell components are mem-

rane (separator), electrode materials current collectors (gas dif-
usion layer), separator plates (bipolar plates), and end plates
espectively. Typical anion exchange membranes are quaternary
mmonium ion exchange membranes i.e., Sustanion

®
, Fumasep,

umatech respectively. Commonly used anode and cathode elec-
rode materials are transition metal based electrocatalysts espe-
ially Nickel and NiFeCo alloy materials respectively. The nickel
oam/porous nickel mesh and carbon cloth are used as anode
nd cathode gas diffusion layers. Stainless steel and nickel-coated
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Fig. 5. (a) HER Polarization curves of CPN@TC, CP@TC, CP@NF, NF, CPN@NF and TC@NF (b) Tafel plots (c) comparison of CPN@TC with reported electrocatalysts
(d) Long-term chronopotentiometry results of CPN@TC at different current densities (−10, −20, −40, −60, −80 mA cm−2) and durability polarization curves for
CPN@TC before and after 3000 cycles (e) Calculated H2O adsorption energy. (f) H* adsorption energy (Lv et al., 2021).
Fig. 6. Schematic view of AEM water electrolysis working principle.
s

t
d
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tainless steel separator plates are used as bipolar and end plates
espectively (Pushkareva et al., 2020).

.2.3. Research and development of AEM water electrolysis
AEM water electrolysis technology is under the developmental

tage up to the kW scale. Globally, several research organiza-
ions/institutions are actively working on the development of
EM water electrolyzers, some of the AEM water electrolyzer
anufacturers/developers are listed in Table 4. However, sev-
ral innovations/improvements are still needed to scale up this
echnology for commercial applications. The major challenges are
imited stability (at present 35,000 h and targeted stability of
,00,000 h) and high hydrogen production cost, present hydrogen
roduction cost is USD 1279 kW/H2 (2020), and the targeted
ost reduction of USD ≤ 300 kW/H2 (2050) (Ionomr, 2020). To
chieve these targets, the existing challenges need to be ad-
ressed economically to commercialize for market applications.
n this direction, Thangavel et al. (2021) developed a 3D oxygen
volution electrode via electrochemical integration of amorphous
 t

13800
NiFeOOH on activated carbon fiber paper (CFP) by single-step
co-electrodeposition techniques and their performance in 1M
KOH solution. The developed 3D-a-NiFeOOH/N-CFP electrode has
shown a better electrochemical performance with an overpoten-
tial of only 170 mV at a current density of 10 mA cm−2 and a
maller Tafel slope of 39 mV dec−1 and outstanding stability in
1M KOH solution, as shown in Fig. 7. This enhancement is due
to the unique 3D structures with increased active sites and the
enhanced electrical conductivity that helps enhance the OER ki-
netics and mass transport properties. In addition, Fe-doping plays
a key role in enhanced OER activity of 3D-a-NiFeOOH/N-CFP. Ad-
ditionally, the developed 3D-a-NiFeOOH/N-CFP electrode OER ac-
tivity was studied in a single-cell alkaline AEM water electrolyzer
with ultra-pure water and compared with commercial IrO2 elec-
rodes under similar experimental conditions. Impressively, the
eveloped 3D-a-NiFeOOH/N-CFP electrode exhibits superior elec-
rochemical performance to commercial IrO2 electrodes, the at-

ained cell voltage of 1.88 V than commercial IrO2 2.08 V at
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Fig. 7. (a) Schematic representation of 3D-a-NiFeOOH/N-CFP synthesis procedure. (b) LSV curves of various synthesized electrodes in 1 M KOH solution at a scan rate
f 1 mV s−1 . (c) OER Tafel plots (d) Schematic view of the alkaline AEM water electrolyzer cell. (e) Current–Voltage polarization curves of the alkaline AEM water
lectrolysis fabricated with 3D-a-NiFeOOH/N-CFP and commercial IrO2-based anodes at 50 ◦C. (e) Long-term stability of a-NiFeOOH/N-CFP electrode in electrolyzer
ith a constant cell voltage of 2.0 V for 10 days (g) Experimental and theoretical hydrogen yields (Faradaic efficiency) calculated through water displacement system
Thangavel et al., 2021).
n operating current density of 1 A/cm2 with ∼80% energy ef-
iciency. Furthermore, long-term stability is studied at constant
oltage of 20.V for 240 h continuously where the prepared 3D-
-NiFeOOH/N-CFP electrode exhibited stability retention of 95.6%
ith ultra-low degradation rate of 0.15 mA h−1 and the Faradaic
fficiency of 98.5%.
Guo et al. (2021) reported the facile and rapid synthesis of Cu-

o-P on carbon paper (CP) substrate using the electrodeposition
echnique. Initially, Co-P/CP deposition conditions are optimized
nd studied for HER in alkaline solution, the attained results
howed acceptable electrocatalytic activity with an overpotential
f 72 mV at a current density of 10 mA cm−2. Further modified
he surface properties including the electronic structure and in-
reased the active sites of Co-P by incorporating Cu for enhancing
he electrochemical performance. The modified Cu-Co-P1200/CP
xhibited superior performance with an ultra-low overpotential
13801
of 59 mV at a current density of 10 mA cm−2 and a smaller
Tafel slope of 38 mV dec−1, as shown in Fig. 8. Moreover, the
synthesized Cu-Co-P1200/CP performance studied towards the
hydrogen evolution reaction as a cathode electrode in a single
cell AEMwater electrolyzer with an anode material of commercial
IrO2/CP, the achieved cell voltage of 1.9 V at an operating current
density of 0.70 A cm−2 with good stability, which is slightly lower
than that of noble metal-based electrodes of Pt/C/CP@IrO2/CP. But
this performance is superior to those in literature for non-noble
metal-based electrodes.

Further, Jang et al. (2020a,b) synthesized a noble metal-free
nanosized Cu0.5Co2.5O2 anode electrocatalyst via co-precipitation
technique by adjusting the pH for AEM water electrolysis and
studied their performance in alkaline solution as well as water
electrolyzer.

The synthesized Cu0.5Co2.5O2 electrode exhibited improved
electrochemical performance with an overpotential of 285 mV
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Fig. 8. (a) HER polarization curves of Cu-Co-P1200/CP electrodes with different concentrations of Cu2+ in 1M KOH solution with scan rate of 5 mV s−1 (b) (e) effect
of Cu2+ concentration on overpotential at constant current density of 10 mA/cm2 (c) Tafel slopes (d) Current–Voltage polarization cures of single cell AEM water
electrolyzer with IrO2/CP as anode coupled with as synthesized Cu10-Co-P1200/CP electrode as cathode and compared with the commercial Pt/C/CP (Guo et al., 2021).
at 10 mA cm−2 in 1M KOH solution. Further, the developed
Cu0.5Co2.5O2 electrocatalyst performance was studied in a single-
cell with the active area of 4.9 cm2 AEM water electrolyzer as
an anode and commercial Pt/C used as a cathode, the archived
current density of 1.3 A cm−2 at 1.8 V at 45 ◦C with 1M KOH
solution. Furthermore, durability studies were carried out for
100 h continuously at a constant current density of 400 mA
cm−2 it maintained 80% energy efficiency during 100 h operation.
In addition, demonstrated excellent stability at constant current
density of 10 mA cm−2 for 2000 h. Chen et al. (2021) devel-
oped poly (fluorenyl-co-aryl piperidinium) (PFAP)-based anion
exchange materials i.e., membrane electrolyte and binder with
high ionic conductivity and durability under alkaline media. The
developed electrolyte with platinum group metal (PGM) catalysts
(IrO2 and Pt/C) achieved a new record cell performance of 7.68
A/cm2 at 2 V with 1M KOH and PGM-free materials (Ni-Fe)
displayed an outstanding current density of 1.62 A cm−2 at 2.0
V. Additionally, PGM and PGM-free materials displayed excellent
durability of more than 1000 h of operation at the constant
current density of 0.5 A cm−2 at 60 ◦C without any voltage
degradation.

3.3. PEM water electrolysis

To overcome the drawbacks of alkaline water electrolysis,
the 1st PEM water electrolysis phenomenon was idealized by
13802
Grubbs and developed by General Electric Co. in the year of 1966
(Shiva Kumar and Himabindu, 2019a). However, PEM water elec-
trolysis technology is similar to the PEM fuel cell technology, here
the sulfonated polymer membrane can be used as an electrolyte.
The ionic charge carrier is H+ and DI water permeating through
the proton-conducting membrane it provides the functionality
of the electrochemical reaction. Typically, PEM water electrolysis
operates at lower temperatures (30–80 ◦C) with higher current
densities (1–2 A/cm2) and produces high purity (99.999%) of gases
(Hydrogen and Oxygen) (Shiva Kumar and Himabindu, 2019a).
Because the kinetics of hydrogen evolution reaction in PEM wa-
ter electrolysis is faster than alkaline water electrolysis due to
the highly active area of the metal surface of Pt electrodes and
lower pH of the electrolyte. In addition, PEM water electroly-
sis is safer than alkaline water electrolysis due to the absence
of caustic electrolytes and smaller footprint. Therefore, globally
several water electrolyzer manufacturers (listed in Table 4) are
developed large-scale (up to MW) PEM water electrolyzers for
industrial and transportation applications. The reported stability
of PEMWE is 60,000 h with negligible loss of performance and the
targeted stability is 1,00,000 h (Schmidt et al., 2017; Wei et al.,
2019). However, the major challenges associated with the PEM
water electrolysis are high cost of the components i.e., electrode
materials, current collectors, and bipolar plates respectively.
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Fig. 9. Schematic view of PEM water electrolysis working principle.
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.3.1. Working principle of pem water electrolysis
During the PEM water electrolysis process, water is electro-

hemically split into hydrogen and oxygen. In this process, ini-
ially at the anode side water molecule is decomposed to generate
xygen (O2) and protons (H+), and electrons (e−). The generated
xygen eliminated from the anodic surface and the remaining
rotons are traveled through the proton-conducting membrane
o the cathode side and the electrons are traveled through the
xternal circuit to the cathode side. At the cathode side, the
rotons and electrons recombined to produce H2 gas. The basic
rinciple of PEM water electrolysis is shown in Fig. 9.

.3.2. Cell components of PEM water electrolysis
The PEM water electrolysis cell major components are mem-

rane electrode assembly (consist of membrane and anode, cath-
de electrode materials), Gas diffusion layer, separator plates
bipolar plates), and end plates respectively (Shiva Kumar et al.,
018c; Shiva Kumar and Himabindu, 2019a; Upadhyay et al.,
020, 2022). Typical proton exchange membranes are Nafion

®
,

umapem
®
, Flemion

®
, and Aciplex

®
respectively. However,

ost widely used membrane is Nafion
®

(Nafion
®

115, 117,
nd 212), because Nafion

®
membrane offers several advantages

uch as high proton conductivity, possess high current density,
igh mechanical strength, and chemical stability respectively.
he state-of-the-art anode and cathode electrode materials are
oble metal based electrocatalysts especially IrO2 for the OER
nd carbon-supported Pt for the HER respectively (Ramakrishna
t al., 2016; Shiva Kumar et al., 2018a,d; Lee et al., 2019). These
oble metals are more expensive, and iridium is scarcer than plat-
num. For example, a 10 MW PEM water electrolyzer operating
t 1 A/cm2 requires about 15 kg of Iridium with an assumed
atalyst loading of 2–3 mg/cm2, the expected cost of Iridium
atalyst would be more than 2,941,789 US$ (196,119 US$/kg in
ugust 2021) (Metalary, 2021). The porous titanium/titanium
esh and carbon cloth are used as anode and cathode gas dif-

usion layers. Different flow field designed bipolar plates made
p of titanium material coated with platinum/gold are used
s separators and endplates respectively. Among different flow
ield designs, the straight parallel flow field designed separator
lates have shown better performance, especially in PEM water
lectrolyzer (Yang et al., 2019). However, these separator plates
re expensive and are responsible for 48% of the overall cell
ost (IRENA, 2020b). Therefore, the cost-effective cell components

.e., electrode materials and separator plates still under challenge. F

13803
3.3.3. Research and development of pem water electrolysis
PEM water electrolysis technology is well developed and com-

mercially available up to megawatt (MW) for industrial and trans-
portation applications, some of the large-scale PEM electrolyzer
manufacturers are listed in Table 4. However, several improve-
ments are still required to reduce the hydrogen production cost,
the present hydrogen production cost is USD 700–1400 kW/H2
(2020), and targeted cost reduction is USD ≤ 200 kW/H2 (2050)
(IRENA, 2020b). To achieve this target, the existing challenges
need to be addressed such as replacement/reduction of platinum
group metals with cost-effective transition metals, removing the
expensive coatings on bipolar plates, and redesigning the new
bipolar plates with cost-effective materials. Moreover, to reduce
the membrane thickness and enhance the cell efficiency. Cur-
rently, the Nafion

®
117 (thickness 180 µm) membrane is using in

PEM water electrolyzers, the efficiency loss from this membrane
is 25% (at 2 A/cm2), if reducing the thickness as low as 20
µm the predicted reduction efficiency losses is 6% (at 2 A/cm2).
Therefore, in this direction several researchers from public and
private organizations are still working on their developments
especially focusing on cost reduction. For example, Xie et al.
(2021) reported integrated electrode architectures to consist of
platinum nanowires on ultrathin titanium gas diffusion layers
for hydrogen evolution reaction in PEM water electrolysis. The
ultrathin titanium integrated PtNW electrode (PtNW/Ti) showed
a lower overpotential of 63 mV at the higher current density of
100 mA cm−2 with a smaller Tafel slope of 35 mV dec−1. Further,
lectrochemical performances were studied in PEM water elec-
rolyzer as a cathode electrode, the attained results demonstrated
hat the PtNW/Ti electrode has showed a lower cell voltage of
.643 V at 1 A cm−2 and high efficiency of 90.08% with 15
imes lower catalyst loadings than conventional MEAs in PEM
ater electrolysis. Also, Xie et al. (2022) developed ionomer-

ree integrated electrodes (1T-2H MoS2NS/CFP) using engineered
T-2H heterophase with MoS2 nanosheets (MoS2NSs) by in-situ
rowing on carbon fiber paper with MoS2 loading of only 0.14
g/cm2 for HER and studied their performance in 0.5M H2SO4
s well as in PEM water electrolyzer. The integrated electrode
as shown outstanding performance with an extremely lower
verpotential of 192 mV and a smaller Tafel slope of 44 mV
ec−1. Further, the PEM water electrolyzer results exhibited that,
he integrated electrode impressively achieved a cell voltage of
.25 V at an operating current density of 2 A/cm2, as shown in

ig. 10. Furthermore, the integrated electrode performance was
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Fig. 10. Schematic illustration of Ionomer-free electrode with in-situ grown ultralow-loading and defect-rich 1T-2H MoS2 nanosheets. (a–f) HAADF-STEM images
of defect-rich 1T-2H MoS2NS/CFP, confirming the co-existence of edges, pinholes & atomic vacancies. (g) Polarization curves of defect-rich 1T-2H MoS2NS/CFP and
MoS2 assemblies/CFP. (h) Corresponding Tafel plots. (i) Polarization curves of defect-rich 1T-2H MoS2NS/CFP and MoS2 assemblies/CFP in a PEMEC at 80 ◦C (Xie
t al., 2022).
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ompared with the commercial Pt/C catalysts with similar metal
oading of 2.0 mg/cm2. The commercial Pt/C catalyst exhibited a
ower cell voltage of 2.18 V than that of the integrated 1T-2H
oS2NS/CFP electrode (2.25 V) at the current density of 2 A cm−2

ut this performance is superior to reported non-noble catalysts.
Jang et al. (2020a,b) introduced a novel titanium-doped

olybdenum phosphide (Ti-MoP) electrocatalyst for hydrogen
volution reaction in acid electrolyte. The developed Ti-MoP elec-
rocatalyst demonstrated superior electrochemical performance
han undoped MoP with an overpotential of only 81.5 mV at
0 mA cm−2 than that of undoped MoP (93.5 mV) under the acidic
lectrolyte (0.5M H2SO4), indicating that the HER performance

is improved approximately 13% by doping Ti with MoP. The
Tafel slope also shows that Ti-MoP has a lower (44.5 mV dec−1)
than that of undoped (MoP 46.3 mV dec−1). Further, the electro-
chemical stability was studied for 8000 cycles and 15 days for
undoped MoP and Ti-doped MoP, the Ti-doped MoP electrocat-
alyst exhibited improved stability in 0.5M H2SO4 solution. Yoon
t al. (2021) developed a platinum-free cobalt phosphide (Co-P)
lectrode for the hydrogen evolution reaction, the electrode was
abricated on carbon paper by pulse electrodeposition technique
ith various dissolution amounts of Co. The acid-dissolved Co-
-0.3 electrode showed better electrochemical performance with
n overpotential of 143.85 mV at the current density of 10 mA
m−2 and the Tafel slope of 60.10 mV dec−1. Further, the single-
ell water electrolysis experiments were also carried out with
o-P-0.3 as a cathode electrode, which showed the remarkable
erformance, the achieved current density of 1.89 A cm−2 at a

cell voltage of 2.0 V. Tajuddin et al. (2021) reported noble metal-
free graphene-encapsulated NiMo alloy as an acid-stable catalyst
for HER. The N-doped graphene (4–8 layers) encapsulated NiMo
cathode catalyst exhibited an extremely stable electrochemi-
cal performance in the potential cycling test of 10,000 cycles.
13804
Moreover, exhibited highly stable electrochemical performance
after the 100 h of stability test at the constant cell voltage of
2.2 V in single cell PEM water electrolyzer. Recently, Atchudan
et al. (2022) developed a noble metal-free molybdenum disulfide
decorated banana peel porous carbon (MoS2@BPPC) catalyst for
hydrogen evolution reaction (HER). The developed MoS2@BPPC
composite electrocatalyst showed higher HER activity and pos-
sessed superior stability in the acidic conditions (0.5M H2SO4)
with an overpotential of 150 mV at the current density of 10 mA
cm−2, and the Tafel slope of 51 mV dec−1. Further, Brito et al.
(2022) introduced transition metal phosphide catalyst supported
on carbon black (FeP/CB) for HER as an alternative to platinum-
based catalysts. The prepared 50% FeP/CB catalyst showed better
electrocatalytic activity with an achieved overpotential of 252 mV
at the current density of 10 mA cm−2, which is quite close to the
220 mV of platinum catalyst.

Jiang et al. (2021) designed Ir film decorated WOx nanorods
(Ir@WOxNRs) through electrodeposition techniques for OER elec-
trodes and studied their electrochemical performance in acidic
media. The designed Ir@WOxNRs electrode with reduced no-
ble metal loading of 0.14 mg cm−2 demonstrated outstanding
electrochemical performance and stability, the achieved current
density of 2.2 A cm−2 at 2 V with an acceptable degradation rate
of 49.7µV h−1 during the 1030 h stability test at a constant cur-
rent density of 0.5 mA cm−2. Further, Jiang et al. (2022) developed
WO3 nano-array electrode with a heterogeneous IrRu coating
ith different Ir/Ru ratios by facile electrodeposition approach
nd studied their OER activity and stability in acidic conditions.
he developed Ir3.2Ru1.6@WO3 electrode exhibited outstanding

electrocatalytic activity and stability with a competitive overpo-
tential of 245 mV at 10 mA cm−2, which is lower than that of
commercial IrO2 (290 mV). Further, the single cell PEM water
electrolysis results were exhibited an extremely high current
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ensity of 4.5 A cm−2 at a cell voltage of 2.13 V with smaller Ir
oading of 115 µg cm−2. In addition, single-cell durability studies
ere carried out for 500 h at constant current density of 0.5 mA
m−2 at 80 ◦C, it shows that the single cell remains stable, as
hown in Fig. 11.
Wang et al. (2021) have synthesized nitrogen defective

raphite carbon nitride (N-CN) supported iridium oxide (IrO2/N-
N) by two-step annealing followed by hydrothermal methods to
ncrease the intrinsic OER activity of IrO2 in PEM water electroly-
is. The synthesized IrO2/N-CN has showed superior mass activity
7.86 times) and specific activity (1.75 times) than bare IrO2.
urther, electrochemical performance was studied in 4 cm2 single
ell PEMwater electrolyzer and the attained results demonstrated
hat the synthesized IrO2/N-CN electrocatalyst exhibited superior
lectrochemical performance of 1.778 V at the operating current
ensity of 1.6 A cm−2 which is significantly lower than that
f IrO2/CN (1.846 V) and IrO2(1.846 V), as shown in Fig. 12.
dditionally, the IrO2/N-CN exhibited acceptable stability with a
egradation rate of 63.3 µV h−1 during the 300 h durability test
t a constant current density of 1.6 A cm−2.
Min et al. (2021) have developed a high-performance IrOx/W-

iO2 electrocatalyst with the aim of noble metal reduction in PEM
ater electrolysis and studied their OER performance in half-cell
nd single cell compared with the undoped IrO2. The half-cell test
f IrOx/W-TiO2 exhibited an improved Ir mass activity than un-
oped IrO2 and commercial IrO2. The single-cell studies also were
howed improved electrochemical performance and stability than
nsupported IrOx and commercial IrO2. The achieved current
ensity of 1 A cm−2 at 1.602 V with noble metal loading of less
han 0.2 mg cm−2. Kaya et al. (2021) have reported modified IrO2
y introducing magnetic Fe3O4 to achieve the increased bubble
eparation during the OER in PEM water electrolysis. The attained
esults demonstrate that the prepared magnetized electrocatalyst
80% IrO2-20% Fe3O4) achieved 15% increased current density
uring the linear sweep voltammetry tests and 4% increased
urrent density in a single cell PEM electrolyzer test. Zhang et al.
2022) developed a core–shell nanostructured catalyst of Ru@Ir–
with tensile strains and incorporated oxygens introduced in the

r shell that holds an extremely low OER overpotential of 238 mV
t 10 mA cm−2 and lower Tafel slope of 92.6 mV dec−1 in acidic
onditions. The developed core–shell catalyst was exhibited an
utstanding 78-fold higher mass activity than commercial IrO2
t 1.55 V in 0.5 M H2SO4 electrolyte. Further, Chen et al. (2022)
eported a low-Ir core–shell OER electrocatalyst consisting of an
ntermetallic IrGa(IrGa-IMC) core and a partially oxidized Ir(IrOx)
s a shell. The prepared IrGa-IMC@IrOx core–shell electrocata-
ysts showed a lower overpotential of 272 mV at 10 mA cm−2

nd Tafel slope of 57.2 mV dec−1 with an ultra-low Ir loading
of ∼20 µg cm−2 and a mass activity of 841 A gIr−1 at 1.52 V,
which is 3.6 times higher than that of commercial Ir/C (232 A
gIr−1) catalyst.

3.4. Solid oxide water electrolysis

The solid oxide water electrolysis cell (SOEC) is one of the
electrochemical conversion cells, it converts electrical energy into
chemical energy. The development of solid oxide water electrol-
ysis was begun in USA in the year of 1970s by General Electric
and Brookhaven National Laboratory, followed by Dornier in Ger-
many (Buttler and Spliethoff, 2018). Typically, the solid oxide
water electrolyzer operates with water in the form of steam
at high temperatures (500–850 ◦C) can drastically reduce the
ower consumption to split the water into hydrogen and oxygen
onsequently increase the energy efficiency (Hauch et al., 2020;
echache and Hody, 2021; Choe et al., 2022). This improvement
n energy efficiency can lead to a strong reduction in hydrogen
13805
cost due to power consumption being the main contributor to
the hydrogen production cost in electrolysis (Shen et al., 2020).
Apart from that, solid oxide water electrolysis offers two major
advantages compared to the existing electrolysis technologies,
the first one is high operating temperature which resulted in fa-
vorable thermodynamics and reaction kinetics allowing unrivaled
conversion efficiencies. The second one is that solid oxide water
electrolysis can be thermally integrated easily with downstream
chemical synthesis i.e., the production of methanol, dimethyl
ether, and ammonia (Khan et al., 2018). Moreover, the solid oxide
water electrolysis does not require the use of noble metal elec-
trocatalysts and gives high conversion efficiency. Despite these
advantages, insufficient long-term stability has prevented the
commercialization of solid oxide water electrolysis. As of now, the
reported stability is only 20,000 h with yttria-stabilized zirconia
thin electrolyte (Fang et al., 2017).

3.4.1. Working principle of solid oxide water electrolysis
Typically, solid oxide water electrolysis operates at higher

temperatures with the consumption of water in the form of steam
and generates green hydrogen and oxygen. During the solid oxide
water electrolysis process, initially at the cathode side, the water
molecule is reduced into hydrogen (H2) and oxide ion (O2−) by
the addition of two electrons. The hydrogen released from the
cathodic surface and the remaining oxide ion (O2−) are traveled
through the ion exchange membrane to the anode side. At the
anode side, the oxide ions (O2−) are further reduced to generate
oxygen and electrons, then the produced oxygen is released from
the anodic surface and the electrons are traveled through the
external circuit to the cathode side by the positive attraction of
the cathode. The basic working principle of solid oxide water
electrolysis is shown in Fig. 13.

3.4.2. Cell components of solid oxide membrane water electrolysis
Solid oxide water electrolysis cell consists of main three com-

ponents such as two porous electrodes (anode and cathode)
and dense a ceramic electrolyte capable of conducting oxide
ion (O2−). The most used electrolyte is yttria-stabilized zirconia
(YSZ), which is especially 8 mol% of yttria doped in a dense
zirconium oxide-based ceramic material (cubic crystal structure
stabilized by the addition of yttria), due to the yttria-stabilized
zirconia electrolyte shows stable and excellent performance at
higher temperatures (700–850 ◦C). Moreover, YSZ electrolyte
having high ionic conductivity (10−2–10−1 S cm−1) is associ-
ated with good chemical and thermal stability (Nechache et al.,
2014; Nechache and Hody, 2021). The state-of-the-art hydro-
gen (cathode) electrode material is a ceramic metal composed
of YSZ and nickel (Ni-YSZ) which is a non-noble metal cat-
alyst with high electronic conductivity (Nechache and Hody,
2021). The most widely used oxygen (anode) electrodes are
perovskite materials i.e., LSCF (La0.58Sr0.4Co0.2Fe0.8O3−δ) and LSM
(La1−xSrx)1−yMnO3−δ (Tietz et al., 2013). The LSCF is the mixed
ionic electronic conductive material, which is high electrical
and ionic conductivity (102 and 10−2 S cm−1) along with high
oxygen diffusion properties. Typically, LSM is considered refer-
ence material because it shows good performance (Wang et al.,
2020a,b).

3.4.3. Research and development of solid oxide water electrolysis
The solid oxide water electrolysis technology is in the devel-

opment and commercialization stage. Globally, various research
institutions/organizations are actively working on the develop-
ment of this technology, some of the commercial solid oxide
electrolyzer manufacturers are listed in Table 4. The solid oxide
water electrolysis technology offers high energy efficiency due to
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Fig. 11. Physicochemical and electrochemical performance of the developed IrRu@WO3 nanorods. (a) A schematic illustration of the synthesis procedure of IrRu@WO3 .
b) A SEM image (left) and sectional view (right) of the array. (c) A TEM image of a single nanorod. (d) A HR-TEM image of the IrRu coating, colored blue (Ru) and
urple (Ir); the inset images show magnified views of the areas in the squares. (e) A selected area electron diffraction (SAED) image. (f) A scanning TEM (STEM)
mage of a single nanorod with overlapping element mapping. (g) A high-angle annular dark-field (HAADF)-STEM image of a IrRu grain, elemental mapping of Ir,
u, W and O, an overlap image, and line scanning along the pink line. (h) CV curves with a shaded area representing the OER activity and stability (i) OER LSV
urves (j) Single electrolyzer I–V polarization curves at 80 ◦C. (k) Durability testing at 80 ◦C at constant current density (Jiang et al., 2022). . (For interpretation of
he references to color in this figure legend, the reader is referred to the web version of this article.)
2
d

perating the higher temperatures with non-noble metal electro-
atalysts. However, some of the challenges associated with this
echnology such as long-term stability, the present stability is
 U
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0,000 h only and the targeted stability of 1,00,000 h and hy-
rogen production cost, the present hydrogen production cost is
SD 2000 kW/H (2020), and the targeted cost reduction of USD
2
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Fig. 12. (a) (a) XRD patterns; (b) TEM image, (c, d) HRTEM images and (e) corresponding FFT patterns of IrO2; (f) TEM image, (g) HRTEM image, (h) HAADF image
and corresponding mapping of Ir, O, C, N element of IrO2/CN; (i) TEM image, (j) HRTEM image, (k) HAADF image and the corresponding EDX mapping of Ir, O, C, N
element, of IrO2/N-CN. (l) I–V polarization curves (m) IrO2/N-CN stability for 300 h at constant current density of 1.6 A cm2 (n) Mass and specific activities of IrO2,
rO2/CN and IrO2/N-CN at 12.48 V (Wang et al., 2021).
200 kW/H2 (2050) (IRENA, 2020b). To achieve these targets,
the existing challenges need to be addressed such as increas-
ing the longer-term stability by using electrochemical tuning of
existing electrode materials or replacement of new perovskite
materials for better stability. Apart from that, for cost reduction
scaling up the electrolyzer with renewable energy sources. In
this context, Li et al. (2021) have developed a composite oxide
material of Ni1−xCdxO-SDC and studied as the hydrogen elec-
rode for reversible solid oxide cells. The prepared combination
f R-Ni0.9Cd0.1O-SDC electrode has the most electron vacancies,

resulting in the highest electrocatalytic activity during the water
electrolysis and electrochemical oxidation of hydrogen. Further,
the R-Ni0.9Cd0.1O-SDC electrode exhibited better electrocatalytic
activity (1.4 V at 265 mA cm−2) under various H2O concentrations
and the current density remain stable during the test at different
voltages for a total period of 10 h under 47%H2O + 53%H2O
atmosphere at 700 ◦C. Kim et al. (2021) introduced cobalt-free
perovskite materials of Ba Nd FeO as an oxygen electrode
1−x x 3−δ
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in solid oxide cells. The prepared Ba0.97Nd0.03FeO3−δ has shown
highest electronic conductivity (24.3 S cm−2) and lowest ther-
mal expansion coefficient (TEC) value (18.5 × 1−6). In addition,
the polarization resistance of Ba0.97Nd0.03FeO3−δ has the lowest
value in yttria-stabilized zirconia symmetric cells. It is due to
the Nd3+ results in an advantage in terms of the number of
additional oxygen vacancies created. More importantly, the high
current density of 2.05 A cm−2 at 800 ◦C. Kim et al. (2018)
reported a novel concept of hybrid solid oxide electrolysis cells
(hybrid SOEC) based on the composite ionic conducting agent
of BaZr0.1Ce0.7Y0.1Yb0.1O3−δ which is allowing the oxygen and
proton ions at the same time. The developed hybrid SOEC demon-
strated the highest current density of 3.16 A cm−2 at 1.3 V and
700 ◦C with stable electrochemical stability. Zhao et al. (2021)
developed a high-performance LSM-YSZ-Ce0.9Co0.1O2−δ oxygen
electrode by infiltration method and studied for hydrogen pro-
duction through solid oxide electrolysis cells. The developed oxy-
gen electrode exhibited excellent performance of 1.26 A cm−2 at
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Fig. 13. Schematic view of solid oxide water electrolysis working principle.
1.3 V, which is 3.3 times higher than the blank LSM-YSZ electrode.
Additionally, higher hydrogen generation rate of 873 mL cm−2

h−1. Zheng et al. (2021) introduced a novel electrode material
of Mn-doped Ruddlesden–Popper oxide La1.5Sr0.5NiO4+δ (LSNMx)
and their performance was evaluated in solid oxide electrolyzer
as an oxygen electrode. The LSNM0.5 showed lower resistance of
.488 � cm2 at 800 ◦C with a current density of 500 mA cm−2

t 1.4 V at 800 ◦C with stable electrocatalytic activity during the
45 h continuous operation, as shown in Fig. 14. This current
ensity is 85.2% higher than the un-doped LSN electrode.
Vibhu et al. (2021) developed layered perovskite-based rare

arth nickelates of Ln2NiO4+δ (Ln = La, Pr, and Nd) as an al-
ternative OER electrode for high-temperature solid oxide elec-
trolysis cells. Among all the synthesized nickelate electrodes, the
Pr2NiO4+δ (PNO) showed better electrochemical performance but
it showed a relatively higher degradation rate of 88 mV h−1 at
higher current densities. Further, increased the Pr2NiO4+δ elec-
trode durability by substitution of cobalt. The modified cobalt
substituted Pr2Ni0.8Co0.2O4+δ electrode were showed improved
electrochemical performance and stability at higher current den-
sities, the achieved maximum current density of 3.0 A cm−2 and
1.9 A cm−2 at a cell voltage of 1.5 V at 900 ◦C and 800 ◦C with
a lower degradation rate of 22 mV kh−1 in single-cell studies of
250 h at the constant current density of −1 A cm−2 at 800 ◦C
with 50% H2 and H2O feed gas mixture, as shown Fig. 15 (Vibhu
et al., 2021).

Further, Kukk et al. (2021) studied the long-term stability
of different electrode materials such as Ni-Zr0.92Y0.08O2−δ| Zr0.92
Y0.08O2−δ| Ce0.9Gd0.1O2−δ| Pr0.6Sr0.4CoO3−δ in solid oxide fuel cells
SOFC) for 17,820 h at 650 ◦C and solid oxide electrolysis cells
SOEC) for 860 h at 800 ◦C. The attained results show that the
r0.6Sr0.4CoO3−δ electrocatalyst has shown better stability in SOFC

with a small degradation rate of 2.4% for the first 1000 h and
1.1% for later, the degradation is mainly due to the formation of
silicon and chromium impurities on the electrolyte. During the
SOEC studies, the observed degradation rate of 16.3%, this higher
degradation was due to the formation of silicon and chromium
impurities along with cracks on the electrode.

4. Recommendations for future research and development

Green hydrogen production from renewable energy sources
ike wind and solar using water electrolysis technology is ex-

ected to be at the heart of the energy transition to meet the
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net-zero challenges. In addition, water electrolysis is a well-
known electrochemical process for green hydrogen production
that requires wider adoption to lower production costs with
high efficiency. Therefore, essential improvements and innova-
tions are required to produce viable green hydrogen and meet
the global net-zero challenges. In this context, various water
electrolysis technologies and their challenges, and possible solu-
tions are given below for cost reduction and commercialization
perspective.

Alkaline water electrolysis
Alkaline water electrolysis is well established and mature

technology for green hydrogen production. However, some of
the challenges associated with alkaline water electrolysis such
as lower operating current density, cell efficiency, and crossover
of the gases. Therefore, some improvements/developments are
needed in this technology.

• Separators (Diaphragms) — The thickness of the diaphragms
can be reduced with lower resistance this can improve
the cell efficiency and reduce the electricity consumption.
The overall thickness of the diaphragms should be reached
50 µm than the present thickness of ∼460 µm, this would
be contributed to improving the cell efficiency from 53% to
75% at 1 A/cm2.

• Current density — The lower current density is one of the
major barriers to alkaline water electrolysis, the significant
innovations/improvements are needed to increase the cur-
rent density. The current density should be reached up to
2–3 A/cm2 than the present current density of 0.8 A/cm2.
This can be achieved by using the thinner diaphragms with
high specific surface area electrode materials.

• Crossover of the gasses — Typically alkaline water electrol-
ysis takes place on the high concentrated (5M) KOH elec-
trolyte and high thickness diaphragms with nickel-based
electrodes. During the electrochemical reaction, this can
allow the intermixing of the generated gases, which are
dissolved into the electrolyte subsequently producing the
low purity of the gases. To reduce this crossover of the
gasses can be achieved by reducing the thickness of the
diaphragms. In addition, reducing the interface resistances

between catalyst layers and porous transport layers.
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Fig. 14. (a) SEM micrographs of GDC/LSNM0.5 (b) Current–voltage polarization curves of LSNM0.5 and LSN in single cell with 50% CO2+50% CO as feed gas at different
temperatures (c) Current–voltage polarization curves of LSNM0.5 and LSN in single cell with different gases fed into the fuel electrode at 800 ◦C. (d) Electrolysis
stability studies of LSNM0.5 and LSN at 800 ◦C (Zheng et al., 2021).

Fig. 15. (a). Current–voltage polarization curves of Pr2NiO4+δ,Pr2Ni0.9Co0.1O4+δ,Pr2Ni0.8Co0.2O4+δ, and LSCF electrodes at 800 and 900◦C in SOEC single cell
(b) Long-term stability of Pr2NiO4+δ,Pr2Ni0.9Co0.1O4+δ,Pr2Ni0.8Co0.2O4+δ, and LSCF electrodes at 800 ◦C at constant current density of −1 A cm−2 at 800 ◦C (Vibhu
et al., 2021).
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Table 4
Global leading electrolyzer manufacturers and their specifications.
Alkaline water electrolysis

Manufacture Origin of Country Generic name H2 Capacity (N m3/h) Pressure (bar) Energy consumption (kWh/N m3) Ref.

Nel. Norway A3880 2400–3880 200 3.8–4.4 Nel
Cummins Canada HySTAT

®
-100–10 100 10 5.0–5.4 Cummins

John Cockerill Belgium DQ-500 500 30 4.0–4.3 John Cockerill
McPhy France MeLyzer 800–30 800 30 4.5 McPhy
Sunfire Germany HyLink Alkaline 2230 30 4.7 Sunfire
Nuberg PERIC China–India ZDQ-600 600 20 4.6 Nuberg PERIC
TIANJIN Mainland China FDQ800 1000 5 4.4 TIANJIN Mainland
GreenHydrogen Denmark HyProvide A-90 90 35 4.3 Green hydrogen Systems,

AEM water electrolysis

Enapter Germany AEM Multicore 210 35 4.8 Enapter,

PEM water electrolysis

Nel. Norway M5000 5000 30 4.5 Nel
Cummins Canada HyLYZER

®
-4.000-30 4000 30 4.3 Cummins

Siemens Germany Silyzer 300 100–2000 35 N/A Siemens
Proton onsite USA M400 417 30 N/A Proton onsite
ITM Power UK HGASXMW 110–1900 20 N/A ITM Power
Plug Power USA GenFuel 5 MW 1000 40 5.2 Plug Power
Elogen France ELYTE 260 260 30 4.9 Elogen

Solid oxide water electrolysis

Sunfire Germany HyLink SOEC 750 40 3.6 Sunfire
AEM water electrolysis
AEM water electrolysis is the latest developing technology,

his technology is introduced to overcome the drawbacks of
lkane and PEM water electrolysis. However, the major challenge
ssociated with this technology is limited stability.

• Membranes and Ionomers — membrane durability is one of
he major challenges to scaling up this technology, the present
embrane’s durability is around 30,000 h only due to the poly-
er degradation from the membrane backbone chain (chemically
nstable). Therefore, considerable improvements/innovations are
equired to increase the durability and overcome the polymer
egradation, this can be achieved by increasing the chemical,
echanical and thermal stability of the membranes along with

ncreasing the ionic conductivity using high conducting polymer
ompositions. In addition, improve the electrode kinetics for OER
nd HER by tuning the metal surfaces, to maintain the long-term
tability.

EM water electrolysis
PEM water electrolysis offers several advantages over alkaline

ater electrolysis such as high operating current density, high
urity of gases, higher outlet pressure, and smaller footprint.
owever, the major challenge associated with this technology
s cost of the components. Therefore, considerable developments
re needed to reduce the cost.

• Membranes — The membrane is a key component of the
PEM water electrolyzer and significant innovation/
improvements are needed in this area to increase the ef-
ficiency and durability and reduce the cost. For example,
reducing the membrane thickness with stronger mechanical
resistance enables an increase in efficiency and durability,
which in turn enables a reduction in electricity consump-
tion.

• Electrocatalyst Materials — Electrocatalysts are another key
component of PEM electrolyzer and significant innovations
are required in this area due to the precious materials
(Pt/IrO2) being a major barrier to PEM electrolyzer cost and
scale-up. Therefore, significant solutions to replace/reduce
such materials are essential, this can be achieved by using
earth-abundant non-noble materials. In addition, reduction
13810
of precious materials loadings with increase in the kinetics
of OER and HER electrode materials by tuning the surface
properties like increasing the surface area.

• Stackability (Electrolyzer cell stack) — Porous transport
layers and bipolar plates contribute a significant ratio to
the overall stack cost due to the use of platinum or gold-
coated titanium materials. Therefore, significant innovations
are needed in these components, including their design and
manufacturing, which can enable lower system costs.

Solid oxide water electrolysis
Solid oxide water electrolysis is a developing technology with

high efficiency. However, the main challenge is durability, so
significant advancements are essential for this area to increase
the durability.

• Durability — The improved durability can be achieved
by increasing the electrolyte conductivity and optimization of
chemical and mechanical stability. In addition, tuning the elec-
trochemical surface properties and compatibility of the electrode
materials, for example, control the nickel agglomeration or oxida-
tion state of OER electrodes and the lanthanum manganite (LSM)
or lanthanum ferrite (LSF) delamination from the electrolyte.

5. Conclusions

Nowadays rapidly growing interest in water electrolysis tech-
nologies is because green hydrogen production is the most
promising renewable energy vector for global decarbonization.
However, green hydrogen production is limited to demonstration
projects due to economic issues. In this review, a brief introduc-
tion was made about the various water electrolysis technologies
and their techno-commercial prospects including hydrogen pro-
duction cost, along with recent developments in electrode materi-
als, and their challenges. In addition, some of the most successful
results also were described and identified the research gaps in
water electrolysis research and development towards the com-
mercialization prospects. However, as of now the green hydrogen
production cost is high compared to the conventional blue hydro-
gen production cost because of the use of expensive materials.
Therefore, in order to reduce the green hydrogen cost, we out-
lined our ideas, possible solutions, and recommendations in the
direction the future research should proceed to develop efficient
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nd cost-effective water electrolysis technologies to mitigate the
nvironmental and economic concerns.
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