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The development of sustainable energy technologies has received considerable attention to meet
increasing global energy demands and to realise organisational goals (e.g., United Nations, the Paris
Agreement) of carbon neutrality. Hydrogen is a promising alternative energy source to replace fossil fuels
and mitigate corresponding environmental issues. An aspiring method to produce hydrogen is to direct
energy from intermittent renewable energy sources for water electrolysis. However, a major obstacle to
practically achieving hydrogen storage is the future investment costs of water electrolysis due to the
energy-intensive nature of the reaction. In this study, we present an overview of current research interests
that produce hydrogen, including different types of water electrolysis such as high-temperature, low-
temperature, nuclear-driven, solar-powered, wind-powered, and grid-connected water electrolysis.
Electrolysis using organic fuels and hydrogen production as a by-product of various electrolytic methods
are also briefly discussed. At the end, we demonstrate the economics, sustainability, and challenges of
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sustainable hydrogen production reporting since 2005 onwards.

1. Introduction

It is well known that the continued burning of fossil fuels
releases greenhouse gases into the atmosphere, which poses a
major threat to the environment and leads to changes in
climate." Additionally, the infrastructure of a country that is
dependent on the importation of foreign fuel sources will
display vulnerability as a result of the increase in conventional
fuel costs that have been forced by the rising energy demand.
Future energy sources would ideally be carbon-free and renew-
able in order to combat climate change on a long-term basis
and reduce our reliance on foreign oil.>*

Hydrogen could be employed in future energy frameworks
since it is a carbon-free alternative energy source with several
benefits, such as environmental friendliness and high energy
density. Clean and sustainable energy is produced from
various energy sources all over the globe using hydrogen
derived from renewable resources.*

H, has the highest specific energy of any fuel now in use, at
33.31 kW h kg™'. By comparison, gasoline has a specific
energy of 12.89 kW h kg™ and lithium-ion batteries have a
specific energy of 0.1-0.2 kW h kg™*.>® Due to the high energy
density, 5 kg of H, is sufficient to propel a typical passenger
vehicle 500 km in less than 5 minutes.” This is the key advan-
tage over battery-powered cars, which require heavier and
larger batteries to travel the same distance and require more
refuelling intervals.®

Green Chem., 2023, 25, 9543-9573 | 9543


http://rsc.li/greenchem
http://orcid.org/0000-0003-4568-2407
http://orcid.org/0000-0002-7954-5251
http://crossmark.crossref.org/dialog/?doi=10.1039/d3gc02849f&domain=pdf&date_stamp=2023-11-22
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc02849f
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC025023

Open Access Article. Published on 19 Oktober 2023. Downloaded on 07.05.26 06:46:49.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Tutorial Review

To date there are a variety of sustainable and high-purity
processes for electrolysis-based hydrogen production. There is
much interest in, and funding for, this field of study, as seen
by the increase in the number of scientific publications on the
subject of hydrogen synthesis by the electrochemical splitting
of water.® In addition to being manufactured as a fuel for
transportation, hydrogen can also be produced as a feedstock
for the chemical industry and as a solution to address the
intermittent nature of renewable energy sources such as wind
and solar energy. The existence of economically viable methods
for sustainable hydrogen production is essential in making this
vision a reality. Today, however, with around 96% of the world’s
hydrogen generation (mostly for ammonia production) relying
on the steam reforming of fossil fuels, this is not the case.'
Around 60 million tonnes of hydrogen are produced each year
on a global scale."* Nearly half of this is created by the steam
reforming of natural gas, 29% through the reforming of oil, and
17% through the gasification of coal, all of which emit signifi-
cant amounts of greenhouse gases. Additionally, water electroly-
sis produces around 4% of the hydrogen.'? At present, annual
hydrogen consumption growth is 6%.""

There are numerous ways to make hydrogen which have tra-
ditionally relied upon electro- and thermochemical processes,
in addition to biochemical methods that occur via fermenta-
tion, biophotolysis, or biological metabolic pathways.
Electrochemistry involves the splitting of water into molecular
hydrogen and oxygen, primarily through water electrolysis.
Through reforming, pyrolysis, and gasification reactions of
biomass and fossil fuels, hydrogen is produced thermochemi-
cally (carbonaceous fuels)."* Notwithstanding this, thermo-
chemical processes, photobiological water splitting, and
biomass fermentation are a few of the potential methodologies
that are being researched in order to produce hydrogen sus-
tainably."* The need for sustainable energy sources is becom-
ing increasingly important due to the rising global demand for
energy and the need to reduce carbon emissions and ecologi-
cal pollution. The current favourable (lower cost) generation of
hydrogen from fossil fuels, in comparison with alternative
technologies based on renewables, is the biggest obstacle to
the introduction of renewable routes to hydrogen production.
Other processing techniques, such as the gasification of
biomass or the splitting of water using external energy sources
like sunlight, have the potential to utilise more sustainable
methods or feedstocks, despite the majority of hydrogen gene-
ration coming from unsustainable routes using carbon-based
fuels. In light of this current less-than-optimal nature of hydro-
gen generation, more efficient alternative routes must be devel-
oped in conjunction with other energy supply channels. Many
renewable-based technologies have efficiency restrictions, thus
in practice a variety of technologies will need to be made com-
mercially viable in order to meet the demand for a significant
increase in sustainable hydrogen generation.'> When com-
pared with the usage of fossil fuels and biofuels, hydrogen
offers some advantages that could be deemed favorable.'®
Table 1 demonstrates a brief summary of principles of various
high-performance hydrogen production methods.
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In this article, we give an overview of the several types of
water electrolysis being researched today, including solar-
powered, grid-connected, high-temperature, low-temperature,
nuclear-assisted and wind-powered water electrolysis.
Hydrogen production as a by-product of several electrolytic
processes and electrolysis utilizing organic fuels are also
slightly explored. We conclude by highlighting the cost, sus-
tainability, and difficulties of sustainable hydrogen
production.

2. Electrochemical production of
hydrogen

As the most prevalent element in the universe, hydrogen is
easily accessible in the form of biomass from plants, water,
hydrocarbons, and other organic substances. Hydrogen is cur-
rently produced more for use as a chemical or reducing agent
than as a fuel. As an energy carrier or energy vector rather than
an energy source, hydrogen produced from renewable
resources can offer an energy pathway that is both clean and
sustainable.'® Fig. 1 gives the recognised primary energy
sources and their routes to hydrogen production."®

To fulfil its role in the future, hydrogen production must
meet three key criteria:

i. It needs to follow sustainable routes;

ii. It ought to make use of plentiful and renewable
feedstocks;

iii. High-purity hydrogen must be produced, because con-
taminants are hazardous in most fuel cell and other
applications.

Hydrogen may only be regarded as sustainable if both the
process’s feedstock and the energy source for its electrical
input are renewable.”® The options for producing hydrogen
sustainably are elaborated in this study. Fuel cells that use
hydrogen to produce energy can be employed with ease.
Additionally, hydrogen has a high energy yield of 122 kJ g7,
which is 2.75 times higher than fuels derived from hydro-
carbons.?® As a technical and policy problem, the use of hydro-
gen as a fuel for mobile and stationary applications is getting a
lot of positive attention.>® The estimated total annual hydro-
gen consumption for the entire planet is 400-500 billion
Nm?®.*" The current use of hydrogen accounts for 3% of global
energy consumption, with a growth rate of 5-10% each year.>?
There are numerous ways to manufacture hydrogen, and
Table 2 lists them along with their benefits and drawbacks for
producing hydrogen energy.>"**">” Electricity is used in elec-
trolysis to divide water molecules into hydrogen and oxygen,
and the price of electricity is a major factor in the cost of pro-
ducing H, energy.>'*334

In Table 3, the environmental effects of the various electro-
lysis procedures are described together with the current and
projected costs of producing hydrogen through electrolysis uti-
lising various electricity sources.***> Table 3 shows that the
most dependable and economically efficient way to currently
produce hydrogen is through electrolysis utilising hydropower,

This journal is © The Royal Society of Chemistry 2023
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Table 1 Summary of principles of Green Hydrogen production methods®’
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Material Process driving
Hydrogen production methods resources energy Brief description
Thermolysis Water Thermal energy  Steam is heated to over 2500 K, where water molecules thermally
disintegrate
Thermochemical Gasification Biomass Syngas is produced from biomass, and H, is removed
processes Water splitting ~ Water Chemical reactions are carried out, whether or not they involve
redox reactions
H,S splitting H,S Cyclical processes to break the hydrogen sulfide molecule
Reforming Biofuels Conversion of liquid biofuels into hydrogen
Thermocatalysis Biomass Biomass Conversion of biomass to hydrogen by thermocatalysis
conversion
H,S cracking H,S Thermo-catalytic H,S is broken down from seawater or other indus-
trial processes
Coal gasification Water Electrical + Syngas is created from coal, and subsequently H, is removed and

thermal
Fossil fuels reforming Fossil fuels

High-temperature electrolysis Water

Thermo-catalytic fossil fuels cracking Fossil fuels

Hybrid thermochemical cycles Water

Plasma arc decomposition Natural gas

Electrolysis Water
Dark fermentation Biomass Biochemical
energy
Thermophilic digestion Biomass Biochemical +
thermal
Photoelectro-chemical method Water Photonic energy
PV-electrolysis Water
Bio-photolysis Water
Photocatalysis Water
Photofermentation Biomass Photonic +
Bio-photolysis Biomass, biochemical
water
Artificial photosynthesis Biomass,
water
Photoelectrolysis Water Electrical +

photonic

Reformin;

M}—‘M“ Thermo dynamical Cycle
o |
Solar —— | Photovoltaic

Direct Turbine

‘Water
( Electrol

=

oo oo
Energy
Solar Photo catalysis ‘—

Fig. 1 The primary energy sources considered and their routes to
hydrogen. Reproduced from ref. 10 with permission from Elsevier, copy-
right 2005.
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Electrical energy

CO, is separated and sequestered (using electricity)

With CO, capture and isolation, fossil hydrocarbons are transformed
to H, (electricity used)

Splits water in solid oxide electrolyte cells using both an electrical
and thermal source

Fossil hydrocarbons are split into H, and CO, via a thermo-catalytic
process, while CO, is separated or sequestered to make the method
green

Utilize thermal and electrical energy to cycle through chemical
reactions, which will ultimately lead to the splitting of water
Hydrogen and carbon soot are formed when cleaned natural gas
(methane) is pushed through an electrically generated plasma arc
An electrochemical process that generates a direct current leads
water to decompose into oxygen and hydrogen gas

Without light, anaerobic fermentation

Uses thermal energy helped by biomass digestion to heat at low-
grade temperature

The water electrolysis process is powered by photovoltaic electricity
produced by a hybrid cell

Electricity from solar panels powers the electrolyzer

Utilizing cyanobacterial-based biological systems, hydrogen is
produced under controlled conditions

Hydrogen is produced from water using sophisticated homogeneous
catalysts or molecules with photoinitiated electron collecting

By exposing the fermentation process to light, it is facilitated

Uses bacteria and other microorganisms to photogenerate hydrogen

To simulate photosynthesis and produce H,, chemically modified
molecules and related systems are used
Photoelectrodes and external source of electricity are required

although in the future nuclear power may be utilised. Despite
being a viable replacement for fossil fuels, hydrogen still faces
several difficulties. Due to hydrogen’s inability to liquefy at
room temperature, these difficulties mostly relate to the high
cost of production and the difficulty in storage.'®3>3¢

Using a strategy based on distinct colours, hydrogen-gener-
ating technologies are increasingly being stated.’”° Grey (or
brown/black) hydrogen is created by fossil fuels (mostly coal
and natural gas), which results in the release of carbon
dioxide.?® Blue hydrogen prevents the majority of the process’s
greenhouse gas (GHG) emissions by combining grey hydrogen
and carbon capture and storage (CCS). Natural gas is converted
into blue hydrogen by the steam reforming process. In this
process, natural gas is broken down into hydrogen (H,) and
carbon dioxide (CO,), with some of the generated CO, unable
to be captured, while the remaining CO, is captured (85%-—
95%) and stored underground using commercial CCS tech-
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Table 2 Hydrogen production from various sources and related mechanisms, efficiencies, costs as well as advantages/disadvantages
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21,24-27

Hydrogen Efficiency
Source Mechanism Benefits Drawbacks cost ($ perkg) (%) Ref.
Water 2H,0 — 2H, + O, Proven technology Storage problems 10-23 40-60 19 and
electrolysis Zero emission Applicable only to special 20
purposes
Only by-product is O, Transportation issues
Existing infrastructure
already developed
Hydrogen from Biomass + H,O + Air Dependent on renewable Inefficient when compared 2.05 35-50 21
biomass — H, + CO, sources with fossil fuels
Other useful products can be  Not entirely a clean source
obtained such as adhesives, because of methane gas
polymers, fertilizers produced as a by-product
Less expensive Potential contribution to
deforestation
Steam methane Biogas + steam — H,  Existing infrastructure. Most ~ Unstable supply. Geopolitical ~ 2.27 74-85 20
reforming (SMR)  + CO, developed of these tension. Pollution (CO, CO,)
technologies
Nuclear energy C;H, (synthetic crude) Less carbon production Disposal of radioactive waste =~ 4-7 45-50 22
+ 2H,0 + nuclear heat Mining and processing of
— CO, + 3H, uranium
Potential for accidents
Gasification of C,H, + O, - 2CO + Less CO, emitted than con- Along with H,, the pro- 1.48 60-75 22 and

coal 2H, ventional fossil fuel burning
Syngas can be easily

collected and used to

produce carbon neutral fuels

Table 3 Comparison of various electricity sources for water
electrolysis®*>°

CO, emission
Electricity Present cost Future cost (kg CO, Efficiency
source (8 per kg) ($ perkg)  per kg H,) (%)
Hydro 1.4 3-4 0 25
Wind 7-11 3-4 0 21
Nuclear 4.15-7 2.45-2.63 0 45
Solar 10-30 3-4 0 20

niques. Leakage can still have a harmful impact on ecology
and the climate, and the long-term effects of storage are unde-
termined.*® Solid carbon in the form of carbon nanotubes or
filamentous carbon is a by-product of the pyrolysis of methane
to produce turquoise hydrogen.*' Green hydrogen is manufac-
tured by electrolysers powered by renewable electricity. It can
also be generated via alternative bioenergy-based processes
like biomethane reforming or solid biomass gasification.*?
Through atomic current electrolysis, purple hydrogen can be
produced. Incorporating a hydrogen-producing facility could
lessen the need to shut down nuclear power facilities.** The
term “yellow hydrogen” is occasionally used in the literature to
refer to purple/pink hydrogen. However, the more typical defi-
nition of yellow hydrogen for grid-powered electrolysis is
employed. Finally, white hydrogen is hydrogen from its natural
form or as a by-product of industrial processes.’”

Since its invention in the late 1920s, electrolysis has been
used to produce pure hydrogen commercially. In this case,

9546 | Green Chem., 2023, 25, 9543-9573

duction of heavy oils, pet- 23
roleum and coke can occur

Large amounts of CO, are

still produced

Energy and water intensive

water is separated into hydrogen and oxygen using external
electricity. By the 1960s industrialised hydrogen production
had switched to options fuelled by fossil fuels, which have con-
tinued to be the primary source of energy and raw materials
for the manufacture of hydrogen."* Only 4% of the total hydro-
gen supply in the world is now produced by electrolysis.**
Numerous hydrogen production techniques, including electro-
lysis, have been thoroughly researched from an economic,
environmental, technological, and social standpoint in the
literature.”?”#>45758

The electrolyser is the fundamental part of an electrolysis
process for producing hydrogen (can be connected either in
parallel or in series). The by-product gases, typically hydrogen
and oxygen, are often cooled and compressed before being
stored for multiple end uses. Since oxygen is typically not a
desired result in electrolysis procedures, it is usually immedi-
ately released into the environment rather than entering
storage. Additionally, the water supply to the electrolyser needs
to be adequately treated to remove contaminants and, by
extension, any possibility for unintended side reactions.
Moreover, due to the absence of moving parts in most electro-
lysers, routine maintenance is not necessary. The silent oper-
ation and modular design of electrolysers make them suitable
for distributing an energy supply to residential, commercial,
and industrial units. To reduce the costs of electrolyser manu-
facture, distribution, and installation, considerable technologi-
cal and material advancements are needed to coincide with
efficient function under ambient conditions."”> Different
technologies have been compared for their energy efficacy in
producing hydrogen (Fig. 2).*°

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Different methods of hydrogen production. Reproduced from
ref. 19 with permission from Elsevier, copyright 2022.

Currently, electrolysis creates pure hydrogen for use in the
food, pharmaceutical, electronics, and other industries®®
and is being studied as a potential technique to create hydro-
gen for use as a fuel.*® Potentially, electrolysis can offer a clean
and sustainable supply of chemical energy when combined
with a renewable energy source. In other cases, electrolysis can
benefit from off-peak energy to lower the cost of electricity.
Two commercial electrolyser technologies are alkaline and
solid polymer electrolysers, while alkaline polymer, solid
oxide, and molten carbonate are three technologies that are
currently being researched and developed.®*

Among other operating factors, electrolysers can be cate-
gorised based on their operating temperature. The most
common systems use polymer electrolyte membrane (PEM)
and alkaline technologies in low-temperature electrolysers,
sometimes referred to as “water electrolysers”, while molten
carbonate electrolysis (MCE) cells and solid oxide electrolysis
(SOE) cells are examples of high-temperature electrolysers, also
referred to as “steam electrolysers”.®> Due to two primary
factors, an increase in the electrolysis temperature is of tre-
mendous interest. Firstly, this is because high-temperature
technologies often require less energy than low-temperature
ones. In fact, a portion of the electrical energy required to
break down the water molecule can be replaced by heat as the
temperature rises. Secondly, because of their internal fuel-pro-
cessing capability, which is improved by higher operating
temperatures and the presence of catalysts, they can process
hydrocarbon fuels without experiencing severe degradation
difficulties. Since losses, including ohmic losses, are reduced
at higher temperatures.®® Hydrogen may be produced with very
low specific electrical consumption of 3-4 kW h Nm~ by high-
efficiency upgrading of hydrocarbon streams.®”

2.1. Electrocatalysts for hydrogen production

Electrocatalysts are required for electrochemical energy conver-
sion and storage techniques in order to create environmentally
responsible and long-lasting energy systems. Systems that use
electrochemistry for energy conversion and storage often

This journal is © The Royal Society of Chemistry 2023
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employ a wide variety of electrochemical processes; they gene-
rate less carbon dioxide and have high energy densities. The
effectiveness and affordability of the electrocatalyst are crucial
for its broad application. The use of electrocatalysts increases
the electrolysis system’s energy efficiency. We selected a few
examples to highlight many sorts of electrocatalysts from the
many electrocatalyst examples that are accessible. Many com-
pounds based on transition metals have proved to be effective
electrocatalysts,®>743:33:57,68-95

Due to their powerful electrocatalytic activity, transition
metal compounds (such as carbide, oxide, sulfide, phosphide,
selenide, and others) are among the many electrocatalyst can-
didates being researched. The workings of different electroca-
talysts differ. Because they facilitate the conversion of reaction
intermediates and lower resistance, electrocatalysts are essen-
tial for increasing reaction speeds. Noble metals are the most
complex electrocatalysts for OER (Ir/Ru oxide), HER (Pt), and
ORR (Pt), but due to their high cost and scarcity, they are not
frequently utilized in industry. Even at relatively low platinum
loadings, a number of commercial electrodes constructed
from Pt(Mo,C)-produced catalysts exhibit significant catalytic
activity for the hydrogen evolution reaction (HER) in 0.5 M sul-
furic acid solution.”* Commercial electrodes made of Ni and
Ti mesh function well, offer superior cathode materials, and
cost less than electrodes made of Pt.’? Other materials offer
the best electrode materials for general application since they
are less expensive than Pt-based electrodes and have good per-
formance. Of course, the cost of the electrodes must come
next. They can be made of costly and affordable materials, cor-
rosion-resistant metals, and alloys, including noble metals.

The components used for manufacturing the electrodes
used in water in general, but particularly in seawater electroly-
sis, must adhere to precise specifications. Both the most exten-
sively researched hydrogen evolution reaction (HER) and the
less well-known oxygen evolution reaction (OER) must occur at
the electrodes in seawater, hence the electrodes must have
electrocatalytic qualities. On the electrolysis cell, this will
lessen polarizations and explicit voltage losses. The findings of
investigations on appropriate seawater electrocatalysts for HER
recently employed in the electrolysis process are shown in
Table 4.

Table 4 A few examples of electrocatalysts for hydrogen production®

Electrocatalysts Stability, h Ref.
Ni-N; 14 72
Co-Se 12 96
CoP-WP/rGO 30 97
FeOOH/p-Ni-Co-OH 378 98
NiMoS 100 75
MFC-N,O doped C 76 86
Co/GCFs 10-20 78
MNiNS, Ni/Pt-C, Ni/Ir-C 12 99
FeCo-Ni,P, MIL-FeCoNi 100 85
Pt-NiFe PBA 12 77
NiCo@C 60-140 100
MZXene, carbide 225 94
Ni,P-FeP 90 81

Green Chem., 2023, 25, 9543-9573 | 9547
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3. Water electrolysis

This approach makes reference to the earliest technique for
creating hydrogen, which dates to the 19th century.'”!
Although abundant, renewable energy is sometimes unreliable
and intermittent. The need to store energy for times when the
sun is not beaming and the wind is not blowing will increase
as our reliance on renewable energy increases.'®® Utilising
renewable energy (as and when it becomes available) to split
water into hydrogen and oxygen in accordance with eqn (1) is
one of the more interesting methods for storing this energy.'®

A carbon-neutral fuel production and consumption cycle
can be created by storing the hydrogen created by the reaction
in eqn (1) and then oxidising it (by burning in air or in a fuel
cell) to release energy and regenerate water. The overall reac-
tion is shown below:

1
H,0 + electricity — H, + 502 (1)

At room temperature and pressure, the reaction in eqn (1)
is a thermodynamically upstream process and needs an energy
input of 286 kJ mol™". This conversion is thought to be best
accomplished via electrochemical methods, which just need
inputs of water and voltage to make hydrogen.'®® According to
eqn (2), water is oxidised at the anode when the environment
is acidic.

2H,0 — O, +4e” +4H" (2)

These protons cross into the cathode compartment (to com-
plete the electrochemical circuit), and the electrons move
through the external circuit. The hydrogen evolution reaction
(HER), which combines the protons and electrons at the
cathode, follows:

4e” +4H" — 2H, (3)

The minimal theoretical voltage needed to drive the OER
and HER (to split water) is 1.23 V at ambient temperature. The
reactions must have additional energy, or activation energy, in
order to occur at noteworthy rates. The amount of activation
energy required increases with the rate of water splitting
(measured as charge flowing per unit area of electrode per unit
time, or “current density”). The necessity for potential bias
above the 1.23 V minimum results from the increased energy.
The finest electrocatalysts for acidic environments (where
protons serve as the electrochemical charge carriers, as shown
in the figure below) are precious metals (platinum at the
cathode and IrO, or RuO, at the anode). First-row transition
metals (and their alloys) and oxides provide effective HER and
OER catalysts, respectively, when the HER and OER proceed
under the basic conditions stated in the equations below."%*

Basic HER : 4H,0 + 4e~ — 2H, + 40H" (4)
Basic OER : 40H™ — O, + 2H,0 + 4e~ (5)

The oxygen evolution reaction (OER) and hydrogen evol-
ution reaction (HER) are the two main processes that make up

9548 | Green Chem., 2023, 25, 9543-9573
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overall water electrolysis. Both of these reactions require
effective electrocatalysts'® %7 to speed up their slow kinetics
for high energy efficiency.'*'%*'° Transition metal-based
electrocatalysts play an important role in clean energy.'*"'"?
The development of non-precious OER/HER electrocatalysts as
substitutes for Pt/C and Ir/Ru-based catalysts has made signifi-
cant progress in recent years.">''* Fig. 3 depicts a typical elec-
trolysis cell for splitting water.

About 1 x 107 S m™" is the electrical conductivity of pure
water, making it a poor conductor of electric currents. Under
these conditions, hydrogen and oxygen production would
require very high voltages. To make water more conductive,
salts, acids, or bases are typically added. Acidic and alkaline
solutions have higher electrical conductivities than neutral
solutions because hydrogen ions (H') and hydroxyl ions (HO™)
have a greater degree of mobility in these environments.
Despite the fact that acidic solutions are more conductive than
alkaline solutions, the corrosion of steel-based metallic com-
ponents leads to a rise in the material consumption of the
electrodes, which results in process losses. Due to the for-
mation of carbonates under the effect of carbon dioxide in the
air, which results in a 75% reduction in initial conductivity,
the electrical conductivity of alkaline electrolytes diminishes
with time.’

As a sustainable approach, water electrolysis technology has
been developed to produce high-purity hydrogen, called green
hydrogen. A voltage is applied to the cells during water electro-
lysis, and a DC current travels between two electrodes while in
contact with an ionic conducting medium, producing hydro-
gen and oxygen from the breakdown of water (Fig. 4).°

The best way for splitting water is electrolysis, which is a
robust and well-understood process.”® However, because of
how endothermic the process is, electricity is used to supply
the needed energy input.''> In practice, the electrolysis of
water achieves an energetic efficiency of 50-70% (chemical
energy obtained per electrical energy provided).!

Since high-purity water supplies are necessary for all com-
mercially available water electrolysers, a low system efficiency
of 70% and high cost limit the applicability of water
electrolysis."*®*® In many places, especially in hot, arid
locations, freshwater has historically been a rare resource.

4¢ + 4H

21,0

Membrane Separator

Fig. 3 Electrolysis cell for splitting water. Reproduced from ref. 104 with
permission from Nature Publishing Group UK London, copyright 2017.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Flow diagram of the water electrolysis process. Reproduced
from ref. 20 with permission from Elsevier, copyright 2017.

Equipment for water purification and desalination is required
while building an electrolytic water system in order to pre-treat
saline and low-grade water."**"*° The flow of input-fluid and
outflow-air streams, gas regulators, and thermal management
devices are all complicated setups that distinguish practical
electrolysers from basic laboratory systems. Even before factor-
ing in related investments in transportation and maintenance,
the deployment of more water purification devices will even-
tually come at a prohibitive cost. Direct use of saline seawater
in water electrolysis systems can be a feasible and practical
strategy for coastal dry zones and offshore large-scale hydrogen
outputs when cost reduction is taken into account. The econ-
omic efficiency of purification/desalination can be significantly
increased by removing pre-treatment systems. For the electroly-
sis of water and seawater to produce hydrogen, solar energy,
geothermal energy, wind, micro-hydropower, and wave energy
are all appropriate sources of energy (Fig. 5).

The market for hybrid renewable energy systems has grown
significantly as a result of the year-round fluctuations in the
availability of renewable energy sources like solar, wind, small
hydro, geothermal, and ocean power. Numerous studies on the
architecture, operation, dependability, and optimisation of
hybrid renewable energy have been published recently in
response to the rise in demand. The key renewable energy
sources listed in Table 5 can be used to electrolyse seawater in
a sustainable manner.**7>1197142

Geothermal

Fig. 5 Renewable sources of energy for hydrogen production from
seawater electrolysis. Reproduced from ref. 9 with permission from
MDPI, copyright 2022.
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Table 5 Main renewable sources of energy that could be sustainably
used for seawater electrolysis®

Type of renewable source Ref.

122
122,124 and 142

122, 124, 125, 128, 132, 135, 137 and 139
121, 124, 126, 130 and 134-142

9,59, 75, 121, 123-125, 127, 129-132, 134
and 136-139

139

Wave energy
Geothermal energy
Wind energy

Hybrid renewable energy
Solar energy

Microhydropower

Alkaline water electrolysis, proton exchange membrane
(PEM) water electrolysis, and solid oxide water electrolysis
(SOEC) can produce hydrogen when different electrolytes are
used.'*® Key features of these techniques are described in
Table 6.

3.1. High-temperature water electrolysis

This type of water electrolysis consists of following types:

3.1.1. Molten carbonate electrolysis (MCE). MCE and SOE
are the most effective yet the least developed. Numerous
researchers have examined electrolysis in molten carbonate
salts, primarily concentrating on the electrolytic reduction of
carbonate melts or carbon dioxide into solid carbon or
gaseous carbon monoxide."**™"*® The molten carbonate elec-
trolyte suspended in a porous and chemically inert ceramic
matrix underlies the molten carbon fuel cell (MCFC) techno-
logy, from which MCEs are formed. The electrolyser’s working
principle is the opposite of that of the fuel cells, and the differ-
ence between the MCE cells and MCEFC is in the direction of
the redox reaction. The materials used to assemble the com-
ponents of the MCE cells are the same as those used to assem-
ble the MCFCs, with the exception that the cathode consists of
porous nickel alloyed with Cr and/or Al, and the anode is of
porous lithiated nickel oxide (NiO). The lithium, potassium,
and/or sodium carbonate (Li,CO3, K,COj3, and Na,CO;) combi-
nation is used as electrolyte. Operating with a liquid carbonate
electrolyte is possible when the temperature is between 620
and 680 °C. Only a few MCE-specific research studies are
reported in the literature. However, despite being at a highly
advanced level of research, MCFC technology is the only one of
the fuel cell technologies to have produced power plants with
several megawatts of output. The functional layout of a Molten
Carbonate Electrolyser Cell (MCEC) is shown in Fig. 6.°°
Hydrogen electrode reactions are:

H,0 + CO, +2e~ — CO3;>” + H, (6)

2CO, +2e~ — CO;>~ 4+ CO (7)

In reaction (6) steam is electrolysed in an MCE, while in
reaction (7) carbon dioxide undergoes an electrochemical reac-
tion to form carbon monoxide. The latter is slower and is not
predicted to happen in the hydrogen electrode, according to
literature reports.'®” It is anticipated that carbon monoxide
will be produced through an equilibrium shift because of the

Green Chem., 2023, 25, 9543-9573 | 9549
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Table 6 Technical features of common water electrolysis methods!4*
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Features Alkaline AEM

PEM Solid oxide

Anode reaction
Cathode reaction
Overall cell

20H™ - H,0 +10, + 2e”
2H,O + 2¢~ — H, + 20H~
H,0 - H, + 10,

20H™ - H,0 +10, + 2¢”
2H,0 + 2¢~ — H, + 20H"~
H,0 - H, +10,

H,0 — 2H" + 10, + 2¢~
2H +2e” - H,
H,0 — H, +10,

0> - 10, + 2¢”
H,O0 +2e~ — H, + 0>~
H,0 — H, +10,

Operating temperature 70-90 °C 60-40 °C 50-80 °C 700-850 °C

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

Electrolyte Electrolyte KOH/NaOH (5 M)  DVB polymer support with  Solid polymer electrolyte Yttria-stabilized Zirconia
1 M KOH/NaOH (PFSA) (Ysz)

Electrode/catalyst Nickel-coated perforated Nickel Iridium oxide Ni/YSZ

(hydrogen side) stainless steel

Electrode/catalyst Nickel-coated perforated Nickel or nickel alloys Platinum carbon Perovskites (LSCF, LSM)

(oxygen side) stainless steel (NiFeCo) (La,Sr,Co,FE) (La,Sr,Mn)

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

Separator Asbestos/Zirfon/Ni Fumatech Nafion® Solid electrolyte YSZ

Electrode area 10 000-30 000 cm? <300 cm® 1500 cm? 200 cm®

Lifetime (stack) 60000 h >30000 h 50 000-80 000 h 20000 h

Gas diffusion layer Nickel mesh

Capital costs (stack) US $270 per kW Unknown
minimum 1 MW
Capital costs (stack) US $500-1000 per kW Unknown

minimum 10 MW

Nickel foam/carbon cloth

Titanium mesh/carbon Nickel mesh/foam
cloth
US $400 per kW >US $2000 per kW

US $700-1400 per kW Unknown

Bipolar plates Stainless steel/nickel-coated  Stainless steel/nickel- Platinum/gold-coated Cobalt-coated stainless
stainless steel coated stainless steel titanium or titanium steel
H, purity 99.5-99.9998% 99.9-99.9999% 99.9-99.9999% 99.9%
Development status Mature R&D Commercialised R&D
Nominal current density ~ 0.2-0.8 A cm™> 0.2-2 Acm™> 1-2Acm™> 0.3-1Acm™>
Voltage range (limits) 1.4-3V 1.4-2.0V 1.4-2.5V 1.0-1.5V
co, Theoretically, both electrochemical (7) and chemical (8)
H,0 . . . .
X co reactions can result in the production of carbon monoxide.

Fuel electrode, Ni

8 g g

+ : +

= 5 Q

1 =T )

3 . L

5 ¥ g

Air S <) i
co, 5 by =
=) @ &

N,,0, = 2
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O
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-
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3
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Oxygen electrode, NiO

Fig. 6 Working principle of a molten carbonate electrolysis (MCE) cell.
Reproduced from ref. 156 with permission from Elsevier, copyright
2018.

operating temperature and the presence of nickel catalyst in
the fuel electrode. Since steam and carbon dioxide are the only
accessible reactants in this situation, the reaction is known as
the reverse water-gas shift. The local condition indicates that
all species are present and the reaction has reached thermo-
dynamic equilibrium. The following is the reaction:

9550 | Green Chem., 2023, 25, 9543-9573

The interaction of reactions (7) and (8) results in reaction (6),
which combines the reactions of carbon dioxide and steam.
The following describes an oxygen electrode reaction:

2— 1 -
CO3 — CO, + 502 + 2e (9)

As an intake reactant, oxygen gas is not needed. Carbon
dioxide and oxygen are produced via the OER. The entire reac-
tion between the two electrodes is the breakdown of water into
hydrogen and oxygen:

1
H,0 — H, +-0; (10)

Carbon dioxide moves from the hydrogen electrode to the
oxygen electrode during the procedure. This indicates that
both CO, and steam must be supplied to the electrode. A
MCEC differs from a conventional electrolyser in that carbon
dioxide is supplied to the hydrogen electrode and produced at
the oxygen electrode. The hydrogen electrode contains carbon
dioxide, which causes a chemical or electrochemical reaction
that also produces carbon monoxide.*®

In addition to transporting the carbonate ions between the
electrodes and separating the fuel and oxidant gases, the elec-
trolyte is retained in a porous matrix, typically constructed of
y-LiAlO,.®” However, because carbon dioxide is involved and
the product stream from the electrolyser contains both hydro-
gen and carbon dioxide, there is a significant practical issue
with the operation of an MCE cell, necessitating gas separation

This journal is © The Royal Society of Chemistry 2023
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for the production of pure hydrogen and recycling of carbon
dioxide to the cell. In order to produce syngas (a combination
of CO and H,) through co-electrolysis of water and carbon
dioxide, the MCE cell is probably a more advantageous
alternative.®*

One of the primary objectives of present scientific research
is the investigation of novel technical methods to reduce CO,
emission output into the atmosphere. The performance of
MCECs for both H, production and CO, capture has been
examined. Due to the combination of the steam reforming
reaction, which can be supported inside the cell, and sub-
sequent electrolysis, MCECs can work with CH,; and H,O
feeding, enabling the syngas or hydrogen production. In this
case, MCECs can function as a single, independent system for
the generation of hydrogen as well as being retrofitted with
reformer units to extend the scope of reforming, allowing for
higher CH, conversion, production of H,, and simultaneous
storage of CO,."*°

3.1.2. Solid oxide electrolysis (SOE). Donitz and Erdle were
the first to publish findings from a solid oxide electrolyser cell
(SOEC), used in the HotElly project at Dornier System GmbH
in the 1980s. The SOECs incorporated a supported tubular
electrolyte.*®°

Recently, SOE cells have proved highly efficient for conver-
sion of water and carbon dioxide to produce carbon fuel and
hydrogen, with a high temperature necessary for their conver-
sion and storage.'® SOEs are divided into two groups in the lit-
erature: H* SOE and O®~ SOE. O®>~ SOE is currently in the dem-
onstration phase, whereas H" SOE is at the lab scale.'®® A
dense electrolyte serves as the ionic conductor in SOECs, such
as the oxygen ion-conducting SOEC (O-SOEC) and the proton-
conducting SOEC (H-SOEC), in which reaction gases such as
H,O0 or CO, are fed into the cathode (or anode) and oxide ions
(or protons) are conducted across the dense electrolyte to the
cathode (or anode). The evolution of oxygen at the anode
enables the cathode to produce fuel gases.'®® This method is
very useful for obtaining these gases but requires a high pro-
duction cost (80% of the energy comes from electricity).'®®
Some technical issues are also involved because of the high
temperature, such as leakage of gas-tight components, the
requirement of tough materials and its limited application.
Moreover, this method has high operational and maintenance
costs. Different technological approaches may enhance dura-
bility and electro-catalytic performance under low temperature.
In renewable energy conversion and storage systems SOE cells
have been proved to be a useful and successful technology."®>
The working principle of an SOE cell is shown in Fig. 7.'%*

The endothermic reaction occurs in the SOE cell, while the
oxidation reaction occurs at the anode, where oxygen ions
move through the electrolyte.

1
Anode : 0*” — 502 +2e”

Cathode : H,O +2e~ — O*” +H,

This journal is © The Royal Society of Chemistry 2023
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lOpcrating temperature: 700-900°C I

Fig. 7 Schematic of SOEC (O/H-SOEC). Red arrows represent the
O-SOEC, and blue arrows represent the H-SOEC. Reproduced from ref.
162 with permission from Springer, copyright 2021.

Moreover, based on the operating voltage, SOE cells can
operate in one of three ways: endothermic, thermoneutral, or
exothermic.’®® In endothermic mode, external heat must be
applied because the operating voltage is below the thermoneu-
tral voltage; in thermoneutral mode, the required heat is equal
to the heat produced by the Joule effect; in exothermic mode,
the operating voltage is above the thermoneutral voltage. In
order to assure high efficiency and make heat management of
SOE cell stacks and systems easier, the most ideal operation
mode for an SOE system is the constant thermoneutral voltage
(or slightly above in order to account for potential heat
losses). >

3.2. Low-temperature water electrolysis

This type of electrolysis includes following methods:

3.2.1. Alkaline water electrolysis (AWE). Alkaline electroly-
sis has developed into a mature and well-researched technique
for hydrogen production up to the megawatt range'®>'°® since
the electrolysis phenomenon was discovered by Troostwijk and
Diemann in 1789,"®” and now represents the most extensive
electrolytic technology at a commercial level worldwide."®®

This type of electrolysis is operated between 30 and 80 °C
with a concentrated alkaline solution of sodium hydroxide.
Moreover, membranes with nickel-catalysed stainless steel and
zirconium dioxide are used as a separator. Furthermore, there
are various challenges associated with this system due to the
use of corrosive electrolytes and medium mobility of the
hydroxide ions. Due to salt formation of potassium carbonate
and sensitivity of electrolyte, decreased ionic conductivity and
hydroxyl ions is prominent. Therefore, alkaline water electroly-
sis produces lower purity hydrogen and oxygen gases since the
membrane does not completely stop gases crossing over from
one half of the cell to the other. Generally, the technique con-
sists of two half-cell reactions, with oxygen evolution at the
anode and hydrogen evolution at the cathode."

_ 1 _
Anode : 20H™ — 502 4+ H,0 + 2e (13)

Cathode : 2H,0 +2e~ — 20H™ + H, (14)

Green Chem., 2023, 25, 9543-9573 | 9551
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In typical alkaline electrolysers, perovskites are frequently
utilised as anodes and Ni-alloys as cathodes. According to
reports, efficiency ranges from 59 to 70%."%°

Gas bubbles containing oxygen and hydrogen, respectively,
are created on the surfaces of the cathode and anode during
the reaction. When the bubbles reach a particular size, they
separate off the surface.'” Several unfavourable events occur
in the electrolysis system as a result of the creation of a gas
phase. Gas bubbles cover the electrode surface, preventing the
flow of electrons from the electrode to the electrolyte. The elec-
trode surface is harmed and the electrolyte’s resistance is
increased by bubbles.'”%'7*

The low maximum power density attained with liquid elec-
trolytes is an issue with alkaline electrolysis. This restriction
results from the detrimental impact of bubble formation. It is
necessary to modify and improve materials and configurations
since bubble generation in electrolysis cells is unavoidable.
Numerous strategies have been used to counteract these conse-
quences. Although they result in a more complicated system
configuration, the use of centrifugal fields, magnetic fields,
super gravity fields, ultrasound, and microwave treatments do
not considerably increase efficiency. The application of an
AEM and a zero-gap configuration, respectively, is a very prom-
ising technique to enhance the performance of the electrolysis
cells. Additionally, operation with an AEM would prevent extra
harmful effects of liquid electrolytes.'”* The working principle
for an alkaline electrolysis cell is shown in Fig. 8."7°

In-depth research has been conducted on numerous novel
processes, and some of them have already achieved high
efficiency. Anion-conducting membrane alkaline water electro-
lysers have a number of advantages over alternative techno-
logies. One of the key benefits of alkaline systems over electro-
lysers utilising proton-conducting electrolytes is the relatively
inexpensive cost of the electrode materials because less expen-
sive, non-noble metals are stable in alkaline media.?®

However, because of the modest OH™ mobility and use of
corrosive (KOH) electrolytes, alkaline water electrolysis faces
the major difficulty of limited current densities (0.1-0.5

Diaphragm

Voltage: 1.8-24V
Electrolyte: NaOH(aq) / KOH(aq)
Operating temperature: 30-80°C

Fig. 8 Diagram of an alkaline electrolysis cell. Modified from ref. 170
with permission from Elsevier, copyright 2010.
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A cm—Z).172
electrolysers frequently employ 2-3 mm-thick porous layers.
Device performance is affected by limited ion transport
through the layer. Numerous researchers in the past have
attempted to create “zero gap” electrolysers, in which a
50-100 mm-thick anion exchange membrane is used in place
of the 2-3 mm-thick porous layer.?%'737177

Some advancements are still needed to improve this
technology to reduce the cross-over of gases and increase
current density. Separators and electrode material need to be
developed to achieve these challenges, while solar and wind
energy sources will be most beneficial for cost reduction. One
such avenue recently developed for water splitting is two-
dimensional metal organic frameworks of nickel nano flakes
in alkaline media."”® Some research organisations/institutes
are still actively working in this field to improve efficiency and
lower the cost of hydrogen production.'”®

Alkaline water electrolysis mostly takes place by using a Ni-
based electrolyte and 5 M KOH which reduces resistance
between porous transport and catalyst layers. Current density
should also be increased by ca. 2-3 A cm™? using thinner
separators with a high surface area of electrode material. For
large-scale applications, the alkaline water electrolysis is a
good system design. Alkaline water electrolysis now costs
between $500 and $1000 per kW, and the system lasts for
90 000 h."**18°

3.2.2. Proton exchange membrane (PEM) water electrolysis.
PEM electrolysis is the most promising technology when com-
pared with low-temperature electrolysis.'®" General Electric
and Grubb initially developed PEM electrolysis in the 1950s
and 1960s for space applications to produce oxygen for astro-
naut life support; submarines were then built using the
technology, firstly by Hamilton Sundstrand (now Collins
Aerospace).'®7'% since then, a number of businesses have
converted the same fundamental technology into goods for
hydrogen production at varying scales. The main elements of a
PEM electrolyser cell are shown in Fig. 9.'%°

In PEM water electrolysis, catalysts based on Pt/Pd are typi-
cally used as the cathode for the hydrogen evolution reaction
(HER) and catalysts based on RuO,/IrO, are typically used as
the anode for the oxygen evolution reaction (OER).'*¢%° An
acidic membrane in the form of a solid electrolyte (Nafion,
DuPont) and anode and cathode catalysts (mostly Ir and Pt,
respectively) make up a PEM electrolyser.'®® The membrane
separates the hydrogen and oxygen gases produced by the sub-
sequent reaction while allowing the H' ions to pass from the
anode to the cathode.”?

To reduce gas crossing, commercial alkaline water
173

1 n _
Anode : H,0 — E02 +2H" + 2e

(15)

Cathode : 2H' +2¢~ — H, (16)

At the anode, hydrogen molecules break apart, which
ionises the atoms and sends their electrons into an external
circuit; through an ion-exchange membrane protons congre-
gate at the cathode. Oxygen, protons from the ion-exchange

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Core components of a PEM electrolyser cell; PTL = porous
transport layer; GDL = gas diffusion layer. Modified from ref. 185 with
permission from IOP Publishing, copyright 2021.

membrane, and electrons all then come together to afford
water or steam. We can get an energy conversion efficiency of
60% or more with this method."""**> The working principle of
the PEM electrolysis cell is shown in Fig. 10.

Membrane electrode assemblies (MEAs), current collectors
(gas diffusion layers), and separator plates make up the
majority of the parts of a PEM water electrolysis cell. Fig. 11
depicts a typical overall view of a PEM water electrolysis cell
assembly. However, MEA, which divides the cell into two half
cells (anode and cathode), is at the centre of the electrolysis
cell.’®

These proton exchange membranes offer a number of
benefits, including low gas permeability, robust proton con-
ductivity (0.1 = 0.02 S em™), reduced thickness (20-300 pm),
and high-pressure operation. PEM water electrolysis is one of
the preferable technologies for converting renewable energy to
highly pure hydrogen from a sustainability and environmental
perspective. Other excellent attributes offered by the PEM
water electrolysis method are a small carbon footprint, high
current densities (over 2 A cm™?), lower operating temperatures

+] 1=
|1
H20 —J
= H*
S —
>
H
0, “gu PEM ?

Voltage: 1.8-2.2V
Electrolyte: Solid(Polymer)
Operating temperature: 50-90°C

Fig. 10 Illlustration of a PEM electrolysis cell.
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Fig. 11 (a) Overview of typical PEM water electrolyser, (b) PEM cell
stack and, (c) cell components; 1-bipolar plate, 2-anode current collec-
tor, 3-MEA, 4-cathode current collector.'5!

(20-80 °C), ultrapure hydrogen production, and the production
of oxygen as the by-product.>>>”'*71% The purity of the gases
produced is higher than that of alkaline electrolysis.*> As a
result, when compared with alkaline electrolysis, PEM electro-
lysis can achieve great efficiencies (50-75%) with a quick
response.'”

The PEM electrolyser is expected to cost between $1000 and
$1400 per kW, with clear paths to be reduced to $400. The $1
per kg H, target set forward in the US Department of Energy’s
Hydrogen Energy Earth Shot campaign must be reached in
order to reach its ultimate goal of $150 per kW. Due to the
acidic nature of the electrolyte with strong proton conductivity
and the structures that reduce ohmic losses, the water electro-
lysis kinetics in PEM cells is faster than in alkaline electrolysis.
The capability of applying a high pressure on the cathode side
while operating the side of the anode at atmospheric pressure
is a beneficial aspect of PEM electrolysis.'®

However, cost and durability continue to be obstacles pre-
venting PEM electrolysers from being widely used. To research
the deterioration of PEM electrolysers and further increase
their durability, collaborative accelerated stress tests across
many laboratories are extremely desirable.'®® The usage of
expensive polymeric membranes and the need for noble
metals due to the electrolyser’s acidic liquid are current draw-
backs. One of the main difficulties is reducing the amount of
noble metals used in PEM electrolysers.'®" The adoption of
platinum group metals as noble metal catalysts, Nafion-based