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Preface

Water electrolysis is an important technique for hydrogen production to face energy
crisis. In past decades, great efforts and breakthroughs have been made in designing
and optimizing bifunctional electrocatalysts.

Hydrogen can be used in its pure form as an energy carrier or as an industrial raw
material.

It can also be combined with other inputs to produce what are referred to as
hydrogen-based fuels and feedstocks. Hydrogen-based fuels and feedstocks can be
produced using hydrogen from any source, whether electricity, biomass, or fossil
fuels, and can readily be used in applications such as engines, turbines, and chemical
processes. They include such derivative products such as synthetic methane, syn-
thetic liquid fuels, and methanol, all of which require carbon alongside hydrogen.
They also include ammonia, which can be used as a chemical feedstock or poten-
tially as a fuel, and which is made by combining hydrogen with nitrogen.

In recent years, colors have been used to refer to different sources of hydrogen
production. “Black,” “grey,” or “brown” refer to the production of hydrogen from
coal, natural gas, and lignite, respectively. “Blue” is commonly used to produce
hydrogen from fossil fuels with CO, emissions reduced by the use of CCUS.
“Green” is a term applied to the production of hydrogen from renewable electricity.
In general, there are no established colors for hydrogen from biomass, nuclear, or
different varieties of grid electricity.

Hydrogen is regarded as the alternative energy carrier of the future due to higher
energy density on a mass basis, less environmental problems, its abundant presence
in different forms in the universe, and its convertibility into electricity or useful
chemicals. It is the lightest element in the universe, which is without taste, color,
odor, and non-toxic under normal conditions and has heating values of 2.4, 2.8 and
4 times higher than those of methane, gasoline and coal, respectively.

Hydrogen can be efficiently converted into electricity, and vice versa. It can be
produced from renewable materials such as biomass and water, and most impor-
tantly, it is environmentally friendly at all processes utilizing hydrogen.
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Water is the most abundant resource for hydrogen production which consists of
hydrogen and oxygen. Hence, the water molecule can be split into hydrogen and
oxygen if enough energy is provided. Water splitting process can be performed
through different technologies. Water splitting for hydrogen production can be
performed based on any of these sources and some hybrid types (combined two or
many energy sources. Water-splitting hydrogen production methods can be catego-
rized into five major types and a hybrid form where two or more types of energy are
employed in a system for hydrogen production. Hydrogen from water by electricity
based (electrolysis), mechanical based (from ultrasound through sono-chemical
method), photonic based (photolysis or photo electrochemical water splitting), and
thermal energy based (thermochemical cycles and thermolysis).

Electrolysis is one of the simplest ways to produce hydrogen from water. It can
simply be summarized as the conversion of electric power to chemical energy in the
form of hydrogen and oxygen as a byproduct with two reactions in each electrode:
anode and cathode. There is a separator between anode and cathode electrodes which
ensure products to remain isolated. The low-temperature electrolysis (LTE) occurs in
temperatures of 70-90 °C, while the high-temperature electrolysis (HTE) takes place
in 700-1000 °C with less electricity consumption. The advantage of HTE is that
near-zero GHG emission can be achieved if an external clean heat source is
employed.

Water-splitting thermochemical cycles are based on water decomposition through
repetitive series of chemical reactions using intermediate reactions and substances
which are all recycled during the process so that the overall reactions are equivalent
to the dissociation of the water molecule into hydrogen and oxygen.

Thermochemical cycles are driven either by only thermal energy which are called
pure thermochemical cycles, or by thermal and another form of energy (e.g.,
electrical, photonic) which are called hybrid thermochemical cycles.

Hydrogen could be produced from abundant sources of sea water along with solar
energy, for countries where fresh water is scarce. The most promising way for the
electrolysis of sea water in a H,/O, cell is the use of oxygen-selective electrodes.
Oxygen reaction depends rather upon the electrode material than the chlorine
reaction does and at low overpotential with different electrode materials. Hot,
coastal, hyper-arid regions with intense solar irradiation and strong on- and
off-shore wind patterns are ideal locations to produce renewable electricity using
wind turbines or photovoltaics. Given ample access to sea-water and scarce fresh-
water resources, such regions make the direct and selective electrolytic splitting of
seawater into molecular hydrogen and oxygen a potentially attractive technology.
Direct seawater electrolysis is an increasingly attractive electricity/hydrogen con-
version and storage technology of the future. It will be most effective in regions with
ample surplus renewable electricity, little access to freshwater, and yet sufficient
access to ocean seawater. It also offers advantages for mobile maritime and offshore
hydrogen-based power applications. Examples include powering underwater and
unmanned maritime vehicles for maintenance of offshore installations. In combina-
tion with a hydrogen fuel cell, a reversible seawater electrolysis scheme is possible
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that holds promise for the storage of surplus electricity in the form of molecular
hydrogen, and more as a collateral process, purified water is formed during the fuel
cell reaction. Based on the energy efficiency of reversible electrolyzer—fuel cell
schemes, the resulting freshwater production may remain limited with respect to
more conventional freshwater technologies.

Alkaline water electrolysis combined with renewable energy can be integrated
into the distributed energy system by producing hydrogen for end use and as an
energy storage media. Compared to the other major methods for hydrogen produc-
tion, alkaline water electrolysis is simple but currently less efficient. The challenges
for the widespread use of water electrolysis are also the durability and safety.
Practical considerations of industrial electrochemical engineering and electrolyzr
development led to the conclusion that the alkaline water electrolysis is still a better
means for hydrogen production. Further R&D efforts to improve the efficiency are
needed to widespread the application of the alkaline water electrolysis like develop-
ing electrocatalysts to significantly reduce electrochemical reaction resistance, elec-
trolyte additives to facilitate the electron transfer and ionic transfer and to reduce
electrode surface tension, electrode surface profile modifications and surface coat-
ings, and more importantly, managing the gas bubble resistances.

Polymer electrolyte membrane (PEM) electrolysis occurs within an acidic elec-
trolyte using a proton exchange membrane to transport protons (H+). PEM electrol-
ysis operates at temperatures of 50-80 °C and pressures of less than 30 bar,
achieving current densities of above 2 Acm ™2 and energy efficiencies of 50-65%.
PEM electrolysis is the most promising electrolytic method for producing green
hydrogen due to its high-energy efficiencies comparable to AWS and SOE. PEM
electrolysis allows for the generation of high purity hydrogen (up to 99.999 vol %) at
high pressures, which reduces the requirement for post-production gas compression.
Consequently, the generation of hydrogen via PEM electrolysis is the most attractive
technology for commercial applications.

Hydrogen production by high-temperature steam electrolysis using the SOEC
system is a promising environmentally friendly and energy-saving technology.
Reducing operating temperatures and developing electrochemical and chemical
stability/durability with minimal thermal stress/mismatch are key issues in the
commercialization of the SOEC.

Photocatalysis is a water-splitting event to produce hydrogen from water that uses
photonic energy. Most photocatalyst materials are made of semiconductor material
because the semiconductor material has an energy gap that allows it to produce
electron holes if it is charged with photonic energy from a source particular. In a
solid-state or electrochemical PV cell as well as in a bulk photocatalytic cell,
photogenerated minority carriers are propelled efficiently by the built-in field to
the side where they are majority carriers that together with photogenerated majority
carriers flow to the contacts or to a contact and the electrolyte. Consequently, the
efficiency of collection of charge carriers generated in the depletion region and
within a diffusion length of it is very high. Second, in bulk semiconductor—electro-
Iyte devices and solid-state PV cells, reflection losses that can be substantial for the
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high refractive indices of most semiconductors can be minimized by using AR
coatings. Therefore, the overall efficiency of 24% and >40% has been achieved
for single and multiple-junction solid-state PV cells.

Decoupled water splitting is a new and growing field focused on exploring how
separating the electrochemical oxygen- and hydrogen-evolution reactions — either
spatially, temporally, or both — can benefit electrolysis systems used for generating
carbon-neutral hydrogen. Numerous types of decoupled electrolysis systems have
been explored. These systems have allowed for earth-abundant catalysts to generate
hydrogen at rates approaching that of precious metal catalysts in PEM electrolysis
systems. Membrane separators have been replaced with cheaper alternatives or
removed entirely, depending on the system. Membrane-free production of pressur-
ized hydrogen has been achieved. Some mediators have energy- or hydrogen-storage
densities that are approaching that of cryogenic hydrogen, albeit with an electro-
chemical penalty for accessing that hydrogen.

Both OER and HER catalytic processes are necessary to enhance water electrol-
ysis efficiency, and they should be improved kinetically. At present, precious metals
are considered the most prominent electrocatalysts. However, the main challenge is
that the precious catalysts are rare on earth and, at a high cost, hindered the
technology’s extensive application. Research developments have been made to
decrease the use of precious metals by adapting numerous techniques such as
changing the material composition and structures via substitution of precious metals
with non-precious metal-based catalysts.

Taken together, significant progress has been made in the design of
electrocatalysts for water splitting for the production of hydrogen by advancing
the atomic, molecular, and nanoscale materials engineering strategies. Despite the
significant progress in understanding the electrocatalytic processes of the OER and
HER, several challenges remain for the ultimate commercial large-scale production
of hydrogen by water splitting electrolysis. First, the development of non-noble
metal OER electrocatalysts with high activity and long-term stability performance in
acidic media remains a challenging area of research and development. Recently,
non-noble-metal-based carbides, phosphides, and chalcogenides have drawn great
attention due to their high performance for OER in alkaline media. However,
nanostructured electrocatalysts undergo composition and structural transformations
during the reaction under OER conditions. Therefore, understanding the structural
transformation is required to determine the real active phases and sites.

Nuclear energy can produce hydrogen in several ways: (1) nuclear heated steam
reforming of natural gas, (2) electrolysis of water using nuclear power, (3) HTE
using minor heat and major electricity from nuclear reactor, and (4) thermochemical
splitting of water using major heat and minor electricity from the nuclear reactor.
The existing light water reactor is only applicable to electrolysis of water and at
<30% efficiency.

A variety of methods to separate and purify hydrogen exist. The processes in the
removal of impurities from crude hydrogen to obtain a pure product can be roughly
divided into three steps. The first step is pretreatment of the crude hydrogen for the
removal of specific contaminants that are detrimental to subsequent separation
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processes and for their conversion to easily separable species. The second step is the
removal of both major and minor impurities to yield an acceptably pure hydrogen
level. The prime separation technology here is the pressure swing adsorption (PSA)
unit, which has several advantages over the other methods and is widely used in
various fields of hydrogen separation. The third step is the final purification to a
specified level. This is typically a cryogenic adsorption method at a liquid nitrogen
temperature or the use of a palladium membrane. Both are capable of reducing
impurities to below 1 ppm.

The development of hydrogen infrastructure and technologies is often considered
in relation to broader economic development objectives, especially in the context of
energy transitions. Hydrogen value chains touch upon many different types of
technology and manufacturing sectors. Blending hydrogen into natural gas networks
and infrastructure is foreseen for the transition phase. Networks are expected to be
based on the conversion of existing natural gas pipelines for cross-border transport.
At present, hydrogen is being transported using the existing gas grid or with
modifications to the existing gas pipelines, or through dedicated pipelines. Transport
cost data indicates that pipelines have a clear cost advantage compared to other
transport means, reinforcing the need for regulation.

The infrastructure needed in an economy in which hydrogen is primarily used as a
transport fuel is very different from one in which its primary value is as a heating
fuel. Today no major hydrogen pipeline networks exist, and no liquified hydrogen
ships are in commercial operation. Using existing storage and transport capacities,
hydrogen, as the main pillar of energy transition, can reliably ensure security of
supply during the change to renewable energy sources. In this way, energy
transition — and sector integration specifically — can be promoted comparatively
quickly and in-expensively along with the expansion of the power grids.

Today hydrogen is most commonly stored as a gas or liquid in tanks for small-
scale mobile and stationary applications. However, the smooth operation of large-
scale and intercontinental hydrogen value chains in the future will require a much
broader variety of storage options. At an export terminal, for example, hydrogen
storage may be required for a short period prior to shipping. Hours of hydrogen
storage are needed at vehicle refuelling stations, while days to weeks of storage
would help users protect against potential mismatches in hydrogen supply and
demand. Much longer-term and larger storage options would be required if hydrogen
were used to bridge major seasonal changes in electricity supply or heat demand, or
to provide system resilience. The most appropriate storage medium depends on the
volume to be stored, the duration of storage, the required speed of discharge, and the
geographic avail-ability of different options.

Infrastructure such as pipeline and delivery networks is of particular importance
for a new energy carrier such as hydrogen. While hydrogen can be produced locally,
its storage and distribution benefit from economies of scale. When produced from
fossil fuels in particular, its supply is cheaper when centralized. Hydrogen has low
energy density, which makes it more challenging to store and transport than fossil
fuels. However, it can be converted into hydrogen-based fuels and feedstocks, such
as synthetic methane, synthetic liquid fuels, and ammonia, which can make use of
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existing infrastructure for their transport, storage, and distribution. This can reduce
the costs of reaching final users. Some of the synthetic hydrocarbons produced from
hydrogen can be direct substitutes for their fossil equivalents. Ammonia is already
used today as a feedstock in the chemical industry and could be a hydrogen carrier
for the long-distance transport of hydrogen in the future, or itself be used as fuel in
the shipping sector. Developing a new hydrogen value chain would be contingent
upon successfully completing and connecting production, transmission, distribution,
storage, and end-use infrastructure. This would require coordinated investment by
many different market participants, which could be challenging for them to
implement.

Hydrogen can support energy security in several ways. When hydrogen is
deployed alongside electricity infrastructure, electricity can be converted to hydro-
gen and back, or further converted to other fuels, making end users less dependent on
specific energy resources and increasing the resilience of energy supplies. If the right
infrastructure is developed, it could be attractive in the future for countries to
diversify their economies by exporting low-carbon energy in the form of hydrogen
and hydrogen-based fuels, or importing hydrogen to benefit from competition that
restrains prices. Countries with high-quality resources for hydrogen production are
widely dispersed around the globe, and many current energy exporting countries are
also endowed with renewable resources that could produce hydrogen. In an ambi-
tious low-carbon context, such hydrogen trade would effectively enable trade and
storage of wind and sunshine between different regions to overcome seasonal
differences. Lastly, hydrogen could provide an additional way for countries to
store reserves of energy strategically in a highly electrified low-carbon world.

Using hydrogen instead of carbon-containing fuels in energy end uses could also
reduce local air pollution, improving environmental and health outcomes. Urban air
pollution concerns and its related health impacts are now major drivers of energy
policy decisions, and governments are keenly interested in ways of reducing air
pollution and improving air quality. Because hydrogen can be stored or used in a
variety of sectors, converting electricity to hydrogen can help with the matching of
variable energy supply and demand, both temporally and geographically, alongside
alternatives such as pumped-storage hydropower, batteries, and grid upgrades. If
renewable power generation becomes sufficiently cheap and widespread, it can be
used not only to provide low-carbon electricity but also to create low-carbon
hydrogen that can displace fossil fuels in transport, heating and industrial raw
materials, and indeed almost any application not susceptible to electrification. All
this makes hydrogen one of a suite of technologies that work well together to support
the growth of low-carbon energy at the level of the overall energy system.

Around the world, the state of existing regulations and standards currently limits
hydrogen uptake. They deal with a range of technical but important questions such
as how and where pressurized or liquefied hydrogen can be used, who can handle
hydrogen, where hydrogen vehicles can go, tax regimes for conversion between
energy carriers, whether CO, can be stored, and how much hydrogen can be present
in natural gas pipelines. They need to be updated if hydrogen is to have the
opportunity to fulfill its potential. Some important standards have yet to be agreed,
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including standard dealing with hydrogen vehicle refuelling, gas composition for
cross-border sales, safety measures, permitting, materials and how to measure
lifecycle environmental impacts.

In addition to regulations and market design, the cost of production is a major
barrier to the uptake of green hydrogen. Costs are falling — largely due to falling
renewable power costs — but green hydrogen is still 2-3 times more expensive than
blue hydrogen (produced from fossil fuels with carbon capture and storage) and
further cost reductions are needed. A low cost of electricity is therefore a necessary
condition for producing competitive green hydrogen. This creates an opportunity to
produce hydrogen at locations around the world that have optimal renewable
resources, in order to achieve competitiveness. Low electricity cost is not enough
by itself for competitive green hydrogen production, however, and reductions in the
cost of electrolysis facilities are also needed. This is the second largest cost compo-
nent of green hydrogen production and is the focus of this report, which identifies
key strategies to reduce investment costs for electrolysis plants from 40% in the short
term to 80% in the long term.

All these issues are discussed a presented in the book, and we hope to give an
instrument for focusing the open questions and for improving the scientific discus-
sion on this fundamental subject.

Many thanks to all my family for the support in these months, many thanks to all
my friends and colleagues.

My special thanks to all the Springer editorial office people for their profession-
alism. Finally, I would like to dedicate the work to my son Alessandro.

Lecce, Italy Pasquale Cavaliere
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1 Introduction

In a general electrochemical cell, charge is transferred by the moving ions in a liquid
or solid phase and by the movement of electrons in a solid phase. This allows for the
acting electrochemical transformations of different species (Xu et al. 2023). The cell
is built with two conductive electrodes placed into an ionically conductive electro-
lyte. Once voltage is applied at the electrodes, oxidative reactions take place at the
anode while reducing reaction take place at the cathode (Fig. 1). Anode and cathode
are linked by the current flow.

The global current flow is experienced as electrons in the electrodes and ions in
the electrolyte. The first big classification of the electrochemical cells is between
Galvanic cells and electrolysis cells. In the first ones, spontaneous reactions take
place. Electrolysis cells require the electrical energy input. Galvanic cells are
batteries or fuel cells. Here, the chemical reactions or transformations are coupled
to suitable half-cell reactions to produce a negative free energy change for the overall
cell process which can then result in power production via electricity generation. In
electrolysis cells, a potential is required to drive the non-spontaneous electrochem-
ical and chemical changes to occur at the electrodes. The rate of charge and ionic flux
is directly related to the applied voltage.

Electrolytic processes or electrolyzers are used for a diverse range of applications
including synthesis of chemicals and materials, extraction and production of metals,
recycling, water purification and effluent treatment, metal and materials finishing
and processing, energy storage and power generation and corrosion protection (Sun
et al. 2021). Electrolysis is used for production of organic and, notably, inorganic
chemicals.
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Fig. 1 Electrochemical cell
schematic
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2 Hydrogen Production Through Electrolysis

Electrolysis is employed in many industries such as food, chemical, steel, pharma-
ceutical and so on to produce hydrogen. It is considered an exceptional way to
produce fuel for the future. Water electrolysis is a green and safe system to produce
hydrogen even if more than 75% of the costs of hydrogen generation are related to
the electricity consumption (Zhao et al. 2023). If powered by renewable energy
sources, it is considered the bast way to provide clean chemical energy.

2.1 Water Electrolysis History

Henry Cavendish was the first to identify hydrogen as an element in 1766. He
discovered hydrogen by performing experiments with different metals in acidic
media. The first apparatus Cavendish employed to collect hydrogen is shown in

Fig. 2.
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Fig. 2 Cavendish apparatus to collect hydrogen from metal-acid reactions

Water electrolysis was first discovered by the Dutch merchants Jan Rudolph
Deiman and Adriaan Paets van Troostwijk in 1789. They employed an electrostatic
generator to produce an electrostatic discharge between two gold electrodes
immersed in water (Fig. 3).

Later, Johann Wilhelm Ritter developed a system to collect the product gases by
employing a Volta’s battery (Fig. 4).

The first industrial system to synthesize hydrogen and oxygen from water elec-
trolysis was developed by Dmitry Lachinov in 1888 (Fig. 5).

All these electrolysis cells used to employ alkaline solutions up to the develop-
ment of proton exchange membrane process by General Electric in the 60’s of the
last century.

2.2 Water Electrolysis Principles

A typical electrolytic cell consists of the following components: an external power
supply; electrolyte solution; anode for the oxidation of water (anodic catalytic layer);
and cathode for reduction of water (cathodic catalytic layer).

During water electrolysis, DC current passes through the electrodes when a
voltage is applied (Fig. 6).

So water splits into hydrogen and oxygen:

H,0 + electric current — H, + % 0,
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Fig. 3 Electrostatic generator employed for the first water electrolysis

Fig. 4 First system to
collect the product gases
from water electrolysis
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Fig. 5 First industrial water electrolysis cell

Fig. 6 Water electrolysis
schematic

Cathode
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Fig. 7 Schematic pH
profile for water electrolysis
with neutral bulk
electrolyte pH

pH

Cathode Anode

The employed electrolytes can be divided into acidic, alkaline, and neutral (Wei
et al. 2023).

In processes where strongly alkaline or acidic conditions are not possible, there
will be concentration overpotentials. HER will increase the pH close to the cathode
while for example oxygen evolution will decrease the pH close to the anode (Fig. 7).

This will lead to increased concentration overpotentials (Seenivasan and Seo
2023).

The main industrial plants are based on alkaline water electrolysis operating with
aqueous electrolytes containing compounds such as KOH at temperatures below
100 °C.

The cells have operating pressures around 30 bar so eliminating the needing for
gas compression. During electrolysis also oxygen is produced, in alkaline media the
single reactions at the anode and cathode are described by:

anode: 20H~ — %02 + H,O + 2e™

cathode: 2H,0 +2¢~ — H, +20H "~

The cells employ a separator to avoid explosive mixtures between the developed
gases.
In acidic media the reactions at anode and cathode are described by:

1
2
cathode: 2H" +2¢~ — H,

anode: HyO — =0, +2H' 4+ 2e~
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2.3 Electrode Potentials

The reduction potential of any half-cell reaction depends on the reactant chemical
activities according to the Nernst equation, such that:

RT . a
E,ed:E?gd—Z—Fln red

aux

where Emd(a is the standard electrode potential, which is the reduction potential for a
reversible electrode at standard conditions, R is the universal gas constant, T is
temperature, z is the number of electrons transferred, F is the Faraday constant and
areq/a0x 1 the quotient of the chemical activities of the reduced and oxidized form of
the relative species.

Since it is impossible to measure a single electrode potential, E,.q® is given
relative to the standard hydrogen electrode (SHE) reaction:

H +e¢ « %Hz(g)
which is defined as 0 V. The SHE comprises a platinum electrode in a theoretical
ideal solution of pH 0 with 1 atm. H, and where the hydrogen ions behave as an ideal
gas with no interactions. Another, more practical standard hydrogen electrode, is the
reversible hydrogen electrode (RHE), which also is a platinum electrode in 1 atm. H,
but instead immersed in the same electrolyte as the WE, so that the pH is equal for
both electrodes.

When the pH changes from the standard value, the SHE reverts to RHE. There-
fore, the potential of the RHE is dependent on the pH and is a common and practical
electrode to present data against, especially from pH dependent reactions such as
water splitting. The redox potential of the RHE in 25 °C is defined as
Eruye = 0-0.059pH according to Nernst equation, where the natural logarithm
instead has been written as the base-10 logarithm.

However, in practice other reference electrodes such as Ag/AgCl are normally
used and the measured potential is thereafter converted to the RHE. As an example,
the pH dependence of the Ag/AgCl redox potential in 25 °C against RHE is shown in
Fig. 8.

and is given by:

EAg/AgClvs.RHE =0.222 - 0.0257In acr — 059[71‘1

where a,, is set to unity in Nernst equation for the reactions. Throughout this thesis
we have used Ag/AgCl electrodes immersed in 1 M KCl and therefore the second
term is zero. The choice of reference electrode is important and do not come without
issues, for example ionic leaching and potential drifts. For more accurate results, the
RE should be experimentally calibrated against a physical RHE, that is a Pt electrode



Fig. 8 (a) Voltammogram
showing typical current-
voltage characteristics of the
water splitting reactions. (b)
Pourbaix diagram of water
showing the reaction
potentials at different pH
and the potential of an
Ag/AgCl electrode in

1 M KCl
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with continuous H, bubbling, to avoid any potential miscalculation or incorrectly
calculated pH values. Even more optimally, an actual RHE should be used as RE
directly since the risk of ionic leaching or potential drift of the RE is then avoided

completely.

2.4 Hydrogen and Oxygen Evolution

When the electrodes are connected to an external power supply, they form an electric
circuit. The anode electrode in the electrolytic cell device is connected with the
positive electrode of the external power supply, and the cathode electrode is
connected with the negative electrode of the external power supply. In the working
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process, such as the water electrolysis to produce hydrogen and oxygen, the electron
flow direction is the negative pole of the external power supply, to the cathode of the
electrolytic cell, to the anode of the electrolytic cell, then to the positive pole of the
external power supply, while the current flow direction is just the opposite. So the
H+ reduction reaction (HER process) takes place on the cathode material of the
electrolytic cell to produce H,, and the O~ oxidation reaction (OER) takes place on
the anode material of the electrolytic cell to produce O,. In order to ensure the
working efficiency of the whole electrolytic cell, the electrode materials of the
electrolytic cell have the following requirements: own good conductivity for electron
transmission and can catalyze the corresponding redox reaction (Hoisang and
Sakaushi 2022).

HER is the reaction acting at the cathode during the electrocatalytic decomposi-
tion of water. Tafel discovered it in 1905 resuming hydrogen evolution reaction on
the metal surface in acidic media as follows:

M + H;0" + e~ —M — H 45 + H,0 (Volmer reaction)
M —H,g + H;0" + e~ — M + Hy + H,0 (Heyrowsky reaction)
M — H 45 + M — H g5 — 2M + Hy(Tafel reaction)

while in alkaline or neutral medium:

M+ H,0+ e~ — M — Hyys + OH ~ (Volmer reaction)
M —H,+H,0+ e — M+ Hy+ OH ~ (Heyrowsky reaction)
M — H 45 + M — H yqs — 2M + H,(Tafel reaction)

In the above reactions, M is the metallic material of the electrode, H,4 is the
hydrogen that is adsorbed by the metal M. The Volmer reaction is called the
adsorption step of hydrogen, the Heyrovsky reaction is called the electrochemical
desorption step, and the Tafel reaction is called the chemical desorption step. The
hydrogen evolution reaction is a typical catalytic two-electron transfer reaction of
intermediates. Thanks to the drive of the applied potential, the electrode gains active
H.,4s from the electrolyte. Then, the adsorbed atoms combine to generate hydrogen
through a desorption process. As observed by the analyses of the previous equations,
different reaction mechanisms and paths take place in different electrolytic media,
anyway HER evolves through three basic steps:

(a) Volmer reaction: the process is the electron transfer process, also known as the
electrochemical process. Generally, in an acidic electrolyte, H" obtains an
electron to H,q4. In alkaline electrolyte, H,O can become an electronic OH™
and a H,q process, it can be easily seen in acidic electrolyte; the Volmer reaction
does not need to overcome the breakdown energy barrier of water molecules.
Therefore, compared with the alkaline electrolyte, HER process are more likely
to happen under the acidic condition.
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(b) Heyrowsky reaction: known as the electrochemical desorption process. It is a
process in which the protons generated by H" or H,O electrolysis of H,4, and an
electrolyte get an electron to form the H,-molecule, and then desorption
precipitation.

(c) Tafel reaction: known as the complex desorption process, is simply described as
the conversion of 2H,4, to H, in both basic and acidic electrolytes.

A complete HER process includes an electrochemical process and one-step
desorption process, so electrocatalysis of HER is often described as a Volmer-
Heyrovsky or Volmer-Tafel mechanism. These three reaction steps may be the
decisive process of a HER reaction, and the dynamic process of the reaction is
generally determined by the Tafel slope of a HER polarization curve (Wan et al.
2022).

The slow discharge theory is based on the observation that the electrochemical
reaction step (Volmer reaction) is the decisive step. Electrochemical desorption
theory is based on the observation that the electrochemical desorption step
(Heyrovsky reaction) is the decisive one. Following to a blending theory, the
decisive step is the complex desorption step (Heyrovsky-Tafel reaction).

A deeper analysis leads to the conclusion that in the hydrogen evolution reaction,
the reacting particles are first adsorbed on the catalyst surface by a certain force to
form the reaction intermediate (M-H,4,), and then the bonds of M-H,4 are broken to
form H,. Therefore, the free energy AGy of hydrogen adsorption is decisive for the
overall rate of a hydrogen evolution reaction. Obviously, the adsorption capacity of
the electrode is directly related to the action of the catalysts. In the case of weak
adsorption, the Volmer reaction is inhibited, so, the rate controlling step is the
Volmer itself. In the case of strong action of catalysts to break the M-H,4; bonds
to form H,, the desorption process of the reaction (Heyrovsky-Tafel) would become
a decisive process. Therefore, for a hydrogen evolution catalyst, it is generally
believed that the free energy AGy ~ 0 of hydrogen adsorption on the catalyst surface
is the best.

Another important factor is represented by the current density driving the cata-
Iytic activity; as a matter of fact, the HER exchange current density as a function of
the free energy of adsorbed hydrogen is shown in Fig. 9.

This diagram describes the catalytic activity of different metals known as Sabatier
principle, that can be used to quantitatively describe the catalytic nature of catalysts,
which is one of the important tools for the design and screening of HER catalysts.

OER is a process depending on many parameters such as the composition, the
crystal structure, the surface properties and the shape of the employed material. It is
accepted that the reaction mechanism is a four-electron transfer process, which
requires a four-step redox reaction to produce O,. For this reason, OER tends to
be slower with respect to HER; so, it is the limiting aspect determining the overall
performance of the electrolytic device. As a matter of fact, anode requires
overpotential with respect to the cathode for the development of whole water
electrolysis.
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Given the four-electron behavior, OER is more complex with respect to HER.
OER mechanisms are also different on different catalysts employed in the cell.
The main accepted oxygen evolution reactions in acidic media are:
M+H,O—>M—OHu +H + e
M —OHuq5—M — Ougs + H" + ¢~
M —OH 45 + M — OH 3y — M — Oyys + M + H,0
M — Oads + M — Oads —2M + 02
M is the catalytic activity site, the first two equations and the last one as well as
the first equation and the last two act in parallel for the oxygen precipitation. In acidic
media precious metals are employed as catalysts (Ir, Ru and their oxides) being other
metals unsuitable because of rapid corrosion processes.
In alkaline or neutral media, the reactions evolution follows:
M+OH™ —-M—OH 4 +e”
M—OH,; +OH  —M—0Ou445 + H,O+ e~
M*Oads +M*0ads_’2M+ 02
M —OH 45 +20H™ — M — OOH 445 + H,O + e~
M — OOH 45+ OH™ —> M+ O, + H,O + ¢*
The main difference with respect to acidic media is represented by the adsorption

of hydroxide ions. The OH group formed on the catalyst surface forms the adsorbed
oxygen anion under the deprotonization of another OH ™, and further discharges to
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form oxygen atoms. Alternatively, the last two equations show that the M-OH bond
breaks with OH— to form peroxides, which then decompose to produce oxygen. The
charge transfer step in the above reaction is the decisive velocity step, but the
decisive velocity step is different for different materials and different reaction
conditions, which can be identified according to the size of the Tafel slope. Scientists
have developed a variety of high efficiency and stable OER electrocatalysts for the
replacement of noble metal materials, such as transition metal oxides, perovskite
materials, carbon-based non-metallic materials, etc. Among them, perovskite is a
widely used OER electrocatalyst due to its complex and controllable electronic
structure (Cavaliere 2022).

3 Theoretical Fundamentals

The Sabatier principle says that the interaction between a catalyst surface and
reaction intermediates should be neither too strong nor too weak (Cai et al. 2023).
If the interaction is too strong, the products will not desorb from the surface of the
catalyst and consequently will prevent it from continuing to catalyze the reaction. In
contrast, if the interaction is too weak, the reactants cannot be activated at the
surface, and therefore, no reaction will occur. To fulfil these requirements, the
binding energy between the catalytic surface sites and reactants/intermediates/prod-
ucts should be optimized.

The original Sabatier principle, which can be traced back to 1911, is a purely
qualitative principle. Following nearly 50 years of development afterwards, a quan-
tification through so-called ‘volcano plots’ has been established. A combination of
the Sabatier principle and the Brgnsted catalysis equation, demonstrating the rela-
tionship between thermodynamics and kinetics, permits the construction of these
volcano plots (Gebremariam et al. 2022). The volcano plots were proposed by
Balandin, among the others, in 1969 in a perspective review and successfully
highlighted by Trasatti in 1972 for electrocatalysis. In these plots, a quantity,
reflecting the reaction kinetics, is plotted against a property correlated with the
stability of the intermediates. The former can be the potential, current or temperature
at the beginning or during the reaction; the latter can be the heat of adsorption of a
reactant or the formation energy of a product or reaction intermediates. The shape of
these plots, resembling a volcano, is usually triangular with a single peak; and the
optimally achievable binding energy is located at its apex.

As an example, Fig. 10 depicts a volcano plot for the HER on several metal
surfaces.

In this plot, the theoretical binding energy of hydrogen on the metal surfaces
(AEH) is selected as the x-axis since, according to the reaction mechanism, the
intermediates of HER, particularly in acidic electrolytes, are only hydrogen atoms
adsorbed on the surface. In terms of the y-axis, the exchange current density of the
HER is used. At low values of AEH, the reaction is slow as it is hindered by the
excessively strong binding of adsorbed hydrogen resulting in a low exchange current
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density. In contrast, at high values of AEH, the reaction is restricted due to the slow
rate of hydrogen adsorption. Therefore, a maximum HER activity should be found at
an intermediate value of AEH, with rapid rates of hydrogen desorption as well as
hydrogen adsorption.

The Sabatier principle, together with its quantification using the ‘volcano plots’,
has proven itself vital in predicting and explaining the catalytic properties as well as
guiding new catalyst designs with the help of theoretical calculations such as density
functional theory (DFT) calculations.

3.1 Basics of Catalyst Reactions

Electrocatalysis can be described as the study of catalysing reactions taking place at
the interface between an electrode and an electrolyte (Hota et al. 2023). Already from
this general and simple description it is evident that the field is highly inter-
disciplinary and so one must be familiar with both surface science and physical
chemistry. The goal of electrocatalysis is to optimize the rate of electrochemical
reactions by a careful choice of electrode material. In water electrolysis, the electro-
chemical generation of hydrogen and oxygen occurs at such electrodes and their
catalytic properties directly affect the efficiency of the process. This chapter serves
as an introduction to the catalysis of water electrolysis. Special attention will be
given to the oxygen evolution reaction and the development of finding catalysts for
that reaction until now.

Before describing the field of electrocatalysis, it is useful to have a definition of a
catalyst. A catalyst increases the rate of a chemical reaction by providing a surface
where the reactants can bind and react to form products with a lower energy barrier
or activation energy. This phenomenon is illustrated in Fig. 11, where “red-black”



14 Fundamentals of Water Electrolysis
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Fig. 11 A cartoon depicting how catalysis works. The blue surface works to facilitate binding of
reactants and intermediates, which can then break and form bonds. The overall energy barrier for the
reaction can be lowered using such catalytic surfaces. Notice that this simple explanatory figure is
not appropriate for electrocatalysis, where the reactions can only proceed on electrode surfaces.
However, the nature of the surface interaction is equally important

and “red-red” reacts to form “red-red-black”. In gas or liquid phase, the reaction
proceeds slowly due to a high energy barrier despite the fact that the product has a
lower free energy. This is shown in the diagram to the right in Fig. 11 as the blue
curve.

The slow rate is due to a short-lived transition state that has a low probability of
being formed. If, however, the reactants bind to a suitable catalytic surface, inter-
mediates are stabilized and can react with lower energy barriers, shown as the red
curve.

As a result, the reaction can proceed at faster rates or the same rate can be
achieved with less energy input. Thermal catalysis provides an intuitive example
where the energy input is temperature (Wang et al. 2021). A new catalyst that
decreases the operating temperature can make a chemical process much cheaper
and a chemical plant (more) profitable. This simple explanation highlights the
importance of catalysts and gives an impression of how they work. It is the binding
of reactants, intermediates and products to the catalyst surface that lowers the energy
barriers. However, any given surface that binds these species is not necessarily a
good catalyst. In fact, it is crucial that the binding is balanced (Igbal et al. 2023).

If the interaction is too weak reactants will not bind to the surface and no reaction
takes place. If the interaction is too strong either reactants or products block the
catalyst surface, causing little or no reaction to proceed. This concept has been
demonstrated for many reactions with catalysts for electrochemical hydrogen evo-
Iution. Actually, the energy of hydrogen adsorption is used as descriptor and the
activity has a clear optimum.

It is demonstrated that i0, exchange current density used to indicate catalyst
activity, should be maximized when the heat of formation for hydrogen on a catalyst
surface is zero. The hydrogen adsorption energy is a reasonably good descriptor
even though some of the surfaces in the study oxidize under reaction conditions. It
also turns out that platinum is the best catalyst. Plots of catalyst activity as a function
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of one or more descriptors are also called a volcano plots. In the field of catalysis
volcano shaped activity plots are used extensively and identifying a suitable descrip-
tor for a reaction can be seen as the first step towards solid understanding and design
principles.

3.2 The Electrochemical Interface and the Electric Double
Layer

The electric double layer appears at the surface of an electrode when the electrode is
immersed into an electrolyte (Wang et al. 2022). The ‘electric charges’ in the
electrode and the ‘ionic charges’ in the electrolyte rearrange close to the interface
when a potential is applied. Specifically in the electrolyte, an excess of ionic charges
will form in the vicinity of the electrode surface; and the structure formed by these
oriented dipoles and charged species can be seen as two parallel layers, although the
boundaries are rather loose, as shown in Fig. 12.
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Fig. 12 Model of the electrical double layer. A negatively charged electrode in an aqueous
electrolyte is used as an example. The plot reveals the corresponding potential distribution, in
which ApH and Agdiff are potential drops in the Helmholtz layer and the diffuse layer, respectively
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The layer closest to the electrode, which is generally referred to as the Helmholtz
layer or Stern layer, is comprised of solvent molecules and occasionally specifically
adsorbed species.

The electric centers of the specifically adsorbed ions and the nearest
non-specifically adsorbed ions are referred to as the ‘inner Helmholtz plane’ (IHP)
and the ‘outer Helmholtz plane’ (OHP), respectively (Doan et al. 2021). The
non-specifically adsorbed ions, driven only by long-range electrostatic forces,
form the second layer, generally referred to as the diffuse layer, which extends
from the OHP to the bulk electrolyte due to thermal agitation.

The current understanding of the electric double layer is based on the contribu-
tions of several generations of scientists. In 1853, Helmholtz58 initially proposed the
electric double layer model, in which, one layer is the polarized electrode surface and
the other one is the layer of counterions closely adhering to the charged electrode
surface. This early model laid the foundations for understanding of the electrochem-
ical interface, although it was not comprehensive as it did not consider the thermal
motion that causes ions to leave the layer of counterions. In the first decade of the
twentieth century, Gouy and Chapman considered the effect of thermal motion on
the ions near the surface and introduced a diffuse model of the electrical double
layer. In this model, they assumed excess ionic charges distributed as a function of
the distance from the electrode surface, ignoring the inner Helmholtz layer. In 1924,
Stern proposed the currently most recognized model, combining the Helmholtz
electric double layer model with the diffuse model. In Stern’s representation, some
ions follow the proposition from Helmholtz and form an internal Stern layer
adhering to the electrode while some form a diffuse layer, as Gouy-Chapman
proposed. Since the 1950s, the model was further modified by Grahame, Bockris,
Devanathan, and Miiller.

At present, the well-recognized double layer model is comprised of three regions,
namely the inner-Helmbholtz plane, the outer-Helmholtz plane, and the diffuse layer .
In the region of 0 <« x < a/2 (where x is the distance from the electrode surface and a
is the diameter of the solvated counter-ion in the electrolyte), a water dipole layer
with the so-called specifically adsorbed species, which lose to a certain aspect their
solvation shells, is directly attached to the electrode surface and predominantly
constitutes the inner-Helmholtz region. The outer-Helmholtz region is comprised
of non-specifically adsorbed species which retain their full solvation shell. About
x > af2, the diffuse layer extends from the outer-Helmholtz plane to the bulk
electrolyte.

In the region of 0 <« x <« a/2, namely the Helmholtz region, according to the
Poisson equation, the relationship between the space-charge density and the poten-
tial can be written as (for a one-dimensional problem):

o(x) p

dx? €€

where x is the direction vertical to the electrode surface, @(x) is the corresponding
potential and p is the space-charge density.
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Applying no potential and treating these ions as point charges, we can assume the
charge density between the electrode and the Helmholtz plane to approach zero.
Hence:

d*¢(x)

dx? =0

Integrating this formula, we can get the following equation:

do(x)

——= = constant

dx

With the boundary conditions, x = 0, ¢(0) = ¢M; x = a/2,p(al2) = pOHP; the
potential is written as:

2 - by
o(x) =@y — [ou a€00HP]
where @M is the potential of the electrode, pOHP the potential at the outer-
Helmbholtz plane.
The integral capacitance of the interface can be calculated from the following
expression:

_&8A

€=

where [ is the distance separating the plates, A is the surface area of the plates, €0 is
the vacuum permittivity, and er is the relative permittivity. Based on experimental
results, this capacitance should consist of two parts: the water dipole layer and the
adsorbed ions. Thus, ignoring the surface area, the capacitance of the Helmholtz
layer, CH, can be given by:

1 1 1 o aH,o Aijon

Cu  Caipote  Cinp—Conp  Edipole€0  2€1HP — OHPED

where ay,o and a,,, are the diameter of the water molecule and the largest solvated
ion, respectively.

Moreover, the capacitance in the Helmholtz region is, in fact, primarily deter-
mined by the water molecules, as the effect of the ionic diameter is found to be rather
limited.

It should be noted, however, that this formula does not clearly demonstrate the
influence of the electrode materials and the structure of the electrode surface.

In the region of x > a/2, according to the Gouy-Chapman model, the diffuse
region can be described by Boltzmann statistics. In this model, all ions in the
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electrolyte are assumed to be point charges and influenced by both electric attraction
and thermal motion. To simplify the following discussion, a new variable & is used to
replace the distance x, where &€ = x — a/2. Then, the potential in the diffuse region
can be rewritten as:

P(x) =5 — (&)

where @s is the potential of the electrolyte and ¢(&) is the potential at the distance &.
According to the linearized Poisson-Boltzmann equation, the relationship
between the space-charge density and the potential can be written as:

which solves to give:
@5 — (&) = constant e ~*¢

Combined with the boundary conditions, @5 — @(€) = @s — @oup When & = 0, thus
becomes:

95— (&) =[5 — ponple ™ = Dpyge ™

where Ag ;¢ is the potential drop across the diffuse region, generally known as zeta-
potential. When the distance from the outer Helmholtz layer, &, is equal to k—1, the
potential drops to a value 1/e of Ag . This distance k—1 is normally taken as the
length of the diffuse layer and referred to as Debye-length.

The capacitance of the diffuse layer can be given as:

Cd,ﬁf = ké;’r&‘()

From this formula, the capacitance of the diffuse layer is closely associated with
the electrolyte. The whole electric double layer, 0 < x << k—1, can be seen as the
Helmholtz region and the diffuse layer connected in series.

The potential drop across the whole double layer region, A, can be outlined as:

A
e

A =[poup — oul + (05 — vonple ' = Dpy +

where Agy and Aggirf/e are the potential drops in the Helmholtz region and the
diffuse layer, respectively.
The capacitance of the whole double layer region, CD, can be summarized as:
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1 1 1 aH,o Aion 1

Cp  Cu  Cup  edgpoe€o  2emp—_onpeo  kergg

where Cp and C,; are the capacitances of the Helmholtz region and the diffuse
layer, respectively.

In concentrated solutions, according to this expression, the capacitance Cp
predominantly depends on Cy since C ;s is several orders of magnitude higher. In
dilute solutions, on the other hand, the capacitance C;+ must be considered, as k
decreases and C; becomes increasingly significant in this expression for CD.

The electric double layer plays an integral role in the functionality of numerous
innovative energy systems, ranging from batteries to supercapacitors and from
electrolyzers to fuel cells. However, further investigation is required as there are
still various unsolved questions such as the question of the EDL structure in various
systems.

3.3 Catalytic Active Sites

In electrocatalysis, active sites are an array of sites or a region in the catalyst surface
that primarily determine the performance of the catalyst (Wang et al. 2023).
According to the Sabatier principle, the interaction between reaction intermediates
and catalysts should be optimal for the best performance. However, intermediates
usually bind differently to various types of sites on the catalyst surface. Thus, the
electrocatalytic performance of different surface sites can vary considerably. This
inspired the principle of active sites. Langmuir was the first to affirm that, for
authentic catalyst surfaces, the assumption that all sites are energetically identical
and non-interacting was an unacceptable approximation. Consequently, he proposed
the original model to describe the chemisorption of different surface sites. In this
model, he assumed that an array of sites would control the activity, and the typical
Langmuir adsorption isotherm was obtained. This model provided the first surface
science approach in heterogeneous catalysis.

Subsequently, Taylor emphasized the heterogeneity of surface sites and the
corresponding effects. Taylor recognized that ‘. . .there will be all extremes between
the case in which all atoms in the surface are active and that in which relatively few
are so active’; and non-equivalent sites can generate different activities due to the
local environmental heterogeneity of surface atoms. This heterogeneity originates
from both varied coordination numbers of surface atoms and different surface or
bulk compositions. Terraces, edges, corners, ledges, vacancies, and kinks on the
surface can all cause a variation of coordination numbers of surface atoms (Taylor
1925). In terms of catalysts with multiple components, it is apparent that the surface
composition would differ from that of the bulk catalyst as well as between each
crystal facet. This heterogeneity has a significant effect on the catalyst performance,
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Fig. 13 The ORR activities
of various stepped single
crystalline surfaces and
metal alloy catalysts. (a)
Relative ORR activities of
Pt and Pt alloy stepped
single crystal electrodes at
0.9 VRHE in 0.1 M HCIO4,
as compared to Pt(111).
Stepped single crystals with
different atomic widths of
the (111) terraces were
characterised. (b) ORR
activities of various Pt alloy
catalysts at 0.9 VRHE
relative to the corresponding
Pt catalyst. The activities
were plotted against the
empirical radius of the
solute metal
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as has been confirmed by surface science studies on samples such as stepped single
crystalline surfaces (Fig. 13a) and various metal alloy catalysts (Fig. 13b).
According to the statement of active sites in the Taylor’s principle and experi-
mental kinetic measurements, electrochemical reactions are divided into two cate-
gories depending on whether a specific surface structure is necessary to promote the

reaction.

1. Structure-sensitive reactions. For these reactions, the adsorption of the interme-
diates/reactants and/or the following process predominantly occur on specific
sites of the surface. Accordingly, it can be observed that there are always strong
interactions between the reaction intermediates and the catalyst surface in this

type of reactions.
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2. Structure-insensitive reactions. In those reactions, all sites on the surface appar-
ently exhibit similar activities. About some of these reactions, the surface even
adapts itself to the reaction conditions, as Taylor stated: “The amount of surface
which is catalytically active is determined by the reaction catalyzed’. In this case,
the interactions between intermediates and the catalyst surface are
relatively weak.

The present study on active sites is important for deeper fundamental understand-
ing of electrocatalysis and the design of new electrocatalysts. However, in-depth
study requires more advanced research techniques, as identification of active centers
requires in-situ experiments under the working conditions of catalytic systems.

3.4 Electrocatalytic Reactions in Energy Conversion
and Storage

Water splitting, usually referred to as water electrolysis, is an electrochemical
reaction that decomposes H,O into O, and H,. It is normally driven by a direct
electric current (Tao et al. 2022). The corresponding reactions occurring at the
cathode and anode are referred to as the hydrogen evolution reaction, HER, and
oxygen evolution reaction, OER, respectively.

Generally, electrolytes are substances that conduct ions. When an electric field, E,
is applied, the ions in the electrolyte experience electric field force, Fg:

FE = ZE()E

where e is the elementary charge, and z is the charge of the ion. The ions in the
electrolyte move due to the electric field force, and this motion subsequently leads to
an ionic electrical current flowing through the electrolyte.

Electrodes are electronic conductors used for exchanging electrons or ions with
the non-metallic aspect, for example, a vacuum or air, an electrolyte or a
semiconductor.

The electrodes can be metals or semiconductors. The electrodes responsible for
transferring electrons from electrolyte species to external circuits are usually referred
to as anodes, whilst those responsible for delivering electrons to the electrolyte
species are usually referred to as cathodes.

Typical energy conversion or storage systems, such as electrolyzers and galvanic
cells, are comprised of electrodes and electrolytes. For the electrolyzer system, when
an electric field is applied, cations migrate towards the cathodes and anions towards
the anodes; when the applied potential exceeds a specific value (namely the decom-
position potential, ¢g), some cations will receive electrons from the cathodes and
become reduced, and some anions will lose electrons at the anodes and become
oxidized. This redox process, driven by a direct current, is referred to as electrolysis.
With regard to the galvanic cell, the processes are similar but reversed in relation to
the electrolyzer.
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As stated, redox reactions in the electrolyzer can only occur when the applied
potential, ¢, is higher than the decomposition potential, ¢,. At the potential ¢,
the corresponding free energy change, A,G, can be depicted as:

A.G=nFg,

where n is the number of electrons transferred during the reaction and F is the
Faraday constant.

Therefore, the following equations will be established if the electrolyzer is
functioning:

When:

elec

@, >

Then:
nFe —A,G>0

In terms of a galvanic cell, if the cell is functioning (namely the cell is
discharging), the driving voltage of the external system, .5, is lower than the
electromotive force of the cell, ¢,. Thus, the following equations should be
established,

When:

galy

@ <@g

Then:
nFs" —A,G <0

Under standard conditions, i.e. when concentrations are 1 mol dm~> and the
pressure is 1 atm, this potential ¢, is referred to as the standard electrode potential.
About the electrolyzer system, ¢ is referred to as the decomposition potential (ED).
In terms of the galvanic cell, ¢ is equal to the battery electromotive force (Ey)/ the
electromotive force of the cell (emf).

However, due to the internal resistance of electrochemical systems, the measured
decomposition potential is higher than its theoretical value; conversely, the observed
electromotive force for galvanic cells is always significantly lower (Fig. 14).

Moreover, with increasing current, the cell potential increases in the electrolyzer
system but decreases in the galvanic cell. If only taking the Ohmic drop into
consideration, the corresponding relationships between the measured cell potential,
E, and the current, i, can be simply indicated in:

E=Ep+iR;
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Fig. 14 Cell potential, E,
plotted against load current,
i. Red and black lines B ) $
schematically depict the glectroly ok
variation of the potentials
for electrolyzer systems and
galvanic cells, respectively.
EQ is emf, ED — the
decomposition potential, Ri-
the internal resistance, Re-
the external resistance.
When the load current
increases, the cell potential
will increase in the
electrolyzer system and 5
decrease in the galvanic cell I
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E=E)—iR;=IiR,

for the electrolyzer system and the galvanic cell, respectively. Where R; is the
internal resistance of electrochemical systems, Ep- the decomposition potential,
E, — the battery electromotive force, R,- the external resistance in the electric circuit.

In fact, when a current flows through the cell, causing it to depart from equilib-
rium, not only will the Ohmic drop affect the cell voltage, but each electrode will
display a characteristic current-voltage behavior; therefore, in general, the measured
overall cell voltage will be a combination of both these effects.

3.5 Nernst Equation

An electrolyzer can only operate if the applied potential exceeds the decomposition
potential. To investigate electrochemical systems, the first step should be to define
this potential.

The chemical potential for a component i in a mixture, yu;, is defined as:

;=0 + RTIn a;
where a; is the activity of component i, #;°"is the corresponding chemical potential

at unit activity, T — temperature, R — universal gas constant.
Therefore, the total free energy of a mixture of all components can be written as:

G= Zniﬂi
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If a reaction takes place in such a large volume that the fractions of both reactants
and products are not considerably changed, the free energy change can be written as:

AG, = Zviu,

where v; is the stoichiometric number of component i.
At equilibrium, the free energy change, AG,, must be zero. Thus, the fundamental
equation for a chemical reaction at equilibrium can be obtained according to:

Zvi,ui =0

In electrochemical systems, materials of two different phases are brought in
contact with each other, namely electrode and electrolyte, resulting in a potential
difference, ¢. If taking this potential difference ¢ between electrode and electrolyte
into account, the free energy change becomes:

AG, = Zvi(ui +zFp) = thﬂi

The introduced 4i; is defined as the electrochemical potential, and the potential ¢
is always referred to as the Galvani potential. At the condition of electrochemical
equilibrium, the fundamental reaction equilibrium expression becomes:

> vit; =0

Taking the simplest redox reaction as an example, we have:
SRed - SOx +ne-
where Sgr.s and So, are termed the reduced and oxidized components in the redox
reaction, respectively. When this reaction is at equilibrium, namely that the double

layer at the electrode interface and the Galvani potential difference stabilize, the
following relationship can be achieved:

ﬁRed A ﬁOx + nﬁe*
this equation becomes:

Hpeq =RT In ageq + nFpp = ps; + RT Inaoy + nFopg + npl-
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Therefore, the Galvani potential difference, A@, can be written as:

0L
/"Ox + nﬂe ~ HRed RT Aaox
A(p Py — Ps= nF + nF In ARed
RT Aoy
A Ap” +— In| —
= (0 nkF <aRed>

where Agoo is the standard Galvani potential difference. In the case that ap, and ag.4
are equal, the standard Galvani potential difference is the Galvani potential differ-
ence between the electrolyte and the electrode.

For a normal redox reaction on the electrodes as shown in:

E NRedSRed < E noxSox +ne”
Red

Then:

ZnRed (,ugjd + RT Indgd) + nFoy = ZnOX U+ RT In agr) + nFog + nud_
Red

Therefore, the generalized Nernst equation can be obtained as:

0 [10x ag
E=F +—1 7HReda;R;j
Where:

|I n __ ny T
a, —asl asz aSi

The Nernst equation relates the potential for an electrochemical reaction with the
activities of the species participating in the reaction, the standard electrode potential
and the temperature at the situation of electrochemical equilibrium (Lamy and Millet
2020).

Defining the absolute value of the potential appears to be impossible. In other
words, Ag and Ag° are not experimentally measurable. Therefore, an additional
electrode with a constant Galvani potential difference is used as a reference point in
the electrochemical systems. This electrode is referred to as the reference electrode,
and the corresponding system is named the three-electrode system (with a working
electrode, reference electrode and counter electrode). A widely accepted reference
electrode is the standard hydrogen electrode (SHE) since this electrode can quickly
and reproducibly establish its equilibrium potential and maintain this potential well
over time. But in fact, the reversible hydrogen electrode (RHE) is the reference
electrode used for experimental measurements because the SHE is closely associated
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with the pH of the electrolyte and defined based on an ‘ideal’ solution. According to
the Nernst equation, the relationship between the potentials versus the RHE and the
SHE follows the equation:

2
RT | |40+
Erni = Espe + In10- 57 log Zi’

P’

Thus, at 25 °C and unit H, partial pressure (pg= p°),
Egue = Esug +0.0591 - pH

As there are many reference electrodes to choose from, e.g., saturated calomel
electrode (SCE), mercury-mercurous sulfate electrode (MSE) and mercury-mercury
sulfate electrode (MMS), the MMS was chosen as the reference electrode for all the
measurements in this research. The potential versus the MMS can be linked to that
versus the RHE at room temperature through the following equation:

ERHE :EMMS + 0.6618 + 0.0591 pH

3.6 Butler-Volmer Equation

The Nernst equation describes the situation of the electrochemical system at equi-
librium, but what about non-equilibrium states? In other words, based on the Nernst
equation, the relationship between the potential of the reaction and activities of
chemical species taking part in the reaction is established, but how does the potential
influence the electrical current flowing through electrochemical systems when reac-
tions occur on electrodes. Kinetic considerations are given by the Butler-Volmer
equation.

According to the definition, the current density, j, for an electrochemical reaction
is given by:

j=nkFv
where v is the reaction rate, n is the number of electrons participating in the reaction,
and F is the Faraday constant.

At the situation near the equilibrium, when the mass transfer-influence is so small
that can be disregarded, the reaction rate v is given by:

v:k-c:koexp(— 2—?) c
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Fig. 15 Schematic of the
free energy change in a
redox reaction when one =
electron is transferred from |

AG_(E3)
the electrode. Only parts of
the free energy change are
reflected in the free energy
change of the activated
species

11 - pynFAE|

AGL(E)
AGL(Ey)

Standard free energy

Shea < Sox + ne”
1 i 1 i 1

L i 1 i 1 i 1

Reaction coordinate

where k is the reaction rate constant, ¢ is the concentration of reactants near the
electrode surface. For this situation, the reaction rate constant, k, only depends on the
free energy change; the concentration of reactants, c, is constant.

In the simplest case of redox reactions, and Fig. 15, the cathodic current density at

the potential Ey, j (E)), is:

AG_(E
J (El) = —nFvRea = *nFCo,rké)i exp{ GT(I)]

where co, is the concentration of oxidized species. For the situation near the
equilibrium, the transfer of the oxidized species from the bulk to the electrode
surface is quick enough to keep the concentration c(, constant. Besides, the negative
sign in this equation accounts for electrons flow from the electrode to the solution.

Only parts of the change in the free energy, caused by the potential change, are
reflected in the free energy change of the activated species. When the electrode
potential is changed from E; to E,, there is no change in the free energies, AG.(E),
which means that not all free energy changes appear for the activated species.56 For
simplicity, an asymmetry factor f is introduced, and the corresponding free energy
changes on the cathode and anode are indicated in:

AG_(E,)=AG _ (E,) + pnF - AE

AGL(E2) =AGL(E)) — (1 —p)nF-AE

Therefore, on alteration of the electrode potential from E1 to E2, the current
density on the cathode can be written as:

~ ) AG_ (E;) + pnF - AE
Jj~(E2)= —nFc, ki, exp| — RT
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A reference electrode is needed to measure the electrode potential. Thus, if taking
the potential E1 as a reference point, i.e., the potential of the reference electrode,
the potential change AE can be treated as the measured potential, E. Besides,
as the reference electrode is independent of factors such as cp,, the part of
exp[—AG_(E)/RT] is constant and can be taken into the reaction rate constant, ky .

The equation for the cathodic current density then becomes:

. _ pnF-E
i (E)= = nreuky x| - P

Like the cathodic current density, the anodic current density can be written as:

]+(E) = 4 nFCRedk6+ exp |:+ W]

RT
At the equilibrium potential, Er, the net current should be zero, which means:
I (E)=j"(E)=Jjo"Jo

is referred to as the exchange current density.

. . _ pnkF-E,
J(E)=jo= —nFcoky eXP[— RT
| — p)nF-E,
O =t g LR

after the rearrangement, the following equation can be written:

_RT ko RT Cox
Er = n_F In (ﬁ) + ﬁ In <CRed) 0

If Ey is used to replace the first summand, this equation becomes the Nernst
equation. But it should be noted that this equation is obtained under the condition
that the salt in the electrolytes is excessive. Thus, the activity coefficients of the
oxidized or reduced species, a, are likely independent of the corresponding concen-
tration, c.

Additionally, the exchange current density, jy, can be calculated from:

. _ _ nF - E,
—jo=nFk, (c/,éedc})xﬁ) exp[—ﬂ RT 0}

. _ 1 —p)nF-E
o=k (e ") exp| - UL B
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As the net current is zero, should be equal to:

nFky exp { - ﬂnli%Eo} =nFkg exp [ - (l_ﬁIQ;FEO} =nFk

therefore,
. 1—
Jo= anOCﬁedCOx /

At the situation near the equilibrium, the actual electrode potential, E, should
include not only the equilibrium potential, E,, but also the overpotential, . Thereby,
the overpotential is the difference between the equilibrium potential and the applied
potential required to initiate the electrode reactions. The net current is the algebraic
sum of the cathodic and anodic current density:

This is the famous Butler-Volmer equation. But note that this equation is under
the condition of relatively low current density; i.e. there is no mass transfer effect. It
also does not account for the adsorbate-adsorbate interactions.

At the situation far from the equilibrium, when the mass transfer influence has to
be considered, the concentration of the activated species near the electrode surface
will differ from the bulk concentration and change with time due to the mass transfer
limitations. Therefore, the reaction rate, v, should be modified as:

v=k-c(0,1) =k° exp(f %) -¢(0,1)

The more general expression of the Butler-Volmer equation, applicable to the
mass transfer-influenced conditions, can be written as:

o] o (2 xp [0 _ (00 [

3.7 Tafel Equation, Overpotential and Limiting Current
Density

Several fundamental concepts related to this work, i.e. Tafel equation, overpotential,
and limiting current density, are introduced based on the Butler-Volmer equation.

When there is no mass transfer effect, the overpotential can be written based on
Butler-Volmer equation.
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Cathodic reactions:

_RT L RT
”el_ﬁnF Jo ﬂl’lF .

Anodic reactions:

__RT e BT
= W= pyrF 0T = pynF "
Therefore, the overpotential has the following form:
n=A+Bin|j.|

This semi-logarithmic equation is the so-called Tafel equation, and B is the Tafel
slope. This overpotential is mainly determined by the charge transfer, and thus
termed as transfer overpotential, 1.

Under the mass transfer-influenced conditions, the overpotential can be written
based on the more general expression of the Butler-Volmer equation.

Cathodic reactions:
RT (¢t
Naif = — 7= 1N (
L ﬂnF C%x

Anodic reactions:

RT o
AP N
v (1=p)nF Cied

This diffusion overpotential is clearly caused by the difference in species con-
centration between the near-electrode-surface and the bulk. The total overpotential,
Neors 18 then:

Niot = Net T Naigr

If continuing to increase the overpotential (at very high current density), the
current is not determined by the charge transfer but totally by diffusion. To simplify
the discussion, the one-dimensional case is only considered. According to Fick’s
first law, the following equation can be written:

56‘1'
1i=-0(%})
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where J; is the diffusion flux of electroactive species i, c; is the concentration of
electroactive species i, and D is the diffusion constant. The current density then can
be written as:

. oc; A=

i

where 6N is referred to as Nernst diffusion layer thickness, % is the concertation in
bulk, and ¢’ is the concertation at the electrode surface. If assuming that the reaction
on the electrode is fast enough to make ¢ approach zero, the current density then
becomes a limiting time-independent value, which is known as limiting current
density, jjim:

The corresponding potential range is referred to as the limiting current range. The
corresponding diffusion overpotential is also changed. The potential drop caused by
the charge transfer is so small that nel can be neglected. Thereby, 1n;¢ can be seen as
the potential drop from the bulk of electrolytes to the surface of electrodes at
equilibrium. According to the Nernst equation, 1, can be given as:

_RT1 s
i = 1M

So, the following equation will be obtained:

And finally:

_ RT In(1— A
rldiﬁ_ nF jlim

In a word, at a low overpotential, the reaction kinetics are mainly controlled by
the charge transfer; at a medium overpotential, the influence from both the charge
transfer and the diffusion should be considered; at a very high overpotential, the
reaction is presumably controlled by the diffusion.
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3.8 Hydrogen Evolution Reaction

Water electrolysis is the process of decomposition of water into oxygen and hydro-
gen by applying an electric current. Oxygen and hydrogen can be separately
collected at the anode and cathode, where the volume ratio of oxygen to hydrogen
is 1:2.

The overall reaction of water electrolysis is:

2H,0() = 2H (g) + Oy

At standard atmospheric pressure and temperature, the equilibrium cell potential
is 1.23 V. According to the Nernst equation, this theoretical cell potential is
independent of the pH of the electrolyte. Although the theoretical value is just
1.23 'V, the typical working potential of commercial electrolyzers is significantly
higher, typically 1.8 V to 2 V, due to the unavoidable overpotential (Karthick et al.
2020).

Using proper catalysts is an effective way to reduce the overpotential in water
electrolysis, as they can reduce the activation energy for the reaction. The choice of
the catalyst determines the cell potential of electrolyzers and the conversion
efficiency.

Nevertheless, due to the high energy density of hydrogen and its environmentally
friendly characteristics, water electrolysis has already been applied in the industry
for almost a century. At present, there are primarily two distinct types of industrial
electrolyzers. One is an alkaline electrolyzer, in which anodes, cathodes, and
electrolytes typically use Ni/Co/Fe composites, Ni-based materials, and highly
concentrated KOH or NaOH solutions. The optimal temperature is from 60 to 80 °
C, the typical current density is 0.2-0.4 A cm ™2 and the hydrogen production is less
than 760 N m® h~'. The advantage of this electrolyzer is that the electrode materials,
normally non-noble metal composites, are relatively cheap, but the low conversion
efficiency severely limits its application. Another one is the polymer electrolyte
membrane (PEM) electrolyzer. It typically uses Ir, Pt, and solid polymer electrolytes
as anodes, cathodes, and electrolytes, respectively. The optimal temperature is from
50 to 80 °C, the operational current density is from 0.6 to 2 A cm ™2 and the hydrogen
production is less than 30 Nm’h~'. This electrolyzer has a good conversion effi-
ciency, a high current density and a compact design, but the expensive electrode
materials and membranes limit wider application of PEM-electrolyzers (Liu et al.
2022a).

During water electrolysis, hydrogen generates at the cathode side of the cell. The
reaction taking place at this electrode is referred to as HER. The mechanism of this
considerably simple reaction has been widely investigated in the literature.

In acidic media, the reaction equation at the cathode is:

2H" +2¢~ —H;
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The corresponding mechanism involves a two-electron transfer and either follows
so-called Volmer-Tafel step or the Volmer-Heyrovsky step, as shown in the follow-
ing equations (* corresponds to an adsorption site):

Volmer step:

H'+e +*>'H
Tafel step:
2H—Hy +2*
Heyrovsky step:
H" +e +"H— Hy+"

Recently, it has been observed that both types of electron transfer are present in
acidic HER, especially at high overpotentials. The Tafel step is often recognized as
the rate-determining step at least for the acidic HER on Pt-based electrodes (Liu et al.
2023). In alkaline media, the HER reaction follows the below scheme:

2H,0 +2¢~ —-20H ™ + H,

resembling that in acidic media, the mechanism is comprised of a two-electron

transfer and follows either the Volmer-Tafel step or the Volmer-Heyrovsky step,

as shown below. An additional water dissociation step is added to the Volmer step.
Volmer step:

H,O+e +"—>*"H+OH"™
Tafel step:
2*H—H, +2"
Heyrovsky step:
H,O+e +"H—H,+ OH ™ +"

In contrast to the mechanism in acidic media, the Volmer step becomes the rate-
determining step for Pt-based electrodes in alkaline electrolytes resulting in their
lower overall HER performance (Wu et al. 2017).

According to the Sabatier principle, the highest activity should be observed on
catalysts with an optimal hydrogen binding energy, as the adsorbed hydrogen is the
only intermediate in both acidic and basic solutions. Relation of theoretical hydrogen
binding energies with experimental HER activities of different materials leads to the
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HER volcano plot shown in Fig. 15. To date, the highest HER performance in both
acidic and alkaline solution has been achieved using Pt-based electrocatalysts.

Although the HER has undergone decades of investigation and solely involves
one intermediate species, there are still several unsolved problems. For instance,
improving the alkaline HER activity of Pt to a similar level as its performance in
acidic media is crucial to improve the low conversion efficiency of alkaline
electrolyzers (Zhang et al. 2023). Moreover, the design of new non-noble metal
catalysts for the acidic HER would be highly beneficial to reduce the cost of the
devices.

3.9 Oxygen Evolution Reaction

At the anode side of a water electrolyzer, oxygen is produced during so-called OER.
Typically, it occurs on oxidized metal surfaces at relatively high overpotentials. In
acidic media, the reaction equation is:

2H,0— O, +4e~ +4H'

The corresponding mechanism is much more complex than that of the HER. It
involves a four-electron transfer and has at least three reaction intermediates, being
*OOH, *OH, *O. Though there are several possible reaction pathways, those shown
in the following equations are widely accepted in the literature.

H,O+* ->"OH +H" + e~
%0+ H,O— x OOH + H" + e~
*O0OH — Oy + H" + x4+ e~

In alkaline solutions, the reaction equation is:
40H  —2H,0 + Oy +4e™

Like that in acidic media, the mechanism in alkaline solutions is also based on the
four-electron transfer, which includes the same three different reaction intermediates
(Chu et al. 2022).

The most recognized reaction pathway is shown as follows:

OH +"—="0OH + e~
*OH +OH " —="0+ H,0 + e~
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*O0 + HyO + [(OH)]” — * OOH + H20 + e~
*OOH + [(OH)]” = 0, + HyO + e~ + %

However, regardless of the electrolyte, the reaction rate of the OER is very low as
compared to the HER. Although considerable efforts have been made to improve the
OER performance, the poor stability of the oxide electrodes and the so-called
‘scaling relations’ are the critical bottlenecks of the OER, as explained below
(Exner 2023). The surface structure of the electrode materials used for the OER
changes over time due to an inevitable ‘oxidation process’ that occurs during the
reaction. This process results in poor long-term stability and is difficult to study
in-situ. Moreover, it is probable that some components of the oxide electrodes are
directly involved in the OER. It was recently provided direct experimental evidence
that lattice oxygen, i.e., oxygen incorporated in the bulk structure of the electrode
material, is also involved in the OER.

Besides, based on thermodynamic calculations, the OER activity indeed depends
on the binding energies of the reaction intermediates (i.e., *OOH, *OH, *O).
Optimal adsorption energies of these critical intermediates should affirm a superior
activity according to the Sabatier principle. It was discovered that the adsorption
energies of *OOH, *OH, and *O are linearly related, also referred to as the ‘scaling
relations’ (Fig. 16).
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Fig. 16 Trends in adsorption energies of OER/ORR reaction intermediates. The values were
calculated for doped graphite-based materials, in which the active sites are composed of transition
metal and nitrogen atoms. The so-called ‘scaling relations’ indeed exist between the adsorption
energies of *OH (red), *OOH (yellow) and *O (blue). There is a constant separation of ~ 3.10 eV
between the adsorption levels of *OH and *OOH; *O is located in-between. The triangle and square
symbols are values obtained from two different unit cells
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4 Catalytic Activity

Finding and optimizing abundant electrocatalysts for electrolysis is essential to
enable a sustainable hydrogen economy. An electrocatalyst is defined as a material
that takes part in and facilitates an electrochemical reaction without being consumed
or altered. Today, around 80% of all processes in chemical industries use some kind
of catalyst. In water splitting, the performance of an electrocatalyst is mainly
categorized by the amount of gas it can produce using as low overpotential as
possible. This can be determined from potentiostatic measurements with LSV as
shown in Fig. 17 where the current density corresponds to amount of gas produced
(depending on the Faradaic efficiency). This specific figure shows three theoretical
catalysts, with different hydrogen adsorption energies that are either too strong,
weak, or optimal for HER.

The most common and reliable measure of a catalyst is the overpotential needed
to produce a certain current density, usually at 10 mA/cm? because it is roughly the
magnitude used in photo-electrochemical devices. In PEM or alkaline electrolyzers
however, the operational current densities are much higher, but the overpotential at
10 mA/cm? allows suitable comparison of materials at lab scale. The reaction is often
described to start at the “onset potential”’, which is a rather ambiguous measure and is
not well defined. Usually, a straight line is drawn from the voltammogram where the
current seems to start, commonly at around 5 mA/cmz, and where it crosses the
x-axis is said to be the onset potential. This is also dependent on the scale of the
y-axis and electrochemical surface areas.

Two other parameters that can describe the activity are the exchange current
density and Tafel slope and can be obtained from Tafel plots such as in Fig. 18.

These properties have physical meanings and are good measures. The exchange
current density (jo) is the current when the net current for the reaction is zero, in other
words, where the reaction proceeds in the forward and backwards direction with the
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same rate. This value can be derived by extrapolating the Tafel slope to 0 V
overpotential. A high number of j, means that the reaction kinetics are fast and
that the catalyst is efficient. However, it can be difficult to get accurate experimental
values for jo and even for similar metals measured in very pure conditions, the values
differ quite notably in the literature.

The Tafel slope is a measure of how much potential is needed for increasing the
current by one decade.

This slope can be used to describe the reaction mechanism and is also an
important factor for reaching high current densities with minimum amount of
overpotential.

The Tafel slope is obtained in linear sections of Tafel plots, which can be at
several regions if the reaction mechanism changes with potential.

CV plots can give information in wide potential ranges about the electrode/
electrolyte interface. A typical CV plot is shown in Fig. 19 and in this plot, (a-d)
is reduction and (e-f) are oxidation reactions of a gold-coated electrode in an alkaline
1 M KOH (pH = 14) electrolyte.

The water splitting reactions HER and OER are denoted by a and f while small
amounts of ORR could possibly occur at ¢ from the oxygen evolved. In actual ORR
experiments, the electrolyte should be purged with O, prior to the measurement.
Moreover, there are two metal redox peaks at e and d, which we can see are not
reversible since the integrated area of e is much larger than the reduction peak d. The
peak at b could be assigned to metal-reduction or possibly be related to hydrogen
adsorption on the metal surface. However, the sources of these current responses are
just examples and to conclude their origin, theoretical models or further experiments
are often needed such as in-situ spectroscopic methods.

In Fig. 20, experimentally obtained LSV plots for OER are shown for several
Ni-Fe based catalysts with different atomic ratios of Ni and Fe. In this figure, the
onset potentials, overpotential at 10 mA/cm?® and current/potential slopes can be
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measured. Note that the thermodynamic potential for OER is 1.23 V and therefore
the absolute potentials are much higher than for HER even though the overpotentials

are around 0.25-0.5 V against OER for these catalysts.

4.1 Activity Definition

In electrochemistry, parameters that alone can estimate a materials catalytic activity
are called activity descriptors (Kolle-Gorgen et al. 2022). The ability to chemically
bond to intermediate species have shown to be highly correlated to experimental
activity. Since the reaction mechanisms for HER, OER and ORR differs, the
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intermediate species vary for all these reactions, and consequently also the ideal
catalysts. The HER is probably the most studied and simplest of these three reactions
since adsorbed hydrogen atoms are the only intermediate species and therefore
materials with optimal adsorption energies for hydrogen such as platinum excels.
The adsorption free energy is calculated as:

AG=AH —-TAS

where AH and AS are the reaction enthalpy and entropy, respectively. Theoretically,
AG can be calculated with ab-initio simulations such as density functional theory
(DFT) with high precision. DFT is probably the most used theoretical tool for
computational chemistry due to the high accuracy and efficiency with the ability to
include hundreds of atoms in quantum mechanical modeling. However, finding new
descriptors from the intrinsic properties in materials would be beneficial to overcome
the need of time-consuming ab initio computational simulations, especially for large
systems with many diverse adsorption sites. As an example, the trend in adsorption
energies has shown to correlate to the energy of the d-band center relative to the
Fermi energy, and therefore the electronic density of states could be such a descrip-
tor. The density of states only needs one iteration in DFT calculations compared to
numerous molecular dynamic optimizations needed for adsorption reactions. How-
ever, such descriptors often have problems to predict adsorption energies for disor-
dered materials or when for example species bond to more atoms than one. Another
descriptor for HER is the work function of the metal surface. It is however a
macroscopic property and cannot predict diverse atomic sites Next to DFT, an
interesting approach is by suing machine learning algorithms, which has been
proven able to predict the d-band center and other intrinsic properties and are
much faster than DFT calculations. By using machine learning, complicated rela-
tions involving many parameters could be used to estimate catalytic activities but
needs large data sets and the relationships often lacks physical meaning. Further-
more, the errors in these models are still relatively large and need DFT calculations
for training the models. Therefore, ab initio methods such as DFT are still considered
essential. While the adsorption energies have proven very successful in describing
the activity, they cannot alone explain the different behavior in varying pH or
electrolytes and therefore further descriptors may be needed such as water or ionic
interactions for more complete models.

For 4-electron multistep reactions like OER and ORR with several intermediates,
the adsorption energy for each involved species must be considered and therefore,
these reactions are usually harder to describe theoretically than HER.

The equilibrium potential of the full reaction is determined from the least
thermodynamically favorable reaction step. Hence, ideal catalyst would have an
equilibrium potential of 1.23 V for each of the individual electron transfer reaction
steps involved. The free energy change for the four reaction steps in OER and ORR
is given by:

AG; = AG(OOH ;) — AG(03) + eU
AG, = AG(Oyuys) — AG(OOH o) + €U
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AG3 = AG(OH y45) — AG(Opyy) + €U
AG, = AG(H,0) — AG(OH u45) + eU
Where the reaction pathway for ORR is:
AG| — AGy
and for OER:
AGy — AG,

The free energy of an (H* + e™) pair is equal to -eU at other potential than
0 V vs. SHE and the standard equilibrium potentials are given by the conditions
where AG; = 0. From these thermodynamic relations, an optimal catalyst for either
OER or ORR would bind the intermediate species with free energies according to:

AG(OH 445) = 1.23eV
AG(O,45) =2.46 eV
AG(OOH 445) =3.69 eV
AG(0,)=4.92 ¢V
by taking:
AG(H,0)=0

Since it has been shown that these intermediates adsorption energies depend on
each other, linear relations such as:

AG(OOH 445) = AG(Oyys) + 1.23 €V
must be fulfilled for an optimal catalyst with zero overpotential. However, such
materials have not yet been found.
As an example, the adsorption energy of OOH for metal-oxides has found to scale
against the oxygen adsorption energy as:
AG(OOH 445) = 0.64AG(Opy5) + 2.4 €V

and for the graphene nanoribbons:

AG(O4ts) = AG(OH og5) + 0.89 eV
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In Fig. 21, the equilibrium potentials are shown for HER/HOR as a function of
AG(H,4s) (Ekspong et al. 2020).

and in Fig. 22a,b for both ORR/OER as a function of AG(OH,q4,) and AG(O,gs),
respectively.

The volcanoes are turned (V) for oxidation reactions and all potentials below
these are spontaneous, while for the reduction reactions (HER and ORR), all
potentials above the volcano relations (A) are spontaneous.

As an example, in Fig. 21 at AG(H,q) = —1 eV, the adsorption reaction is
spontaneous for HER and the total equilibrium potential is restricted by the desorp-
tion reaction.

All volcanoes in Fig. 22 have the theoretical optimal limits shown with thick solid
black lines at the intersections for clarity.

For HER and HOR, the ideal equilibrium potential is at 0 V for both reactions.
Optimal catalysts would behave as the dashed lines in Fig. 22 where the OER/ORR
reactions would start at 1.23 V.

4.2 Microkinetic Model

Electrochemical reactions can be described by microkinetic analysis, which is a
powerful tool for examine the rate (activity) of catalytic reactions at atomic level.

The method relies on both experimental and theoretical observations to predict
the rate for electrochemical reactions and in general, generates results such as
concentration or reaction rates as a function of time, but in most cases, we are
only interested in the steady-state solutions.
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The reaction rates are determined by considering the free energy of adsorption on
each adsorption site, and letting the rate follow an Arrhenius-type of relation such as:

3 AG[I) +apz

k=Ae ~&T

where k is the rate constant, A is a pre-exponential factor, AG',, is the standard free
energy of activation at zero potential, a is the charge transfer coefficient, ¢ is the
electro-chemical potential, z is number of involved electrons, and kB is the
Boltzmann constant. The activation energies for each elementary reaction can be
displayed by free energy curves, such as in Fig. 23.
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Fig. 23 Free energy curves a
of HER through reaction R,
and R, at (a) zero
overpotential and at (b)
non-zero overpotential.
Three different catalyst are
illustrated with different
adsorption energies
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where the reaction Ry and R, are shown at zero and non-zero overpotentials. In
this figure, the reactions are catalyzed by three different materials with optimal
AGH = 0, weak AGH > 0 and strong AGH < 0 hydrogen adsorption energies. At
zero overpotential, the reaction R1 is in equilibrium, non-spontaneous and sponta-
neous, respectively for the materials. The charge transfer coefficient « is the depen-
dency of the free energy curve and activation energy, with respect to a change in
potential, and is normally considered to be 0.5.

This coefficient is theoretically obtained from the slopes of the free energy curves
at the point of intersection of the initial (x) and final (y) states as:

x
T x+y

a
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It is experimentally possible to measure a from the Tafel slope when it is not
dependent on any other variables such as H-coverage. The reaction rate for a typical
adsorption reaction can further be determined as:

r=k(1-6)C

where 0 is the surface H-coverage, which is dimensionless and between [0,1] and C
is the adsorption site concentration in the catalyst.

Non-equilibrium conditions can be studied by setting the electrochemical
potential as:

P=¢.+n

where ¢, is the equilibrium potential and n is the applied overpotential. The
equilibrium potential can be determined from rate equations by setting the reaction
rates of the forward and backward directions equal and n = 0.
The equilibrium potential then depends on the equilibrium hydrogen coverage,
which in turn, is found from AG(H,4s) using a Langmuir adsorption isotherm.
The AG(H,4s) also depend on the macroscopic total hydrogen coverage of the
material because of lateral interactions according to a Frumkin isotherm:

AG(Had57 etot) = AG(HadSs gtot = O) + retol

and therefore, the total H-coverage used in DFT and from the Langmuir adsorption
must equal at the equilibrium coverage. Finally, to calculate the complete reaction
rate for multistep reactions, a master equation is used to calculate the steady state
considering the forward and backward rates for each of the involved elementary
steps.

Rather than using detailed microkinetic models, it is a common practice to use the
Butler-Volmer equation (BVE) to describe the kinetics of electrochemical reactions.
However, the BVE is only valid for simple one-step redox reactions and cannot
accurately describe more complex reactions such as HER. Yet, the BVE gives
accurate results when deriving kinetic properties such as the exchange current
density and Tafel slopes.

The BVE can be related to the above-mentioned microkinetic rate equations
such that:

AG(I)Jra(/iZ
k=Ae ~HT xige T

anz

where i, contain all except the remaining exponential. The full rate in units of current
density for a single step reaction (forward-backward) can then be written as:

_a (1-a)nz
i=ipe T + e fT
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which is the BV equation. Evaluating the BVE at high overpotentials where one of
the directions dominates, the Tafel slope:

dE

dlog [1]

can be derived from the Tafel equation:

i
n=Alog,y (z_)
0

and as mentioned before, ip can be determined by extrapolating the equation to
n = 0 V. Note that the Tafel slope, which is:

2.303 kpT /az

only depend on the charge transfer coefficient, a or the number of electrons involved
for constant temperature. This often leads to misinterpretations since a is considered
to be 0.5 for most reactions and that the number of electrons in a single reaction
rarely is more than one. In reality, the Tafel slope also depend on coverage, and
therefore the Tafel equation could only give accurate values of « if the coverage has
stabilized. The need for selectively fitting o and z to explain the experimentally
obtained Tafel slopes without any physical motivation shows one of the issues of
using the simplified BVE expression when studying multi-step reactions.

In Fig. 24a, the equilibrium volcano plot for each reaction in HER is shown, and
in Fig. 24b at non-equilibrium conditions with varying overpotential. Compared to
the volcano plot in Fig. 24a, the y-axis instead shows the current density and there
are three dashed lines, one for each of the elementary reaction, together with the
overall volcano relation (solid black line).

The H-coverage goes towards zero at positive AGH and towards fully covered at
negative AGH and vary according to the Langmuir isotherm.

If the volcano plot was independent of H-coverage (always full coverage), the
current of reaction R, (blue line) would continue as a straight line following the
relation on the left side of the volcano. This reaction is now limited by low coverages
on the right side and therefore forming the volcano-like plot. Similarly, the rate of
reaction R, is reduced by high H-coverage at negative AGH.

Following the evolution of the current density with overpotential in Fig. 24b,
polarization plots and thereby Tafel slopes can be obtained. Any material that has
negative AGH can only display Tafel slopes of 118 mV/dec since the H-coverage is
basically constant at these energies. For materials with positive AGH, the Tafel
slopes depend on the rate-determining step. If the Heyrovsky reaction (R,) is rate-
determining, the Tafel slope is 40 mV/dec and for the Tafel reaction (R3), 30 mV/
dec. For the Volmer reaction (R;), 118 mV/dec is also obtained for positive values of
AGH because the H-coverage either increases or is constant since R; is fastest. These
Tafel slopes agrees with experimental and other theoretical values. Combination of
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different sites in a material can result in mixed values of these slopes. The advantage
of using our model, except more detailed analysis, is that all adsorption sites are
included to show average characteristics of the material, which is beneficial for
defective structures with various sites where quantification can be difficult. Finding
AGH at the equilibrium H-coverage is also important. As an example, the exchange
current density in Ptl111 change by one order of magnitude considering zero and
equilibrium H-coverages. Another example is that AGH on 1 T-MoS, is weakened
by around 1 eV (depending on the system size) upon the second adsorbed H-atom
because the first H-atom will trigger a phase transition from 1 T to 1 T".

By following the current density in Figure for Pt, the Tafel plot is non-linear but
later converge to 120 mV/dec. This does not agree with experimental Tafel slopes of
Pt, which at low current densities is 30 mV/dec and at higher overpotentials
increases to 120 mV/dec. The reason is that AGH is close to 0 eV for Pt. However,
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the obtained equilibrium H-coverage of 0.8 monolayer matches with experimental
results and therefore an alternative mechanism can probably explain the low Tafel
slopes. To match the experimental Tafel slope of 30 mV/dec at low current densities
for Pt, AGH must be slightly to the right of the top of the volcano:

~0.05<AGy <02eV

At these energies, the combination reaction (R3) become rate-determining
together with an increase of hydrogen coverage with overpotential.

Since the active mechanism of Pt-based materials is not yet fully understood, it is
difficult to compare the results to experiments. It has been suggested by several
reports that H-atoms preferers the fcc sites in Pt111 at equilibrium conditions, but at
higher overpotentials the on top sites are activated with positive AGH and are
responsible for the HER.

Still, more detailed studies for materials with free energies near the top of the
volcano is needed to understand the exact reaction process. Even after 30 years of
platinum metal single crystal studies, basic electrochemical reactions on these are
not yet fully understood. Next to Pt, there are also other noble materials with similar
activities such as Rh, Ir and Pd. The reason why Pt is often used is because the low
Tafel slope, high reproductivity and inertness against the harsh conditions.

For catalysts with weak adsorption for on top sites, any adsorption sites further in
the pathway such as fcc, hep, bridge or four-fold sites will be discarded in the
evaluation since the rate of desorption on the on top site is considered faster than
adsorption for these sites. Weak adsorbing on top sites then acts like a surface
diffusion barrier for other sites.

4.3 Nanomaterials

The main advantage of using nanomaterials as electrocatalysts is the huge surface
area in relation to volume. This results in large activities per weight in the electrode
since it is mostly the top atomic layers that participate in electrochemical reactions
(Yoo et al. 2021).

At the electrode, the catalysts are usually combined with electrically conducting
and high-surface area support materials for increasing the electrical contact, surface
area and also for constructing a rigorous and stable electrode. Commonly used
nanostructures are graphitic-like materials such as graphene and carbon nanotubes
(CNTs). While the strength of these materials is gained by the polarized sp2-bonds,
the delocalized electrons (above and under plane) in the pi-bonds makes them highly
electrical conducting.

Ideal graphene has a unique electron density and is viewed as a metal with a zero
bandgap while single-walled CNTs can either be semi-conducting or metallic
depending on the chirality. On the other hand, multi-walled CNTs are generally
always metallic. Structurally ordered and ideal graphitic materials are chemically
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inert and stable in electrolytes and as a result from this, are useful as electrical
support materials. A downside with the chemical inertness is that the adhesion to the
catalyst material or electrode surface can be poor, leading to low electrical charge
transfer at the interfaces. Inducing disorder or imperfections in the graphene lattice
alters the chemical properties and is essential for many applications where graphene
is used. This is similar for pristine CNTs that are chemically inert with low solubility
and therefore functionalization of the surface is needed for catalyst adhesion
(Al-Akraa and Asal 2018).

Inspired by semi-crystalline, high surface carbon materials like carbon black and
reduced graphene oxide that are widely used in electrochemistry, we synthesized and
applied nitrogen-doped multiwalled carbon nanotubes as a conducting, and chemi-
cally active support material.

By introducing nitrogen atoms in the carbon lattice, the structure is discorded and
defect-rich, so that the nanotubes contain “hot spots” which are excellent for
chemical bonding and have been shown to retain the high electrical conductivity
of pristine carbon nanotubes. Some of these nitrogen-defects were also shown to be
electrocatalytically active towards ORR 1in alkaline environments.

Introducing defects in nanomaterials have been a promising route for tuning the
activity in nano-scale for otherwise inert materials. Defects can come in many
variations such as vacancies, edge-defects, grain boundaries, substitutions, bond
rotations, adatoms, interstitial atoms in layered 2D materials, among many others.

Any perturbation in otherwise crystalline materials are considered defects and
will shift the adsorption energies of intermediates. There are several techniques to
introduce defects in materials, such as plasma treatment, ball milling, doping,
etching, annealing etc. However, producing specific defects are difficult and even
to determine what defects are present can be challenging. In this section we go
through some defective structures that were studied in this thesis and how they can
be used for optimizing and finding new catalytic materials.

Transition metals such as Mo, Ni, Fe and Co has been extensively studied as
electrocatalysts, either by themselves, as oxides, or by adding reactive elements such
as S, Se or P (Ali et al. 2023; Ye et al. 2023). In recent years, 2D layered transition
metal dichalcogenides and especially MoS2 has gained considerable interest as
electrocatalysts and even as a photocatalysts. MoS, exists in several crystalline
phases. The most stable phase is the trigonal 2H phase, while both the octahedral
1 T and disordered 1 T’ are metastable phases that transforms to 2H at slightly
elevated temperatures. In its most stable phase, MoS, is a semiconductor with an
electronic bandgap that change significantly between bulk and monolayer structures
and is studied far beyond the field of electrocatalysis such as in photonics and
electronics. In contrast to 2H-MoS, the 1 T phases are highly conducting and
therefore more useful for electrocatalysis.

Ever since the edge-atoms in MoS, was found highly active towards HER in
theory, a lot of effort has been done to synthesize MoS, with high ratio of exposed
edge-atoms, resulting in several inspiring reports (Liu et al. 2022b).
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Fig. 25 Top view of different PtNi alloys

Another successful technique for replacing noble metals as catalysts, is by
substituting some of the rare metal atoms with abundant elements. One of the
most investigated systems is nickel/platinum alloys with Pt ranging from 0-25
atomic percentage (Fig. 25).

Homogenously dispersed PtxNil-x alloy of x = 0.05 was optimal regarding
catalytic activity displaying both high activity and stability compared to the other
samples. All alloys displayed Tafel slopes of 30 mV/dec verifying that the reaction
mechanisms were similar. According to the theoretical calculations, the surface of
the nanoparticles needs to be Pt-rich (above 25% at.) for the material to display the
high obtained experimental activity (Fig. 26).

Each Pt atom activates the three surrounding adsorption sites and hence a Pt
concentration of 33% at. would be enough to activate the whole surface if they are
homogeneously dispersed. Since the simulation could not explain the activity of the
experimental samples, it is also possible that on top sites are activated at high
H-coverages, similar as suggested for Pt catalysts, or that the experimental structures
have higher Pt surface concentrations than 25%, even for the Pty g3Nig97 sample.

If we instead focus on the OER, it is the noble metal oxides, Ir and Ru that show
the best performance and stability. In acidic electrolytes no abundant material is yet
found that is stable enough for this reaction. However, in alkaline electrolytes,
especially nickel and iron alloys have shown as good, or even better performance
in comparison to the noble metals.
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5 Pulsed Water Electrolysis

The application of pulses is a promising method to enhance the efficiency of water
electrolysis (Rocha et al. 2021).

Pulsed electrolysis has been studied for more than seven decades. Yet, some new
studies indicate that it is a method capable of improving the efficiency of hydrogen
production by water splitting, with some of the reasons being the removal of gases
from the electrode during the resting time and by the increase in the concentration of
reacting ions at the electrode surface.

There are two types of pulsed operations: voltage pulses and current pulses. In the
first, voltage is changed from a base value (called off-voltage) to a peak value (called
on-voltage). The sum of on-time (ton) and off-time (toff) is the pulse period. The
ratio between on-time and pulse period is defined as the duty cycle, and the
frequency is the inverse of the pulse period. The pulse amplitude is the difference
between off-voltage and on-voltage. The resulting current will be the sum of a

faradaic current (if the peak current is in a potential range at which water electrolysis
occurs) and a capacitive current for the charging/discharging of the double layer.
When a voltage pulse is imposed, the capacitive current can be estimated as the

charge/discharge of an ideally polarized electrode:

. AE t
W=k P\ RG

with AE the amplitude of the voltage pulse, Rs the solution resistance, CD the
double layer capacitance, and t the time. Note that the capacitive current decays
exponentially with time. The estimation of the faradaic current, on the other hand,
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can be done considering a semi-infinite linear diffusion at a planar electrode. For a
quasi-reversible, one-step, one-electron case (O + e- = R), the current time-behavior
is given as:

ir (1) = FA(k;Cy — kyCyy) exp(H?t)erfc(HV/?)
With:

kr = K exp| — af (E — Eo)]
ky = k" exp|(1 — a)f (E — Eo)]
F
I =Rt
ki ky

H= +
VDo /Dr

Where erfc is the error function complement of x, defined as:

erfe(x)=1-— %/Oxeyzdy

where kg is the standard rate constant; o the transfer coefficient; F the Faraday
constant; A the electrode area; k¢ and ky, the rate constant for the forward (reduction)
and backward (oxidation) reactions, respectively; CO* and CR* the concentration of
the reactant O and the product R in the bulk, respectively; t is the time; R the gas
constant; T the temperature; E voltage; E, the standard potential; DO and DR the
mass transfer coefficients for specimens O and R, respectively. The graphical
representation of a voltage pulse with a peak voltage at which water electrolysis
occurs and a base voltage at which no reaction is possible is shown in Fig. 27a.

The capacitive current was estimated using the previous equations. It can be seen
that when a voltage pulse is applied, the total current starts mainly capacitive and
after the complete charge of the electrical double layer — EDL, it becomes mainly
faradaic. When the voltage returns to the base value, the EDL is discharged, giving a
pure capacitive current.

In the case of current pulses, the voltage-time behavior at the beginning of a pulse
can be estimated considering again the ideally polarized electrode:

. t
E—1<RY+C—D)

As the double layer is charged and the voltage reaches the reversible cell voltage,
faradaic processes start to occur. Then, considering a quasireverible one-step
one-electron reaction, the potential-time behavior is given by:
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with 1 the overpotential and iy the exchange current. Additionally, when the current
is off (0 A), the potential-time decay for a quasi-reversible reaction can be
estimated as:

n(t)= ’I(t_:l;)) [e exp (/}2t) erfc(ft) — pexp (ezt) erfc(etﬂ

With € and f related to the relaxation times. Notice that the voltage relaxes to the
reversible cell voltage. It was proposed a method to differentiate the capacitive
current from the faradaic current when current pulses are applied to an electrochem-
ical system. In this case, the ratio of the capacitive to total current density, h(y), is
calculated as the numerical solution of the following equation:

1_exp[_¢/oxh() }
l—exp[b—%/oxh(x)} v /(\/y—x )

Where:

C*
exp(b) = C—I‘:

_(RT)( 4irCp >
-~ \nF/) \nFCj\/zD,

The graphical representation of these equations for a current pulse with an
off-current of 0 A is shown in Fig. 27b. In the beginning, the voltage increases
linearly with time due to the charge of the EDL. Then, it increases with the square-
root of time for the faradaic reaction. As in the voltage pulse case, the current starts
mainly capacitive and then becomes faradaic. During the off period, the EDL is
discharged by means of faradaic processes, which promotes a voltage decay.

There are different manners of comparing water electrolysis techniques. A simple
way is to see at a constant voltage, what are the currents from each process. The one
with the higher current is the most performing. Likewise, at constant current, the one
with the lowest voltage is the best. Another way to compare different techniques is
by the efficiency. At the same production rate, the one with the best efficiency is the
greatest. Voltage efficiency is defined as:
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with Eth the theoretical voltage value (1.23 V for water electrolysis) and E., the cell
voltage. Alternatively, efficiency can be calculated using the thermal neutral voltage:

1.48V

nvollage,thermalz E "
cel

Another way to define efficiency is by the energetic efficiency, defined as follows:

_ VAH
”energetic_ Pel

where V is the hydrogen production rate at standard conditions, AH is the heating
value for hydrogen (lower or higher), and Pel is the consumed electric power. The
lower heating value (LHV) is the energy released by the burn of hydrogen, consid-
ering water vapor as the only product and it is equal to 3.00 kW h/Nm?>. The higher
heating value (HHV), on the other hand, considers liquid water as the only product
and it is equal to 3.54 kWh/Nm. Using the Faraday law of electrolysis and the ideal
gas law, one has an energetic efficiency equal to:

_ RTAH iy, 1
rlenergetic - zZFP it Ecell

with R the gas constant, T the standard temperature, z the stoichiometric electron
coefficient (2 for hydrogen), F the Faraday constant, P the standard pressure, iy, the
current used for hydrogen production, iy the total current, and E, the cell voltage.
This first term is a constant. The second term is defined as Faraday efficiency and it is
commonly 100% unless a parasitic reaction takes place. Considering no parasitic
reaction, the energetic efficiency depends only on the cell voltage, as in the case of
voltage efficiency.

Mass transport and capacitance effects in pulsed plating were evaluated. The
authors claimed that after a circuit interruption, the current took some time to drop to
zero because of the discharge of the EDL. Thus, if off-time was short enough that the
current did not have time to decrease completely, the current would slightly fluctuate
around an average value. In this case, pulsed electrolysis would be very similar to
DC electrolysis. Assuming a linear concentration profile, the thickness of the
pulsating diffusion layer can be expressed as:

S=1[2Dt,, (1 — [ —Ton
ton+t0ﬁ‘
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with D the diffusion coefficient. It is independent of current density and of bulk
concentration. Furthermore, the authors proposed that the time for the reactant
concentration at the electrode surface to fall to zero is given by:

_ D(ConF)?
2112,

With i, the pulse current. Finally, it was concluded that the depletion of reactants
at the electrode surface can limit the rate of deposition and can cause powder
formation. The previous two equations were obtained during plating, where there
is the diffusion of metal ions in the electrolyte. In the case of water electrolysis, the
effects of ion migration must be considered. Moreover, at the cathode during
alkaline water electrolysis, it is difficult to talk about diffusion since the only reactant
is the water solvent itself.

After other experiences, a model to calculate the current due to a triangular
voltage pulse was proposed:

ip(t) =i_max exp(— kt)

where i, is the actual pulse current, t the time, k a time constant, and the current peak
value with:

.k
max — RS
And:
1
k=R

If there is a succession of n pulses, the pulse current can be estimated as:

ip _ imax _ _
pv 1+ Kting [1 — exp(—k7)]

with ipc the DC current value and 7 the pulse width. In their experiments, the pulsed
current was two times greater than the DC current.

5.1 Inductive Pulses

The main idea of inductive pulsed water electrolysis is the application of a very high
inductive voltage as compared to the equilibrium voltage, with the double layer
storing and releasing energy during pulsed operation. This affects the bubble
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behavior and changes the effective electrolyte resistance. With this method, the
resulting current and voltage are not constant, but the power can be controlled by
choosing the frequency and amplitude of the pulse in the first circuit. Consequently,
this method can be classified as a power control method.

The time for the formation of the diffusion layer is estimated as:

(XY
T 4Dy \X.a) — 4Dy

where Dy is the diffusion coefficient, X,q is the density of hydrogen ions on the
cathode (cm™2), X is the concentration of hydrogen ions in the bulk (cm ™), and 8,5
is the thickness of the diffusion layer. The time for the formation of a stable EDL was
said to be several tens of milliseconds. The results have shown that at DC power, the
increase in voltage also increases current and production rate but decreases the
efficiency. Contrary to DC, in the pulsed power case, the production rate was
decreased when the voltage at the secondary circuit was increased. In the case of
relative low voltages (7.9 V and 9.7 V), the efficiency increased when increasing the
pulse frequency (maintaining the pulse width at 300 ns). In the case of pulses with a
voltage of 7.9 V and a frequency of 17 kHz, the efficiency and production rate were
higher than DC at the same input power (2.6 V at 0.5 A).

5.2 Voltage Pulses

Pulse Width Modulation (PWM) in water electrolysis is based on a semiconductor
switching element that promotes voltage pulses by cutting the circuit periodically.
This is a way to control the amount of power delivered to an electrolysis cell. To
illustrate this, an increase in the duty cycle increases the power delivered, even if the
voltage is kept constant. This system is not ideal and presents some power dissipa-
tion. These losses can be due to switching or conduction losses. The latter is related
to the nature of the switch, whilst the first has some other influencing variables such
as control system, switching method, and power electronics circuitry. Among other
things, it was stated that the equivalent circuit of a water electrolysis cell contains
non-linear elements. Therefore, it was pointed out that the effect of applying other
forms of voltage than DC may lead to a process improvement.
The way the average power consumption is calculated was as follows:

P \/%/OT‘/(:)2 ~ \/]T/()Ti(t)zdt

with V the cell voltage, i the current, and T the pulse period.
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Fig. 28 Pulse width-cell voltage profile at a current density of 0.1 A.cm-2 for (black) oxygen
evolution reaction at a nickel electrode and the reduction of the intermediate MnO electrode,
thermodynamic cell voltage = 0.828 V; (red) hydrogen evolution reaction in metal hydride
electrode and the oxidation of the MnO(OH) electrode, thermodynamic cell voltage = 0.402 V;
(blue) and overall reaction i.g. sum of the two previous cell voltages, thermodynamic cell volt-
age = 1.229 V (blue)

5.3 Current Pulses

In pulsed electrolysis, the thickness of the diffusion layer is reduced, since it has not
enough time to be completely formed and the reactants have time to diffuse back to
the electrode surface, enhancing the efficiency of the process by a decrease in ohmic
losses caused by mass transport. The higher the pulse frequency, the lower the
thickness of the diffusion layer, explaining the observed increase in efficiency with
frequency. The results can be seen in Fig. 28, which shows that for fixed currents,
when on-time was lower than 2 s, the voltage was reduced. The authors explained
that after this time, the diffusion layer was completely formed.

6 Conclusions

Water electrolysis is an important technique for hydrogen production to face energy
crisis. In past decades, great efforts and breakthroughs have been made in designing
and optimizing bifunctional electrocatalysts. The review summarizes the non-noble
metal-based catalysts including metals, oxides, hydroxides, chalcogenides, phos-
phides, borides, nitrides, carbides and so on.

Some of them exhibit comparable and even superior water splitting performances
to the benchmark noble metal based catalysts.
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The optimizing strategies and the effects on the active sites and the intrinsic
activities as well as on the performances are highlighted: (1) morphology engineer-
ing is utilized to expose more active sites; (2) conducting supports are used to
improve the electrical conductivity and accelerate the transportation of electrons
and ions; (3) multi-metal and defect engineering are implemented to fine tune the
electronic configuration and states; (4) hetero-structures and/or interfaces are
constructed to synergically boost water splitting performance. In practical applica-
tions, the combination of hybrid strategies is more effective in balancing OER and
HER performances. Although gratifying developments have been made in
electrocatalysts for overall water splitting, there is still some problems to be solved
for potential applications in HER and OER.

Although DFT theory is a useful tool to give us understanding of the intermedi-
ates in reactions, the composites catalysts are becoming more complicated which
become more difficult to identify the real active sites. There are generally two
strategies to improve the catalytic activity of electrocatalysts: (1) increasing the
number of active sites on a given electrode (e.g., through increased loading or
improved catalyst structuring to expose more active sites per gram) or (2) increasing
the intrinsic activity of each active site. Therefore, identification of the real active
sites is one crucial thing for designing bifunctional catalysts. Advanced techniques
such as scanning probe microscopy, ambient pressure X-ray photoelectron spectros-
copy, soft X-ray absorption spectroscopy and other in situ techniques may provide
potential to fathom the natural active sites.

Long-term stability. The overall water splitting is often conducted in alkaline or
acidic aqueous medium, which may lead the surface polarization of catalysts. To
achieve the extension from academic studies to industrial production, it is important
to prevent catalysts from corrosion in the electrolyte in order to maintain the high
activity and stability. Rational strategies could be useful for mitigating polarization
of electrode.

To date, many high-performance HER, OER, and overall water splitting catalysts
have been fabricated, but there is much room for improvement beyond laboratory
environment. It is also vital to develop commercial electrocatalysts which offer both
cost-effective and highly performance.

The strategies, such as, coating, encapsulating, anchoring, could be useful to
mitigate the corrosion and structural collapse in the electrolyte during water splitting.

To date, non-noble transition metal-based water splitting mainly work well under
alkaline and near neutral conditions due to their rapid dissolution in acidic solution.
However, water splitting especially OER catalysts in acid have demonstrated critical
advantages in the widespread application of overall water splitting devices. So far,
the catalysts which perform better in the acidic condition are still noble metals or
noble metal-based materials. High corrosion resistance in acidic condition is one of
the basic requirements for designing catalysts. Different from the most transition
metals and metal oxides, noble metals and metal sulfides/phosphides are usually
corrosion-resistant in the acid. Their hybrid composites are most preferred. In
addition, oxygen vacancies could also be adopted to improve the water splitting
performances in acidic condition.
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1 Introduction

CO, emissions continue to grow despite the efforts to reduce greenhouse emissions
to reduce the global warming. This is mainly due to the continuous increase in gas
and oil consumption in all the human civil and industrial activities. The global CO,
emissions increased from 36,153 in 2017 to 37,016 Mt in 2019 (Fig. 1). This
corresponds to an increase of 1.1% per year, while the increase related to the energy
production increased by over 1.7% in the same period. In addition, we should
consider that the world population increased by almost 5 times from 1900 to 2021
and the global CO, emissions increased by 2.5 times in the last 30 years. This is
mainly due to the energy consumption that grows by 2% from the 60°s to 2018 and
by 2.2% in the last year (Fig. 2).

In Fig. 3 they are shown the levels of CO, emissions from gas, oil and coal
utilization in 2018.

An extensive shift in the global energy system is necessary and all the energy
sectors should find ways to reduce CO, emissions. The industrial sector accounts for
the largest share of global Total Final Energy Consumption (TFEC) among all
sectors (almost 40%). Consequently, the mitigation of industrial CO, emissions
has a crucial role in meeting climate targets. Given a continuously increasing
demand for industrial products, the key for industrial decarbonization is decoupling
its production from the produced CO, emissions. For achieving this goal it’s
necessary energy and material efficiency strategies, such as adoption of best avail-
able technologies and improved scrap collection and reprocessing rates (Luh et al.
2020).

Other relevant measures are switching to lower-carbon fuels and feedstocks, such
as natural gas as substitution for coal, and future adoption of Carbon Capture and
Storage (CCS) in industrial processes. In addition, more recent literature suggests
increased industrial electrification as a suitable option for decarbonization.
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This option has received increasing attention due to the possibility of generating
electricity from low-carbon energy sources, such as renewables, nuclear energy, and
fossil fuels with integrated CCS.

In this scenario, the renewable energy sources growth in each world region in
shown in Fig. 4 with a net increase of 7% from 2017 to 2018.

The renewable source by technology is shown in Fig. 5.

Anyway, this growth is not sufficient to reduce the overall greenhouse emissions
in order to reduce the global warming. As a matter of fact, Fig. 6 shows the historical
expansion of electricity generation technologies.
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Fig. 3 Carbon dioxide
emissions from fossil fuels
in 2018
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Global electricity generation from solar PV is an order of magnitude lower than
conventional technologies but it shows a very rapid progression. The small unit size
and low unit investment have enabled a much faster scaling through replication
compared with other technologies. Today, solar source provides the cheapest elec-
tricity in many parts of the world and the milestone of attaining a cumulative
capacity higher than 1 TW is expected before 2023 (Victoria et al. 2021).

Partial-equilibrium models using annual resolution also tend to result in low solar
contributions. For example, the model, which supports the analyses of policy options
for the European Commission, estimates that solar PV supplies less than 20% of
electricity demand in all the cost-optimal 1.5 and 2 °C scenarios for 2050. This is
well below the cost-optimal solar penetration obtained by other energy models
including hourly resolution (Fig. 7).

A major transformation and redesign of the global energy system is required
towards decarbonization and to achieve the Paris Agreement targets. This Grand
Transition is a complex pressing issue where global joint efforts and system solu-
tions are essential and hydrogen is one of them.
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Hydrogen has the potential to be a powerful effective accelerator towards a
low-carbon energy system, capable of addressing multiple energy challenges: from
facilitating the massive integration of renewables and decarbonization of energy
production, to energy transportation in a zero-carbon energy economy, to electrifi-
cation of end uses (World Energy Council 2018).

Hydrogen is believed to be the energy vector and the fuel of the future (Fig. 8).

Hydrogen discovery append at the beginning of 1500 when Paracelsus let to react
iron with sulfuric acid. Two hundred years later, Myelin reported this gas explosive
power. Boyle was the first, in the eighteenth century, to synthesize the gas from the
reaction of iron with various acids. Finally, in 1776, Cavendish identified hydrogen
as a unique element presenting it to the Royal Society of London. Then Lavoisier
named it as hydrogen in 1783. The first example of hydrogen production from
electrolysis is due to Nicholson and Carlisle in 1800. It was liquified in 1898 by
Dewar. Its famous important use was due to Zeppelin in 1900 to sustain his airship.

Hydrogen is considered a very effective instrument to vehicle the low-carbon
energy system because of its capabilities to address many energy challenges from
facilitating the massive integration of renewables and decarbonization of energy
production, to energy transportation in a zero-carbon energy economy, to electrifi-
cation of end uses. This is due to the fundamental capability to burn without
dangerous emissions.

Hydrogen produced from renewable electricity through Power-to-Hydrogen can
facilitate the integration of high levels of variable renewable electricity into the
energy system.

An electrolyser is a device that splits water into hydrogen and oxygen using
electricity (Fig. 9).

When electricity is produced from renewable energy sources, electrolytic hydro-
gen can be considered to be green. At the same time, electrolyzer can help integrate
renewable electricity into power systems, as their electricity consumption can be
adjusted to follow wind and solar power generation. Green hydrogen then also
becomes a carrier for renewable electricity (Proost 2020).

The versatility of hydrogen synthesis (Fig. 10) makes it available for many
industrial applications.

Given the different available technologies, 95% of the hydrogen used today is
produced from fossil fuels while only the remaining 5% is from other alternative
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Fig. 10 Available technologies for hydrogen production

sources including biomass. Steam reforming of gases is employed to produce 60% of
hydrogen worldwide, this is accompanied with the emission of 30 million tons of
CO,. So even if the direct use of hydrogen is carbon-free, its synthesis can be
accompanied with huge greenhouse gases emissions (Okolie et al. 2021).

As a matter of fact, Hydrogen ironmaking is based on the fundamental substitu-
tion of carbon with hydrogen to reduce iron ores (Sun et al. 2020). This is considered
the most promising frontier in the development of a sustainable future steel produc-
tion (Tang et al. 2020).



1 Introduction 67

In 2020 Hydrogen has been the protagonist of a considerable development. It is
fast becoming the center of the energy transition through the climate neutral society
in 2050 from innovative niche technology.

It will become a crucial energy vector and the other leg of the energy transition —
alongside renewable electricity — by replacing coal, oil and gas across different
segments of the economy (Fig. 11).

The increasing role of renewables in the power sector has raised the need of
complementary technologies to balance the grid, and, understanding that electricity
cannot be stored easily, allows an opportunity for hydrogen technologies.

The situation of hydrogen production in Europe is shown in Fig. 12.

Hydrogen technologies can play a significant role in distributing energy in a low
carbon energy world.

Critical to the cost, energy use and emissions is the delivery. The choice of
hydrogen delivery mode, such as road transport or pipelines, depends upon specific
geographic and market characteristics.

Hydrogen can be converted back to electricity to provide constant power when
the renewable source is unavailable, helping stabilize the electrical grid and, in
addition, the excess can be sold for a variety of other purposes. Hydrogen is a
strategically important commodity, both as a primary feedstock to the refining,
fertilizer, and chemical industries and as a by-product of other industrial processes.
Hydrogen can be injected into the natural gas grid to support the distribution of a
clean gas at the same time as reducing emissions and stranded assets.

To stabilize electric grids is required to control electric flow to the output of
renewable energy power generators.

Controlling flow of electricity on electricity output from renewable energy power
generators is required to stabilize electric grids. To make effective use of renewable
energy to avoid output control, however, electricity storage facilities are required
(Abdalla et al. 2018), in this view storage batteries may play a key role in the
immediate future. As renewable energy expands with the necessity of output con-
trols as large-scale and long-term power-to-gas systems using hydrogen will
increase.

To achieve the decarbonization of the transport sector a social change, and
technological modifications are needed. Zero-emission vehicles (ZEV), fuel cell
electric vehicles (FCEV) and battery electric vehicles (BEV) are being progressively
introduced for this purpose. Today, several studies recognize an important contri-
bution of hydrogen mobility to decarbonize the transport sector and to create extra
environmental benefits and number of countries adopt FCEV technology.

Hydrogen shows more energy density per unit weight and unit cubic volume than
lithium-ion and other storage batteries. Therefore, fuel cell vehicles are preferred to
other zero emission vehicles in large vehicles for long-range transportation. The
improvement of fuel cell efficiency and output density will increase the maximum
driving distance and allows to make smaller fuel cell.
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Fig. 12 Geographic distribution of identified industrial hydrogen production facilities

Battery electric vehicles (BEVs) with lithium-ion batteries are easier to produce
but show inferior maximum driving distance and charging time compared to FCVs.
With the introduction and enhancement of environmental regulations BEVs are
expected to spread rapidly.

Hydrogen as an energy carrier could offer a climate-friendly solution to
decarbonizing industry (Birat 2020). It is used in the production of carbon steels,
special metals and semiconductors in the steel and electronics industries. Hydrogen
is used to process crude oil into refined fuels and that’s why hydrogen demand is
increasing.
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Renewable hydrogen can simplify the value chain for many industries and can be
used as a feedstock for production of methane, clean chemicals, and fertilizers.
Synthetic methane can be produced through a power-to-methane process that can
be injected into the natural gas grid. In addition, hydrogen is widely used as a
feedstock for production of numerous chemicals that are widely used in the industry
such as ammonia.

Ammonia (NH3): (1) shows an higher hydrogen density than other carriers (1.5
times as high as liquefied hydrogen) and is available through smaller-scale and
cheaper infrastructure development, (2) is produced from natural gas and relatively
cheaper, and (3) is available for existing commercial supply chains. Ammonia can be
directly used for power generation without any dehydrogenation process and emits
no CO, during combustion.

To achieve the decarbonization target hydrogen can be used for the heating of the
building as fuel or in specific technology, or a combination of both, offering high
efficiency in heat and power generation.

Like natural gas, hydrogen can be handled as fuel. Fuel cell technologies that
efficiently generate electricity and heat from hydrogen can be used to reduce carbon
in various areas including power generation, transportation, industrial processes, and
heat use.

Supply and adjustment capacity of natural gas power generation is indispensable
for renewable energy power generation expansion. However, hydrogen power
generation can work in the same way as natural gas power generation and may
become a leading option to reduce carbon in fossil power generation in a view of
reducing costs in the future.

Hydrogen can be combined with CO, to produce methane in the so-called
methanation process. Methane has great potential as an energy carrier for (1) the
effective utilization of existing energy supply infrastructure (including city gas pipes
and LNG power plants) and (2) low-carbon heat use.

Conditions for utilizing methane from CO,-free hydrogen include the procure-
ment of massive amounts of CO,-free hydrogen at low cost, the presence of large-
scale CO,-emitting sources and the availability of existing LNG infrastructure.

Hydrogen power generation, such as natural gas power generation, is expected to
provide to regulate power supply source and to increase generation capacity not only
for electricity production. Therefore, hydrogen power generation will become the
principal actor in reducing carbon emissions over the medium to long term while
working as a regulated power supply and backup power source required for
expanding renewable energy. Hydrogen-based power generation is the most impor-
tant application that should be promoted in conjunction with international supply
chain development because of the massive amount of hydrogen that the application
consumes.

Hydrogen can be used in conjunction with natural gas for power generation and
will initially be used mainly for existing natural gas power plants and for small
cogeneration systems to promote hydrogen diffusion.
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Long-term electricity storage will be important for using massive renewable
energy oversupply without output control. For this reason, hydrogen will be effec-
tive for storing energy on a large-scale, long-term basis over multiple seasons.

In this way, hydrogen as along with renewable energy is expected to play a key
role in reducing carbon in the electricity system.

Hydrogen has long been used across several industries, including the oil & gas
industry where hydrogen is used in a process called hydrocracking, used to convert
crude heavy petroleum extracts into lighter, usable forms of fuel. However, the
developments leading to use of hydrogen as a transportation fuel, large-scale energy
storage medium or in so-called power-to-gas applications to provide a clean and
viable energy source to power vehicles or to provide power and heat for households
and larger buildings is the potential game-changing solution. Hydrogen derived from
water is heralded as an enabler of the Grand Transition into cleaner future (Olabi
et al. 2021).

2 The Energy Carrier of the Future

Hydrogen will be the leading actor in the climate neutral economy, in the role of
crucial energy vector and the other leg of the energy transition alongside renewable
electricity replacing coal, oil, gas and conventional hydrogen in various economy
segments. Renewables soon will dominate the system, in this scenario, hydrogen
will be a contribute to enable sectoral integration. As a direct product from renew-
able energy production, hydrogen can enable the transition to renewable sources by
providing a mechanism to flexibly transfer energy across sectors, time, and place in a
more circular energy system. In addition, hydrogen is a versatile energy carrier
(Fig. 13) and strategic value chain that is key to the decarbonization of heavy
industries.

Furthermore, hydrogen can be seasonally stored and transported cost-effectively
over long distances, largely using the existing natural gas infrastructure. Beyond the
potential of hydrogen production from renewable and low carbon sources there is the
ability to store renewable energy as hydrogen during peak of production. That help
the reduction of renewable electricity, bringing flexibility to the power sector, etc.,
under demand-response schemes, and efficiency to the functioning of the future
energy system.

Hydrogen is an energy carrier, which means that its role is like that of electricity
(Reddy et al. 2020). Both hydrogen and electricity can be produced by various
energy sources and technologies. Both are versatile and can be used in many
different applications. From the use of either hydrogen or electricity there is no
production of greenhouse gases, particulates, sulphur oxides or ground level ozone.
If the hydrogen is used in a fuel cell, it emits only water as product with energy.
However, both hydrogen and electricity can have a high CO, intensity upstream if
produced from fossil fuels such as coal, oil or natural gas.
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Fig. 13 Hydrogen energy
carrier

The crucial difference between hydrogen and electricity is that hydrogen is a
chemical energy carrier, composed of molecules and not only electrons. This
distinction upholds all the reasons why hydrogen might overtake electricity in
some situations (and vice versa).

One of the strengths of chemical energy is that it can be stored and transported in
a stable way, like nowadays is done with coal, oil, natural gas and biomass.

Molecules can be stored for a long period and thanks to the molecular nature of
the hydrogen, it can be combined with other elements, like carbon and nitrogen, to
form hydrogen-based fuels easy to handle and it can be used as feedstock to reduce
emission in industry; hydrogen can be transported across the sea in ships, burned to
produce high temperatures and used in existing infrastructure and business models
design around fossil fuels.

The combustion products of any type of fuels are generally: water, CO, and
nitrogen. The hydrogen combustion product is only water. The hydrogen cycle is
analogous to the natural carbon cycle, but no carbon is involved. In contrast to
biomass, no living matter is required; the disadvantage is that in ambient conditions
hydrogen is a gas (Fig. 14).

When an energy carrier, including fossil fuels, is produced, converted or used it
incurs an efficiency loss. In the case of hydrogen, these losses can be accumulated in
the value chain. Converting electricity to hydrogen, shipping it, storing it and then
converting it into electricity again in a fuel cell cost 30% of the initial electricity
input. This makes hydrogen more expensive than electricity, or the natural gas used
to produce it. It is also desirable to reduce the conversions number between energy
carriers in any value chain. Considering zero energy supply constraints and evalu-
ating fixed CO, emissions, efficiency can be considered ad an economic issue in the
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entire value chain. This is important because hydrogen can be used with higher
efficiency in certain applications, and it could be produced without greenhouse
emissions.

Hydrogen can be used in its pure form as an energy carrier or as an industrial raw
material. It can also be combined with other elements to create hydrogen-based fuels
and feedstocks, both of them produced using hydrogen from any source (electricity,
biomass, fossil fuels) and can be used in any applications, as engines, turbines and
chemical processes, for example: production of derivative molecules such as meth-
ane, synthetic liquid fuels and methanol, all of these require carbon alongside
hydrogen; also ammonia, which can be used as a chemical feedstock or as a fuel,
and it is made combining hydrogen and nitrogen.

Power-to-X is a term used for the conversion of electricity to other energy carriers
or chemicals, through hydrogen produced by electrolysis of water. The “X” stands
for any resulting fuels, chemicals, power, or heat. For example: power-to-gas refers
to the production of electrolytic hydrogen itself or also to synthetic methane pro-
duced from electrolytic hydrogen combined with CO,. Sometimes hydrogen-based
fuels that integrate electrolytic hydrogen are referred as ‘“electro-fuels”, or “solar
fuels” if the power come from solar energy.
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3 Physical and Chemical Properties

Hydrogen is the first element in the periodic table with the atomic number 1. It is the
lightest and most abundant element in the universe representing 75 mass% or 90 vol
% of all matter. On Earth, hydrogen is found in compound with almost every other
element (just think about water: the hydrogen content is in the 1014 t order in the
total water supply of the world). Hydrogen exists also as a free element in the
atmosphere, but less than 1 ppm (by volume).

Free ionic hydrogen is more reactive than molecular hydrogen, the non-polar-
covalent compound of two hydrogen atoms. In 1776, Henry Cavendish identified
hydrogen as a distinct species. It was given the name ‘water maker’ by Lavoisier
7 years later, who proved that water was composed of hydrogen and oxygen.

Hydrogen, with a standard atomic mass of 1.0078225 u, has three naturally
occurring isotopes. The most common hydrogen isotope is the stable protium (1H,
H) with an abundance in nature of more than 99.98%. The second isotope is the
stable deuterium (2H, D) or heavy hydrogen discovered in 1932 by Urey. Deuterium
has a natural fraction of 0.014% with physical and chemical properties slightly
different from 1H. Nearly all D in natural hydrogen is in combination with hydrogen
atoms, the diatomic HD with a fraction of 0.032% in natural hydrogen; the existence
of molecular D is highly improbable. The third hydrogen isotope is the radioactive
tritium (3H, T) with a half-life of 12.3 a, discovered in 1934 by Rutherford. But also,
the short lived isotopes 4H, 5SH, and 7H have been synthesized in the meantime.

In these years, to refer to different type of source of hydrogen colors was used:
“black” for hydrogen produced from coal, “grey” from natural gas and “brown” from
lignite; “blue” is used for hydrogen produced from fossil fuels with reduced CO,
emission, using CCU (Carbon Capture Utilization); “green” is referred to hydrogen
produced from renewable energies. No color were associated to biomass, nuclear or
other varieties of grid electricity because of the variability on the environmental
impacts depends on energy source, region and type of CCU applied.

Hydrogen contains more energy per unit of mass than natural gas or gasoline,
making it attractive as a transport fuel (Table 1). However, hydrogen has low energy

Table 1 Physical properties of hydrogen (IEA 2019)

Property Hydrogen Comparison
Density (gas) 0.089 (kg/m) 1/10 of NG
Density (liquid) 70.79 (kg/m3 ) 1/6 of NG
Boiling point —252.76 °C 90 °C below NG
Energy per unit of mass (LHV) 120.1 MJ/kg 3% gasoline
Energy density 0.01 MJ/L 1/3 of NG
Specific energy 8.5 MJ/L 1/3 of NG
Flame velocity 346 cm/s 8x CH,

Ignition range 4-77% by volume 6x CHy
Autoignition temperature 585 °C 220° for gasoline
Ignition energy 0.02 MJ 1/10 of CH4
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density per unit volume because of its lightness, indeed hydrogen is the lightest
element. This means that compared with other fuels, to have the same energy of
other fuel larger volumes must be used. This can be achieved, for example, using
larger or faster-flowing pipelines and larger storage tanks. Hydrogen can be com-
pressed, liquefied, or transformed into hydrogen-based fuels that have a higher
energy density, but this (and any subsequent re-conversion) led to losses in term
of efficiency.

In a wide temperature range and even at high pressure (up to about 10 MPa)
hydrogen can be considered an ideal gas. At standard temperature and pressure
conditions, it is a colourless, odourless, tasteless, non-toxic, non-corrosive,
non-metallic diatomic gas, which is in principle physiologically not dangerous.
Due to its low-density hydrogen must be compressed or liquefy.

Hydrogen rapidly mixes with the ambient air when release. The diffusion velocity
is proportional to the diffusion coefficient and varies with temperature according to
the product Tn, where n is in the range 1.72—1.8. Hydrogen diffusivity in air is
4 times larger than air diffusivity in air. The rising velocity depends on the density
difference between hydrogen and air as well as on drag and friction forces, shape and
size of the rising gas volume, and atmospheric turbulence, so it can’t be directly
determined only under the influence of buoyant forces, that is a favorable safety
effect in unconfined areas, but it can cause a hazardous situation in confined spaces
where hydrogen can accumulate. Buoyancy and diffusion mixed determine the rate
at which the gas mixes with the ambient air. The rapid mixing of hydrogen with air
led to a safety concern because it’s easy to have flammable mixtures, but then
quickly dilute to the non-flammable range.

Hydrogen can be a problem for its grater rate of release than other gases, due to its
small size, small molecular weight, and its low viscosity. Small amount of diffusion
is possible through intact materials also, and it can lead to gas accumulation in
confined spaces. Compared to water hydrogen’s leakage rate is 50 times higher and
compared to nitrogen is 10 times higher. To detect the leaks colorant can be added,
but it can’t be done in every situation or for liquefied hydrogen.

Hydrogen dissolved in liquids can permeate into adjoining vessel materials. At
high temperatures and pressures, hydrogen causes decarburization and embrittle-
ment in mild steels. This is a serious concern in any situation involving storage or
transfer of hydrogen gas under pressure. Is required properly material selection to
prevent embrittlement.

Hydrogen exists in two different forms depends on the temperature: ortho
(nuclear spin aligned) and para (spins anti-aligned) hydrogen. At room temperature,
hydrogen is 75% ortho and 25% para. Above 80 K para hydrogen is the steadier
form. At 20 K the thermal equilibrium is at concentration of 99.821% para and
0.179% ortho. Over 3—4 days period the transition takes place until a new equilib-
rium state is reached. Magnetic impurities and small oxygen concentrations can
catalyze ortho-para conversions increasing the rate by various magnitude orders to
the order of hours. Any concentration of the spin state can be created with help of
catalysts at any temperature. The properties of the two spin states are not so different,
but the larger difference is in the energy between the two varieties, that brings
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difference about specific heat and thermal conductivity. Free hydrogen atoms and
ions are generating by the presence of a radiation fields, and they act like catalysts
before recombining. The recombination produces excess of ortho hydrogen.

Above 193 K hydrogen exhibits a positive Thompson-Joule effect: the temper-
ature of hydrogen gas increase upon depressurization, that can lead to ignition, but
it’s a small possibility of a spontaneous ignition just by this effect, an explosion has
more chances to start because of electrostatic charging of dust particles during
depressurization or auto-ignition at high temperatures.

Liquid hydrogen (LH,) needs one third of its heat of combustion to liquify but has
the advantage of extreme purity and has the more economic type for storage and
distribution under conditions. To maintain the temperature tank the boiloff loss is
unavoidable. When the ortho hydrogen is stored the evaporation rate is enhanced.
The ortho-para conversion at 20 k liberate 670 kJ/kg, it is huge compared to 446 kJ/
kg of the latent heat of vaporization at the same temperature. It’s means that is
needed a design of the hydrogen loop that can remove the heat of conversion in a
safe way.

Cold hydrogen gas is less volatile than ambient gas, so when there are open pools
of LH; it needs to be considered that there is more possibility of flammable mixture
formation. LH, rapidly contaminates itself because of the condensation and solidi-
fication of air constituents, that brings a lot of oxygen in particular areas and the
formation of shock-explosive mixtures. An additional hazard is given by the volume
increase by a factor 845 in confined areas when LH, is heated up to ambient
conditions. In enclosed space the final pressure can rise to 172 MPa, that over-
pressurizes systems to explosion.

A temperature decrease below the boiling point can results in liquid and solid
hydrogen mixtures or slush hydrogen, SLH,. Slush offers the advantages of a higher
density and a prolongation of the storage time of the cryogen as the solid melts and
absorbs heat. When vapor pressure decreases below the atmospheric pressure, a
system against the air ingress must be considered. When solid is formed, the heat
released led to the ortho-para hydrogen conversion.

At the temperature of 13.8 K and pressure 7.2 kPa all the three phases can exist in
equilibrium: the triple point (Fig. 15).

If hydrogen is maintained above its critical temperature and pressure a single
phase is formed: supercritical fluid. It is gas-like because it’s compressible and
liquid-like because of the comparable density, and there is transitory state in between
characterized by strong structural fluctuations causing the unusual behavior of fluid
properties near their critical point. It exhibits higher flow rate compared with liquids.
In the supercritical state cryogenic hydrogen thermophysical properties strongly
depend on temperature and pressure, and near the critical region they vary a lot.
At the pseudo-critical temperature Cp has a maximum: thermal spike phenomenon.
Because of its dependence of viscosity on temperature supercritical hydrogen might
undergo a turbulent-to-laminar transition. Heat transfer coefficients are
unpredictable in the transition regime and are much lower in the laminar regime.

Hydrogen at pressure of 2-3 x 105 MPa and temperature of about 4400 K will
make a transition phase to metallic hydrogen, that may be superconductive at room
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temperature. This effect, predicted in 1935, was eventually proven in a shock
compression test in 1996. Metallic hydrogen is accepted as existing in the interior
of Saturn and Jupiter but has no practical application on Earth so far.

Both gaseous and liquid hydrogen are insulator, but above the critical “break-
down” voltage it becomes an electrical conductor due to ionization.

The hydrogen density as a function of temperature and pressure is shown in
Fig. 16.
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Under normal conditions, hydrogen is a colorless, odorless and non-toxic gas.
The density of hydrogen in its gaseous state at NTP is only 0.089 g/l. Below its
boiling point of —252.76 °C (1 atm) hydrogen exists as liquid. In the liquid state
hydrogen has a density of 70.79 g/l (at the boiling point at 1 atm). Liquefaction
increases the density of hydrogen by a factor of ~800.

A hydrogen marked attribute is its negative Joule-Thompson coefficient. Due to
that hydrogen heat up when choking from higher to lower pressure since its
inversion temperature is reached (71 °C), from that temperature hydrogen shows a
normal Joule-Thompson coefficient. Typically, the liquefaction of gases makes use
of the Joule-Thomson effect.

Hydrogen, as other energy carriers, manifest risks in term of safety and health
when it is used on a large scale. It requires special equipment and procedure to
handle it, also because of its molecules size and lightness; in fact, hydrogen is so
small that it can diffuse into some materials, and it may increase their chance of
failure or it may escape through sealings and pipes. Hydrogen is non-toxic gas, but it
is flammable, due to its wide ignition range and low ignition energy, but thanks to its
buoyancy and diffusivity, that led to a quickly dissipation, it can be mitigate. It has a
flame that is colorless and odorless, making it harder for people to detect fires and
leaks.

3.1 Metal Hydrides

The chemistry of hydrogen is very versatile, it creates various chemical interactions
and bonds leading to many compounds with different elements of the periodic table
(Hirscher et al. 2020). Detailed analysis of intermetallic hydrides reveals their crystal
chemistry and electronic, magnetic and hydrogen storage related properties.

Hydrogen shows high energy densities once it is stored in the solid state.
Complex metal-hydrides are employed in this direction to obtain both high gravi-
metric and volumetric energy densities (Fig. 17).

By storing in the solid state, the general reaction is described by:

M ) + Ha(g) — MHy)

the thermodynamic considerations on a general metal hydride system like this, found
a correlation between the temperature of hydrogen release and uptake at a given
equilibrium pressure and the enthalpy change for the reaction through the van’t Hoff
equation:

n (@) _AH, AS,

pe | RT R
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Fig. 17 Volumetric and gravimetric energy density for various materials (Moller et al. 2017)

Where P(H,) and P® are equilibrium pressure and a reference pressure of 1 bar, R is
the gas constant, and T is the temperature. AH; and AS, are the enthalpy and entropy
of the reaction.

A material’s hydrogen release temperature is usually described as T(1 bar) given
for an equilibrium pressure of Pey(H,) = 1.0 bar. In this case, the van’t Hoff equation
is reduced to:

AH,
AS,

T(1 bar) =

Most metal hydride systems have S, =~ 130 J/(K mol) since the major contribution to
the reaction entropy change AS; is from the change in state from molecular hydrogen
gas, S®(H2(g)) = 130.7 J/ (K mol), to the solid state in which the entropy is assumed
to be close to zero, SP(H,(s)) ~ 0 J/(K mol). To reach an equilibrium pressure of P
(H,) = 1 bar at a moderate temperature of 25 °C the decomposition enthalpy should
be AH; ~ 40 kJ/mol.

A pressure-composition-temperature (PCT) plot is created to determine the reac-
tion enthalpy and entropy in experimental way performing pressure-composition-
isotherm (PCI) experiments. At first, it is formed the o-phase: a solid solution
between the metal and hydrogen before the - phase: initiate of nucleation and
growth of the metal hydride. See Fig. 18, left.

An equilibrium pressure dependent on temperature will be reach due to the
coexisting of the two phases. As hydrogen content in the f-phase increases, it will
be at same point saturated, and pressure will increase. Performing various PCls
experiments at different temperatures allows the construction of a PCT plot which
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can determine the equilibrium pressure as a function of temperature. This leads to
creation of the van’t Hoff plot from which AH and AS can be extracted from the
slope and the intersection of the line, respectively, see Fig. 18, right.

Higher volumetric and gravimetric hydrogen densities can be reached using metal
hydrates, with improvement of performance consequently. Alloys with up to five
metals employment can led to a performance breakthrough due to its higher entropy
that influence the hydrogen release.

Metallic hydrides are interstitial hydrides, in which hydrogen occupies the octa-
hedral and/or tetrahedral sites in the metal structure, as shown in Fig. 19.

Metallic hydrides formation led to a metal lattice expansion by up to 20-30 vol%.
To improve hydrogen storage capacity and thermodynamic and kinetic properties
various type of metallic hydrides have been developed.
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Metals and alloys with body-centered cubic (BCC) structure have less close-
packed structures as compared to those of face-centered cubic (FCC) and hexagonal
close- packed (HCP) structures. Among the known metallic hydrides, BCC alloys
reach the largest reversible hydrogen capacity, i.e. up to ~3 wt% at room
temperature.

The capacity to form stable and efficient bonds over thousands of cycles is
another basic requisite. Improved kinetics of hydrogen release with large potentials
is shown when magnesium-based alloys are used. Hydrogen forms covalent bonds to
other elements (e.g. boron, aluminum and nitrogen) and that allows to novel
materials with stunning structures, compositions and physical and chemical proper-
ties, known as complex hydrides. Usually, these materials have high gravimetric and
volumetric hydrogen density, but it’s hard to reach the reversible hydrogen release
and uptake.

Aluminum and boron build complex hydrides of the type M™ [AIH 4], and M**
[BH 4]x. One electron is almost completely transferred from the cation to each
[AIH 4] and [BH 4] anion, while the hydrogen is covalently bound to the aluminum
or boron. The alkali, alkali earth and many of the transition metal with boron and
aluminum form a large variety of lightweight metal-hydrogen complexes, that show
a gravimetric hydrogen density greater up to an order of magnitude than metal
hydrides. In the complex hydrides hydrogen is in the corners of a tetrahedron that
have boron or aluminum in the center. The negative charge of the anion, [BH4]™ and
[AlH,] ", is compensated by a cation, e.g. Li or Na.

Interesting storage properties are shown by the hydride complexes of borane, the
tetrahydroborates (boranate) M[BH4], and of alane, the tetrahydroaluminate
(alanate) M[AIH,], they are stable materials and decompose only at high tempera-
ture, usually above the complex’s melting point. Li{[BH,4] (18 mass%), compared
with Be[BH4], (28.9 mass%), is the compound with the highest gravimetric hydro-
gen density at room temperature (Zuttel et al. 2010).

3.2 Liquid Organic Hydrogen Carriers

Liquid organic hydrogen carriers (LOHCs) are liquids that can be reversibly hydro-
genated and dehydrogenated. In the dehydrogenation phase hydrogen is the only
product and the carrier liquid returned to its original state to be hydrogenated again.
Figure 20 illustrates the basic principles of the LOHC concept.

Hydrogenation step is exothermic (meaning that heat is released in the reaction)
and it is typically carried out at elevated temperatures (100240 °C) and pressures
(10-50 bar) with the presence of catalysts. In the endothermic dehydrogenation step
to release hydrogen is required the same amount of heat. Catalytic dehydrogenation
is generally carried out at 150400 °C and pressures down to 10 bar.
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The LOHC is compatible with existing fuel infrastructure and it’s one of the
advantages of its concept. Additionally, there is no hydrogen loss in long-term
storage or transport at normal conditions in contrast with liquid H, delivery chains
that have a lot of boil-off losses.

There are various LOHC compounds under research: aromatic hydrocarbons or
heterocyclic compounds (carbazoles, pyridines or pyrroles).

Ideal LOHC would have high hydrogen storage density, low reaction enthalpy,
low degradation and it would be non-toxic, cheap and have high enough melting
point to stay in liquid form also in cold conditions. Furthermore, the conversion
reactions would take place at moderate conditions using low-cost catalysts. Lately
most attention has been paid to dibenzyltoluene—perhydro-dibenzyltoluene
(HO-DBT-H18-DBT), toluene—methylcyclohexane (TOL-MCH) and
N-ethylcarbazole—dodecahydro-N-ethylcarbazole (NEC-H12-NEC) systems.

The high reaction enthalpies that occur in the LOHC concept is demonstration of
the significant amount of heat required to release hydrogen. The heat transfer losses
must be considered: if heat should be provided by hydrogen about 25-30% of
released hydrogen would have to be burned. Additionally, as the required temper-
ature level is quite high, it is not possible to use low-value waste-heat sources in most
cases. Although the same amount of heat is released during hydrogenation but at a
lower temperature level. The energy spent in dehydrogenation can be in part
compensated by using this heat.
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The dehydrogenation step needs low pressure in the LOHC concept and it’s a
disadvantage because in the high-pressure hydrogen application (e.g. bottle filling
stations or mobility applications) an energy penalty to gas compression add to the
other. Electrolyzers can produce up to some 30-50 bar with only a minor additional
energy penalty compared to atmospheric operation.

Dibenzyltoluene (DBT) was seen as the most promising due to high storage
density, availability at reasonable price and its low melting point.

Hydrogen released from LOHCs has a relatively high purity. For DBT-based
systems purity 4.0 (99.99 vol%) is achievable just by cooling the gas/vapor stream in
a dephlegmator which condenses the part of the LOHC that left the reactor as vapor.
The remaining impurities are mainly water and hydrocarbons, which form as
decomposition products of the LOHC. The most relevant remaining impurities are
methane, toluene and benzyltoluene.

4 Chemical Properties

Hydrogen reacts with a lot of materials to form ionic or covalent hydrides, it bonds
with non-metals, which have high electro-negativity and metals, which have low
electro-negativity. The electro-negativity is a measure for the attraction of electrons
to nucleus. The electro-negativity of the hydrogen is 2.20 on the Pauling scale.

Hydrogen is highly flammable when bonds with oxygen in a wide range of
concentrations. The hydrogen energy density is high related to the mass: 1 kg of
hydrogen contains 141.86 MJ (gross heat of combustion), which is about 2.5 times
than is contained in 1 kg of natural gas.

The LHV energy content of hydrogen is 242 kJ/mol; the HHV energy content is
286 kJ/mol; there is a 15.6% of difference between LHV and HHV, a large amount
compared to other gases, it’s due to heat liberated of the water vapor (that can be
captured in a turbine).

A stoichiometric hydrogen-air mixture, in which all fuel is consumed during the
reaction (where maximum combustion energy is released) contains 29.5 vol% of
hydrogen. Water vapor is the only product of hydrogen combustion. It burns in a
non-luminous, almost invisible pale blue, hot flame to water vapor, liberating the
chemically bound energy as heat (gross heat of combustion). The flame temperature
of a burning premixed and stoichiometric hydrogen—air mixture is a maximum of
2403 K.

There is a wide flammability range for hydrogen (at room temperature) between
4 and 75 vol% in air and up to 95 vol% in oxygen. The LFL, as the minimum amount
of fuel that supports combustion, is the limit since a continuous leakage will be
reached. With higher temperature the flammability range increases. The influence of
the temperature is expressed in the modified Burgess-Wheeler equation for the LFL,
at ambient pressure:
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3.14

crrr =crr (300 K) — N

(T —300) =4 —0.013(T — 300)

Where:

AH_. is the net heat of combustion;
T is the temperature, K.

The respective equation for the upper flammability limit (UFL) is:
curL, =74 4 0.026(T — 300)

valid for the temperature range 150-300 K. Measurements of upward flame propa-
gation at higher temperatures have shown a further increase of the UFL with initial
temperature reaching 87.6% at 673 K. There are still no experimental data available
on the influence of moisture on the flammability limits. For the determination of the
LFL and UFL of mixtures of fuels, the Le Chatelier rule is the most applied method:

LN

Lm N L[
where

y; is the volume fraction of fuel i;
L; is the flammability limit of fuel i.

Le Chatelier’s rule was found to be in accurate agreement with experimental data for
the system H,—CO.

The potential for an explosion of a flammable hydrogen—air mixture is very high.
The hydrogen auto-ignition temperature, which is the minimum temperature of a hot
surface that can ignite a flammable mixture, is in the range of 800-1000 K dependent
on the experimental conditions. It is relatively high but can be lowered by catalytic
surfaces. Hydrogen gas don’t show a flash point (minimum temperature at which a
liquid gives off vapor at sufficient concentration to form a flammable mixture with
air near the liquid surface) because hydrogen is a gas in ambient conditions. This
means that cryogenic hydrogen will flash at all temperature above its boiling point
(20 K).

The minimum ignition energy (the spark energy required to ignite the most easily
ignitable hydrogen concentration in air) is at 0.02 mJ, much lower than hydrocarbon-
air mixtures. That means that a weak spark or the electrostatic discharge from a flow
of pressurized H, gas or from a person (about 10 mJ) would be sufficient to ignition;
but there is no difference from other burnable gases. With the increasing of the
temperature, pressure, or oxygen content the minimum ignition energy decrease. The
hydrogen hot air jet ignition temperature is lower than other hydrocarbons and
decreases with increasing jet diameter. It is also dependent on jet velocity and
mixture composition.
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The quenching gap in air is the distance between two flat plates at which
flammable mixture ignition is suppressed: it’s the smallest diameter of a tube through
which a flame can propagate. Faster burning gases have smaller quenching gaps.
Hydrogen has a quenching gap of 0.64 mm. The maximum experimental safe gap is
the maximum distance between two flat plates which still allows flame propagation
through the gap; for hydrogen is 0.08 mm. Because of the high explosion pressures,
the maximum experimental safe gap is always smaller than the quenching gap.

The burning velocity in a flammable gas mixture is the speed of a combustion
wave advance into a stationary flammable mixture and is a property of the gas
depending on temperature, pressure, and concentration. The burning velocity of
hydrogen is shown in Fig. 21: in air at stoichiometric ambient condition is 2.55 m/s,
reaching a maximum of 3.2 m/s at a concentration of 40.1% and can also increase to

11.75 m/s in pure oxygen. It’s higher than other hydrocarbon fuel-air mixtures due to
fast chemical kinetics and high diffusivity of hydrogen. The higher the burning
velocity, the greater is the chance for a transition from deflagration to detonation
(DDT). In contrast, the flame speed, which is related to a fixed observer, is much
greater than the burning velocity due to the expansion of the combustion products,
instabilities, and turbulent deformation of the flame. The maximum possible speed of
a deflagration burning flame is given by the speed of sound in the combustion
products gas mixture, which is 975 m/s for a stoichiometric Hp—air mixture.

Usually, the detonatability range is in the 18—59 vol% of hydrogen concentration,
but it depends on the system size.

A detonation range of 13—70% of H, is given for a 43 cm tube. In the Russian
Federation’s detonation test facility RUT, the largest of its kind, a lower
detonatability limit of as low as 12.5 vol% has been observed. In pure oxygen, the

detonation range is extended to 15-90%.
The detonation velocity in air reaches values in the range of 2000 m/s; in pure

oxygen, it is up to 3500 m/s.
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The size of the detonation cell is a measure of the reactivity; the smaller the cell,
the more reactive is the mixture (Fig. 22).

It is an indicator for DDT and can be measured experimentally. A stoichiometric
hydrogen-air mixture has a cell size of 15 mm and it makes hydrogen-air mixture
highly reactive, in contrast, a stoichiometric methane-air mixture has a cell size of
about 330 mm and it makes the mixture the last sensitive of the common fuels. Cell
sizes increase with increasing deviation from stoichiometry. In the late 1970s a
measurement of the detonation cell size, A, was achieved.

The first step was finding a correlation between cell size and critical tube diameter
(d =13 x ). This is an empirical law that bring to a simple surface energy model and
to the derivation of a critical initiation charge weight for various hydrocarbon-air
mixtures in quite good agreement with experimental data.

The critical tube diameter is the minimum diameter required for a detonation
wave to emerge from a tube and become a detonation in an unconfined cloud. It is a
measure of minimum dimensions of an unconfined detonable cloud. The detonation
initiation energy given in mass of high explosive (TNT or tetryl) is the minimum
energy necessary to initiate a spherical detonation wave; the energy content of tetryl
corresponds to 4.3 MJ/kg.

The distance in which the flame front at the ignition point turns to a detonation
depends on certain parameters: temperature, pressure, mixture composition, geom-
etry (obstacles) and ignition source strength. A typical ratio of tube length to
diameter to detonate a stoichiometric hydrogen—air mixture is approximately 100.

From experience the hydrogen-air cloud developed from the accidental release of
hydrogen at failure of a storage tank or pipeline can liberate a small portion of its
thermal energy content un the case of explosion, in the range of 0.1-10% and in most
cases below 1%. But the explosion of a hydrogen-air mixture cloud forms different
pressure wave dependent on the combustion mode, ad is shown in Fig. 23.
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In the deflagration of a free hydrogen—air gas cloud, the maximum overpressure is
in the order of 10 kPa. An overpressure of 7 kPa is still thought not dangerous; at
7 kPa, people would fall to the ground; at 35 kPa, damage of ear drums is expected;
240 kPa is considered a threshold value above which fatalities must be taken into
account.

The flame thermal energy corresponds to the HHV, but it can be reduced by the
absorption of the atmosphere moisture (emissivity € < 0.1) contrary to hydrocarbon
flames (¢ = 1). Ergo, despite its high flame temperature, the burning hazard is small.
The major problem is the non-visibility of the flame and the consequent difficulty of
recognizing and localizing it, but an advantage is that there is no smoke generation,
and it is important in confined areas.

5 Hydrogen Production

Hydrogen can be produced from a various resource: natural gas, nuclear power,
biogas and renewable power (solar and wind). Electricity (from the grid or renew-
able sources is used yet to produce hydrogen). In the long period, solar energy and
biomass can be used more directly to produce hydrogen as new technologies cost
competitive.

Based on how it is produced there is different environmental impact and energy
efficiency. Several projects are underway to decrease costs associated with hydrogen
production.

Hydrogen is required for essential chemical processes since a lot, so its produc-
tion is at the center of any industrialized society.
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From 2020, the production of hydrogen is 95% from fossil fuels by steam
reforming of natural gas and other light hydrocarbons, partial oxidation of heavier
hydrocarbons, and coal gasification. Other methods include biomass gasification,
zero-CO,-emission methane pyrolysis and electrolysis of water.

There are many ways hydrogen is produced or obtained from different sources as
the availability of the hydrogen is variably high. But we must separate the hydrogen
from different molecules and there are several methods to do such type of separation.

Further, hydrogen is be labelled as black/brown, grey, green, blue hydrogen
based on from which material or molecule it is extracted or produced.

» Black/brown, Coal using gasification

* Grey, Natural gases using steam-methane reforming
» Green, Electrolysis of water

* Blue, Fossil fuels.

However, the factors affecting the production can be limitations to the production
such as:

* Cost and time

+ Efficiency of the processes
* Environmental impact

» Effectiveness

* Quality of hydrogen

* Waste and by-products

Hydrogen Production methods can be categorized in 4 ways:

1. THERMAL METHODS

2. PHOTOCATALYTIC METHODS

3. BIOLOGICAL & PHOTONIC METHODS

4. ELECTRICAL & ELECTROLYZER TECHNOLOGIES METHODS

Thermal methods use thermochemical reaction to separate the hydrogen from the
organic compounds. It can be further categorized into classes based on endothermic
and exothermic reaction used for separation process. Currently most of the hydrogen
is produced using the thermal methods.

Hydrogen can be produced using a range of energy sources and technologies.
Global hydrogen production today is dominated by the fossil fuels. Electrolytic
hydrogen — that is, hydrogen produced from water and electricity — plays only a
minor role. With declining costs for renewable power (solar PV and wind), interest is
now growing in water electrolysis for hydrogen production and in the scope for
further conversion of that hydrogen into hydrogen-based fuels or feedstocks, such as
synthetic hydrocarbons and ammonia, which are more compatible than hydrogen
with existing infrastructure.

Hydrogen can be extracted from fossil fuels and biomass, or from water, or from a
mix of both. Around 275 Mtoe of energy are used to produce hydrogen today (2% of
global total primary energy demand). The primary source for hydrogen production is
natural gas; in the methanol industries and in refineries hydrogen is produced by
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steam methane reformers using natural gas. Natural gas accounts for around three-
quarters of the annual global dedicated hydrogen production of around 70 million
tons of hydrogen (MtH,), using around 205 billion cubic meters (bcm) of natural gas
(6% of global natural gas use). Coal comes next, due to its dominant role in China: it
accounts for an estimated 23% of global dedicated hydrogen production and uses
107 Mt of coal (2% of global coal use). Oil and electricity account for the remainder
of the dedicated production.

This means that hydrogen production generates notable CO, emissions: 10 tons
of carbon dioxide per ton of hydrogen (tCO,/tH,) from natural gas, 6 12 tCO,/tH,
from oil products, and 19 tCO,/tH, from coal. This results in total CO, formation of
about 830 MtCO,/yr, corresponding to the combined CO, emissions of Indonesia
and the United Kingdom. Most of this CO; is emitted to the atmosphere, although in
ammonia/urea plants the concentrated CO, streams from steam methane reforming
(SMR) (around 130 MtCO, each year) are captured and used in the production of
urea fertilizer.

Reforming is the most widespread method for producing hydrogen from natural
gas. There are three methods: steam reforming (using water as an oxidant and a
source of hydrogen), partial oxidation (using oxygen in the air as the oxidant), or a
combination of both called autothermal reforming (ATR).

Steam reforming is used to extract hydrogen from natural gas and — much less
frequently — from liquefied petroleum gas and naphtha. Partial oxidation is used to
extract hydrogen from heavy fuel oil and coal. In all cases, a synthesis gas mostly
made of carbon monoxide and hydrogen is formed, then converted to hydrogen and
CO, if pure hydrogen is the main product. Other processes include gasification
(where the raw material, such as coal or biomass, is converted into a synthesis gas
that is then transformed into hydrogen and CO,) and electrolysis (where hydrogen is
produced by splitting water into hydrogen and oxygen). Though known for a long
time, electrolysis plays only a minor role in total hydrogen production today, mostly
in the chlor-alkali industry where hydrogen is a by-product.

5.1 Steam Reforming

The steam reforming is an endothermic equilibrium reaction, in which hydrogen is
obtained through a catalyzed reaction between a hydrocarbon and steam:

C,H,, + nH,O < nCO + (n + %m)Hz

The methane steam reforming is the most prominent steam reforming method.
Methane is the simplest hydrocarbon molecule, have an energy density of 55.5
MJKg_l, in reforming it reacts with steam at 700-1000 °C and pressure range of
3-25 bars.
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Natural gas or other methane containing hydrocarbons: ethane, propane, butane,
pentane, or light and heavy naphta. First they are sent to a steam system to combust,
heating steam, or a sulphur removing device, sulphur can poison the catalysts in the
reformer (Fig. 24).

Then steam from the steam system and clean methane (CH4) go to a reformer,
where a catalyst activates the endothermic reaction:

CH4+ H,O— CO + 3H,

One of the most important challenges in MSR processes is the high reaction
temperatures managing. At the center of the catalytic bed there is a temperature of
700-800 °C, it means that is needed an external reactor wall temperature of 1200 °C.

Autothermal Reforming (ATR) is a process which uses the heat from exothermic
Reaction (Partial oxidation) for sustaining the endothermic reaction by feeding air,
steam, and the reacting feedstock (methane, methanol & ethanol) to produce H,-rich
stream. The main characteristics of ATR are:

* Requires low energy —by selection of proper O,/fuel ratio
* No external heat needed
» Availability of O, promotes gasification reaction.

Ni-based catalyst is mostly used in methane auto-thermal reaction because of
low cost.

Promoter or bimetallic catalytic systems can improve the performance of these
catalysts such as: — 10Ni-g9Re/Ceys Zrgs O,/Al,O3. Catalysts has shown high
resistance to oxidation and sintering of the Ni active component as well as the
resistance to coking.

The catalyst preparation method improves the catalytic performance by enhanc-
ing the physicochemical properties of catalyst.
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These techniques modify the metal-support interaction, thus changing the kinetics
of the catalyst which can result in enhanced productivity, reduced cost, and opti-
mized energy requirements.

The results showed that the 40% Cu-loaded catalyst had the highest catalytic
activity: the presence of Ca,Fe,Os tunes the redox activity and mobility of the lattice
oxygen, obtaining a H, production rate of 37.6 pmol.H,.gcoc s~ at 240 °C.

Pt-based catalysts showed the highest ethanol conversion, hydrogen yield and the
lowest carbon formation rate.

The bimetallic catalysts showed the best catalytic activity, due to the formation of
PtZn and NiZn alloys.

5.2 Hydrogen from Coal

Hydrogen production from coal using gasification is a well-established technology,
used for many decades by the chemical and fertilizer industries to produce ammonia
(especially in China). Globally around 130 coal gasification plants in operation,
more than 80% of which are in China. Hydrogen production using coal produces
CO, emissions of about 19 tCO,/tH,, which is twice as much as natural gas.

When there is a high CO, emission there also is necessary a carbon capture
technology. The CCU brings some point of challenge: coal produces hydrogen with
alow hydrogen-to-carbon ratio (from coal is 0.1:1; from methane is 4:1) and left a lot
of impurities in the feedstock (sulphur, nitrogen, and minerals).

The synthesis gas obtained from the gasification of coal could be used to fuel a
combined cycle power plant and if the coal gasification plant was equipped with
CCU the generated electricity would count as low carbon.

If an additional water-gas-shift (WGS) unit could be added, the synthesis gas
could also be used to produce more hydrogen, in this way the coal gasification plant
can shift between the production of electricity and hydrogen according to which is
more profitable.

Most of the hydrogen production from coal nowadays takes place in China using
coal gasification, generally for ammonia production. China is exploring the role of
hydrogen in its economy, and the cheapest way of producing it in coal, with costs
amounting to RMB 0.6-0.7/m> (about USD 1/kgH>).

CHN Energy, China’s largest power company, is also the world’s largest hydro-
gen production company, with its 80 coal gasifiers can produce around 8 MtH,/yr,
which is equivalent to 12% of global dedicated hydrogen production. Using coal
with CCU currently looks likely to be the lowest-cost way of producing cleaner
hydrogen in China, but current technologies enable a CO, intensity only as low as
2 kilograms of carbon dioxide per kilogram of hydrogen (kgCO,/kgH,) while
advanced technologies may permit this to reach as low as 0.4 kgCO,/kgH,.

In Australia the Hydrogen Energy Supply Chain (HESC) Latrobe Valley project
is trying to produce hydrogen from lignite using high-pressure partial oxidation. The
related CarbonNet Carbon Capture and Storage Project presents a potential solution
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for mitigating CO, separated from the hydrogen production process in the commer-
cial phase. The hydrogen produced would be liquefied and exported to Japan. The
first step is a one-year pilot project to treat 160 tons of lignite to produce 3 tH,.

5.3 Hydrogen from Biomass

Hydrogen can be produced from biomass in numerous ways. In biochemical micro-
organisms produce biogas (anaerobic digestion), acids, alcohols, and gases (fermen-
tation) from organic materials. Thermochemical gasification of biomass process
convert biomass to a mix of carbon monoxide, CO,, hydrogen and methane.
Among these processes, anaerobic digestion to produce biogas is the most techni-
cally mature even if it can be work on sewage agricultural sludge, food processing
and household waste, and some energy crops. Fermentation can process the
non-edible cellulosic part of some plants. Gasification could potentially convert all
organic matter, and in particular the lignin component of biomass, but the technol-
ogy is not yet completely developed, and there is the problem of catalysts poisoning
by the tars formation in the process (Ericsson 2017). The produced gas need to be
processed to extract hydrogen.

The biomass process is obviously complex, is also a low-carbon hydrogen
production more expensive than solar-based or wind-based electrolysis.

The production of hydrogen from biomass limit is also represented by the
availability of economical biomass. For example, satisfying a theoretical hydrogen
demand of 60 MtH, in the US market —corresponding to four times the United
States’ current hydrogen demand — would require almost 100% of its technical
biomass potential, but only 6% of its wind power, and less than 1% of its solar
power potential (Ruth et al. 2017). Combining hydrogen production from biomass
with carbon capture and storage could be an option to create so-called “negative
emissions”, that may have a future.

Bio-oil molecules has larger energy density than biomass, composed by a mixture
of organics including alcohols, carboxylic acids, aldehydes, ketones, furans,
phenolic, etc.

The molecular structures of organic molecules (methanol, formic acid, ethanol,
acetic acid, acetaldehyde, acetone, and furfural) derived from bio-oil can influence
the reactivity and tendency to coking during steam reforming.

The steam reforming of ethanol, acetic acid, acetaldehyde, or acetone required
much higher temperature, and generated remarkable amounts of coke deposits,
especially acetone and acetaldehyde.

The catalyst is important in the coke formation mechanisms: relative studies
demonstrate that alumina support influences the catalytic stability in methanol, acetic
acid, and acetone steam reforming.
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Furthermore, an important problem is the availability and renewability of the
feedstock; bio-alcohols such as methanol, ethanol and glycerol can be easily
obtained from renewable sources, therefore they seem to be a valuable alternative
to natural gas.

The steam reforming of the methanol (SRM) reaction yields hydrogen as its main
product and carbon dioxide and carbon monoxide in small amounts along with
unreacted H,O and CH,.

Cu based catalyst like CuFeO,-CeO, nano-powder catalyst, with a heterogeneous
delafossite structure, prepared by the self-combustion glycine nitrate process show
good activity of H, production as lower temperature at generation rate of 2582.25
STP cm‘g.minfl.gcaf1 at flow rate of 30 sccm at 400 °C.

ZnCeZroOx catalyst exhibited a full methanol conversion and an H, production
rate of 0.31 molh~'.g., ' at 400 °C and when it is incorporated with Zn** into
CeZroOX matrix, it modify the surface Oy ,/Oags ratio, and produce a Zn-O-Zr
interfacial structure, corresponding to the lattice/bridge oxygen thus by increasing
the CO, selectivity.

Zn-modified Pt/MoC catalyst exhibited superior hydrogen production activity,
with exceptionally low CO selectivity at low temperatures (120-200 °C), due to the
formation of _-MoC1-x phase and to the enhanced Pt dispersion.

InxPdy/In,O3 aerogels exhibited excellent CO, selectivity of 99% at 300 °C.

Ethanol production The production of ethanol passes first from the fermentation
of saccharides and then from distillation processes, obtaining bioethanol, that can be
used for ethanol steam reforming (ESR).

Nickel based catalyst is mostly used for ESR because of low cost.

The greatest disadvantage of ESR processes is the carbon formation. To avoid
this problem a lot of strategies are studied, for example: using a promoter and
controlling the metal particle sizes.

Potassium is the most prominent promoter for Co/Al,O3;—CaO catalysts, due to
their higher hydrogen yield and lower methane selectivity than the unpromoted
catalysts, because of the methanation reaction suppression.

Catalyst (Pt-Cu@mSiO,) for ESR at low temperature show better result by using
encapsulation strategy with Pt-Cu alloy Nanoparticles. The mesoporous SiO, shell
prevents leaching and aggregation of active sites and spatially suppresses the carbon
deposition on the active surface.

Graphene—encapsulated Ni nanoparticles (Ni@Gr), fabricated with in-situ growth
method, shows good results and efficiency IN ESR at 550 °C.

Glycerol is produced as by product of bio-diesel production, using it can produce
7 moles of hydrogen per C3HgO3; mole. In glycerol steam reforming, using noble
metal-based catalyst especially Pt-based one, it shows excellent performances.

Furthermore, presence of promoters suppresses the coke formation.

The catalytic behavior of Ni catalyst supported on CaO-modified attapulgite in
glycerol steam reforming, has shown that the addition of CaO promotes the disper-
sion of the active component, promoting the water gas shift reaction, thus leading to
improved hydrogen yields. Also, while addition of CaO enhances the inhibition of
carbon deposition, extends the stability of the catalyst.
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5.4 Hpydrogen Through Nuclear

A great impact to the hydrogen production will be given by the nuclear plants
belonging to the generation IV. Different generation IV plants are under develop-
ment, among them the most promising ones are sodium fast, lead fast, very high
temperatures gas cooled fast, supercritical water cooled and molten salts cooled
reactors. The main technologies under development for the hydrogen production are:

— Sulphur-Iodine (Fig. 25).
The sulfur-iodine cycle consists of three chemical reactions, in addition to the
dissociation of water. The first one is the exothermic Bunsen reaction:
I, +SO, +2H, < 2HI + H,S04
AH= —75+15kJ/mol
It is spontaneous react at 20100 °C. At reactant concentrations, implicating an
excess of iodine, a phase separation occurs between the two acid products leading to
a H,SO, phase principally devoid of HI.
The second reaction:
2H2S04 — 2H20 + 2502 + 02
AH =186 kJ /mol

is the endothermic sulfuric acid decomposition step between 600 and 900 °C, which
can be assumed to two reactions:
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H,S04 <~ SO; + H,O
28505 < 250, + O,

The first stage occurs at a temperature of 300—400 °C, in contrast the second stage
occurs at 600-900 °C with some solid catalyst.
The third reaction:

2HI - Hy + 1
AH =12 kJ /mol

is the hydriodic acid decomposition reaction. This is a quite endothermic reaction at
the temperature 300450 °C, and it can be conducted in the liquid or gas phase.

Section I is for the Bunsen reaction, which produce and separate H,SO, and HI
for Sections II and III, and the O, is also separated in this step. Recycled I, from
Section III reacts with water and SO, which comes from Section II in a countercur-
rent reactor. They spontaneous reacted at 20—100 °C. It results in the formation of a
solution of two acids, H,SO,4 and HI. This solution contains two phases with
different density. The lower density phase contains all the H,SO, acid at a concen-
tration of about 50% by weight with traces of I, and SO,. And the higher density
phase contains all the HI with amounts of I, in an H,O solution and small amount of
SO,. Both phases are separated. The concentration of HSO, is increased to be about
57% by weight by reacting the HSO, phase with molten iodine and SO,. Then
sulfuric acid with some water is transferred to Section II for concentration and
decomposition. The lower phase containing HI, H,O, I, and SO, goes through a
degassing step, which removes practically all the SO, and is then transferred to
Section III for purification and HI separation. And for the oxygen separate. It was
mixed with SO,, coming directly from the SO3 decomposition reaction of Section II,
then it passes through the reactor, the SO, is removed by reaction with I, and H,0,
and the gas leaving the top of the main solution reactor is practically the pure
oxygen, but there is a small amount of iodine with them. A scrub column is used
for removing iodine. Then the pure oxygen leaves the system as a product.

Section II is the H,SO,4 concentration and decomposition step. The concentration
is an important part before decomposition. The 57% by weight sulfuric acid is
concentrated in a series of flash evaporators and separators. It is then decomposed
to H,O and SOs, and the SO; is decomposed to SO, and O, at 850 °C. The nuclear
energy is used in this reactor. The gaseous mixture of SO, and O, is then separated
from the H,O and unreacted H,SO, before it is sent to Section I. Most heat needed in
this section, as it reacts at high temperature about 850 °C.

In Section III there are also two steps: the HI separation step and the HI
decomposition step. In the HI separation step: the HI is trying to be separated from
the HI-I,-H,O solution which comes from Section I. It is complex step as there are
three compounds should be separated from HI. In this step a concentrated phospho-
ric acid is used to separate 95% of the I, away from the solution. The solution
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containing HI, H,O, H,SO, and some I, is transferred to an extractive distillation
column, where most of the H,O remains with the phosphoric acid, and HI, I, and a
very small amount of H,O are removed as overhead vapor. The vapor is then cooled
to condense and separate. The purified liquid HI at 5 MPa from HI separation step is
pumped into a decomposition reactor. Then it catalytically decomposed at about
300 °C in it. After the reaction another separation should be taken to get the pure
hydrogen production. The hydrogen product is separated from most of the I, and
some HI in a liquid gas separator. Then the gaseous H, product is scrubbed with
H,O. Finally, the pure hydrogen is the resulting product in this step and flow out
from there. And the I, is returned into Section 1.

A major advantage of the S-I cycle for hydrogen production is that there are not
any harmful by products or emissions from the process. All the chemical reactions
have been demonstrated. The only outlet is hydrogen and oxygen. If it can be heated
with a nuclear source, it could prove to be an ideal environmental solution to
hydrogen production. And one more important advantage is that it offers the higher
efficiency than any other hydrogen production process.

However, there are some disadvantages in this cycle. There are sulfuric acid and
hydroiodic acid contained in this cycle, both are very corrosive, it is harmful and
must be contained properly. The material of the reactors and all the units in this cycle
should be avoided to acid.

— Copper-Chlorine (Fig. 26).
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The Cu-Cl cycle consists of a closed loop of thermally driven chemical reactions,
where water is decomposed into hydrogen and oxygen, and all other intermediate
compounds are recycled with no emissions to the environment (Naterer et al. 2014).
The four reactions of the Cu-Cl cycle are:

2CMCl(aq) + ZHCl(aq) — 2CuClz(aq) + Hg(g)
2CuCly(aq) + HCl gy — 2CuCy + HCl
2CMC12<S) + HZO(g) — C“ZOCIZ(J) + ZHCl(g)

1
2CuClz(S) - 2CMCI(1) + EOz(g)

In the oxygen production step of the Cu-Cl cycle, an intermediate compound, solid
copper oxychloride (Cu,OCl,), is decomposed into oxygen gas and molten cuprous
chloride (CuCl). The solid feed of Cu,OCl, is supplied to the oxygen production
reactor from the CuCl, hydrolysis reaction that operates at a temperature of
350e450 °C. Gas species leaving the oxygen reactor include oxygen gas and
potentially impurities of products from side reactions, such as CuCl vapor, chlorine
gas, HCl gas (trace amount) and H,O vapor (trace amount). The substances exiting
the reactor are molten CuCl, potentially solid CuCl, from the upstream hydrolysis
reaction, due to the incomplete decomposition of CuCl, at a temperature lower than
550 °C, as well as reactant particles entrained by the flow of molten CuCl.

In comparison to other thermochemical cycles, the Cu-Cl cycle has the advantage
of an ability to utilize low-grade waste or process heat to achieve higher thermal
efficiency and lower cost of hydrogen production than other technologies. The
Cu-Cl cycle has a reduced electrical power requirement, compared to typical water
electrolysis, for its CuCI/HCI electrolysis. The CuCl, hydrolysis reaction and
Cu,0Cl, thermolysis reaction form a closed loop with the CuCl/HCI electrolyzer
to produce hydrogen in the cycle. In the hydrolysis reactor, the chemical conversion
effectiveness decreases as reactants are consumed.

Testing of the one 300 cm? cell showed a current density of 0.55 A/cm® at 0.7 V.
A two 300 cm? cell stack was then fabricated and tested to ensure that the mass flow
distribution was even and that there were no shunt currents. At 0.7 V, the current
density was 0.36 A/cm® and H, production was 98% of the theoretical value.
Conversion of Cu(I) to Cu(Il) was 65% when the flow rate was 210 mL/min.

— High temperature steam electrolysis (Fig. 27)

High Temperature Steam Electrolysis (HTSE), based on reversed solid oxide fuel
cell technology, appears as a relevant process to produce CO,-free hydrogen and
oxygen. The dissociation of steam into H, and O, requires less energy than in the
case of the electrolysis of liquid water. In addition, when the temperature increases, a
part of the energy required for the steam dissociation can be brought by heat instead
of only electricity. It can be high temperature waste heat and surplus energy from
power plants during off-pick hours. These elements make the HTSE technology
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Fig. 28 Hybrid-sulphur process schematic

promising in terms of global efficiency. The highest could be the temperature, the
best would be the efficiency, more that electrochemical kinetics are favored by the
increase of the temperature.

However, limitations due to materials and costs occur and the targeted operating
temperature is around 800 °C or even below, down to 700 °C. To become compet-
itive with other hydrogen technologies, HTSE must exhibit high durability
(25,000 hours) and high performances (high hydrogen production rates, i.e., ~40
mgH,/cm*h or ~ —1 A/em?® but also good gas tightness to recover as much as
possible the hydrogen produced). In addition, cost-effective stack and system com-
ponents must be considered.

— Hybrid-sulphur (Fig. 28)
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The HyS cycle (also known as Westinghouse cycle) is a combination of electro-
chemical and thermochemical processes. Compared to the S-I cycle, this cycle id
advantageous in that it only consists of two main stages. The first stage involves the
electrolysis of water and SO,, as follows:

S02 + 2H20—>H2504 + H2

This reaction takes place at 87 °C and yields hydrogen and sulphuric acid. In the
second stage, H,SO, is decomposed to form water, oxygen and SO,, as follows:

H2S04 —>H20 +502 +%02

This is however an intermediate decomposition step, sulphuric acid decomposing
first to Sulphur thioxide and steam and then further to SO, and oxygen. The
decomposition reaction at around 800 °C is common to the S-I and HyS cycles,
metal oxides are used as catalytic materials.

To allow more efficient electricity generation and thermal conditions suitable for
most thermochemical processes, a new type of reactor called the Very High Tem-
perature Reactor (VHTR) has been proposed (Jaszczur et al. 2015). This type of
reactor is a helium-cooled reactor with a gas outlet temperature at least of 950 °C; the
reactor is graphite-moderated and has a ceramic core.

All cycles considered exhibit an increase in efficiency if the reactor outlet
temperature is raised. Increasing the reactor outlet temperature leads to an increase
in plant power output rate as well as an increase in efficiency. High or very high
temperature reactors used for electricity and hydrogen production have significant
future potential to improve efficiency by raising the reactor outlet temperature or
steam temperature. Small unit size, safety, low operation and maintenance costs,
modular construction and high temperature may offer benefits for various applica-
tions beyond electricity generation (e.g., district heating, heating for refinery, met-
allurgical, petrochemical operations, and other high and low temperature process
heating). In addition to the benefit of high efficiency energy conversion, hydrogen
production or other thermal processes that require large amounts high temperature
heat can be accommodated with such nuclear reactors.

5.5 Biological and Photonic Methods

In Biological methods hydrogen is produced from renewable resources such as
bio-waste, biomass, solar energy, anaerobic bacteria, and different types of algae.
In general, the photo-production of O, & H, is catalyzed by microorganisms at
ambient temperature and pressure.
The biological methods have a low environmental impact and appreciable hydro-
gen production efficiency.
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In dark fermentation method, the hydrogen is produced without the light of the
sun using anaerobic organisms from organic materials such as sugars, amino acids,
waste materials and waste waters.

It is considered as one of the low production cost methods.

Typically Clostridium bacteria, the spore-forming obligate anaerobic microor-
ganisms, are considered the most efficient bacteria in hydrogen production.

There are 2 types of fermentation:

Acetate,

CeH120¢ —2CH;COOH + 4H» + 2C0O,
Butyrate,
C6H120(, — CH3CH2CH2C00H + H2 + 2C02

The process depends on factors: pH, temperature, pressure, hydraulic retention time,
type of organism, the composition of the substrate and the presence of metals.

Clostridiales and Enterobacteriales are considered best for the highest yield of the
H, production.

The addition of iron and nickel nanoparticles improves the fermentation process
by enhancing H, production with clostridium butyricum.

One of the main problems with this process is Homoacetogenesis.

The rate and yield of the dark fermentation process is higher than the others, but
the problem associated with this process is a low hydrogen concentration (40—60%;
v/v).

The low hydrogen production capacity compared with high unit capital invest-
ment has been investigated and remains the major challenge of the dark fermentation
method.

Photofermentation is a process in which hydrogen is produced from organic
compounds through a nitrogenase catalyzed reaction, in the presence of light energy,
by photosynthetic or anaerobic bacteria, such as Rhodobium, Rhodobacter,
Rhodospirillum, and Rhodopseudomonas.

These bacteria use sunlight to convert small organic molecules into biomass
releasing carbon dioxide and hydrogen under anaerobic conditions.

The common reaction of photofermentation is as follows:

CH;COOH + 2H,0 + light < 4H, +2CO,

Factors such as intensity and wavelength of light influence the production of
hydrogen in the bacterial system. Light intensity has a direct relationship with the
hydrogen production rate until it attains a saturation point, which further depends on
the substrates and the microorganisms used.

Lighting and mixing significantly affect the hydrogen production performance
from agricultural waste mixing enhance the mass transfer and shorten the lag phase,
however the higher is the mixing speed the higher is the light intensity requirement.
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Intermittent stirring has shown to increase the hydrogen production rate of
65.05% compared to continuous stirring, in corn Stover hydro-lysate photo-
fermentation.

Hydrogen production is strongly dependent on the pH and inoculation volume
ratio as the decrease in pH due to metabolic acid production is limiting factor in H,
production during the photofermentation of glucose.

Photofermentation can be coupled with dark fermentation or used as a wastewater
treatment technique. Wastewater treatment using photosynthetic bacteria has given
satisfactory results.

A combination of ultra-sonication and biosorption using banana peels waste
pretreatment, for mixed effluents of 70% restaurant and 30% brewery, enhance the
photofermentative hydrogen production processes.

The addition of iron, molybdenum, and EDTA to the photofermentation of a
blend of pre-treated brewery (30%) and restaurant (70%) effluents was found
beneficial for the hydrogen production and bacterial growth by Rhodobacter
sphaeroides.

In this method, the carbon monoxide is reacted with water in the presence of
photosynthetic bacteria to produce hydrogen.

The overall reaction is:

CO + H,0 « CO, + H
AG® = —201 kJ /mol

This method is not prominent for production because of homoacetogenesis.

Several experiments have been carried out as it show the highest hydrogen
production was obtained at pH = 5 with a CO loading of 2000 cm®.d ™" as hydrogen
consumption increased with the pH from 5 to 8.

Biophotolysis is a dissociation of water molecules into hydrogen and oxygen
molecules in biological organism under solar radiation.

It can be also defined as “photonic-driven hydrogen production” process as water
is splitted with the help of cyanobacteria and blue-green algae.

The maximum hydrogen accumulation can be obtained with wild type, filamen-
tous, non-heterocystous cyanobacterium desertifilum sp. IPPAS B-1220 with the
yield of 0.229 mol.mg chlorophyll ' h™' under the light for 166 h.

It can be further categorised into direct and indirect bio-photolysis:

1. Direct bio-photolysis:

It is an attractive way to produce hydrogen as it uses water and sunlight as an energy
source.

In direct biophotolysis, photosynthetic process occurs with microalgae under
sunlight:
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2H,0 + light—>2H2 + 0,

Microorganisms performing this activity are species of different green algae (pho-
toautotrophic organism) and cyanobacteria.

Chlamydomonas reinhardetii is the most used microalgae.

Hydrogen production from microalgae is an attractive and eco-friendly process as
it produces hydrogen from water, which is easily available and sunlight as an energy
source with no accumulation of carbon dioxide and a solar energy efficiency of
>80%.

2. Indirect bio-photolysis:

Indirect photolysis involves several steps, biomass production, concentration, and
dark aerobic fermentation.
Generally, Indirect bio-photolysis is a two-step process:

1. Photosynthesis:
12H,0 + 6CO; + solar energy — 60, + CgH 1,04
2. Hydrogen and carbon dioxide is generated:

CeH 2,06 + 12H,0 + solar energy — 6CO, + 12H,

Hydrogenase and nitrogenase enzymes are responsible for the hydrogen production.

The maximum light conversion efficiency of this process is 16.3%. At low light
illumination, better light conversion efficiency is achieved, and it decreases with the
increasing light illumination. But the conversion efficiency is 1-2%.

6 Conclusions

Hydrogen can be used in its pure form as an energy carrier or as an industrial raw
material.

It can also be combined with other inputs to produce what are referred to as
hydrogen-based fuels and feedstocks. Hydrogen-based fuels and feedstocks can be
produced using hydrogen from any source, whether electricity, biomass, or fossil
fuels, and can readily be used in applications such as engines, turbines and chemical
processes. They include such derivative products as synthetic methane, synthetic
liquid fuels and methanol, all of which require carbon alongside hydrogen. They also
include ammonia, which can be used as a chemical feedstock or potentially as a fuel,
and which is made by combining hydrogen with nitrogen.
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Power-to-X is a commonly used term for the conversion of electricity to other
energy carriers or chemicals, generally through hydrogen produced by the electrol-
ysis of water. The “X” can stand for any resulting fuel, chemical, power or heat. For
example, power-to-gas refers to the production of electrolytic hydrogen itself or
synthetic methane produced from electrolytic hydrogen combined with CO,. Like-
wise, power-to-liquids refers to the production of hydrogen-based liquid fuels.
Together, hydrogen-based fuels that integrate electrolytic hydrogen are sometimes
referred to as “electro-fuels” or, in the very specific case of power from solar energy,
solar fuels.

In recent years, colors have been used to refer to different sources of hydrogen
production. “Black™, “grey” or “brown” refer to the production of hydrogen from
coal, natural gas and lignite respectively. “Blue” is commonly used to produce
hydrogen from fossil fuels with CO, emissions reduced using CCUS. “Green” is a
term applied to production of hydrogen from renewable electricity. In general, there
are no established colors for hydrogen from biomass, nuclear or different varieties of
grid electricity.
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Thermochemical Water Splitting Cycles )

Check for
updates

1 Introduction

Water electrolysis is not thermodynamically favorable because of its requirement of
an energy input to drive the whole process (Turner 2004).

During water electrolysis, the splitting into hydrogen and oxygen acts thanks to
the application of a potential between the anode and the cathode of the electrochem-
ical cell. Given the Gibbs free energy relationship:

AG’=AH’ —TAS°
knowing the standard enthalpy of formation (386.03 kJ/mol) and the ideal gas

entropy (0.163 kJ/mol/K) of gas water, the Gibbs energy of water at 298 K can be
calculated:

AG® =286.04 — (298  0.163) = 237.46 kJ /mol

Given this energy value, it is possible to calculate the required voltage to split water
electrolytically:

AG° 237460

nF — 206485~ 2V

being n the number of electrons required to obtain a hydrogen molecule (2) and F the
Faraday’s constant (Funk 2001).

The voltage value of 1.23 V requires that all the products go in the gaseous state.
In low temperature electrolyzers where water is at atmospheric pressure and at
temperatures below 90 °C, additional energy is required:
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0
V, = — AH” _ 286030

WF " 2xo64ss — 48V

Once electrolysis is conducted at higher pressures and higher temperatures, V, tends
to approach V..

Another important aspect is related to the overall efficiency of the process.
Electrolysis takes place at the potential of 1.48 V, but it is very slow. So, additional
potential is necessary to accelerate the various reactions (Zeng and Zhang 2010).
This is known as overpotential and its potential reduction is related to the efficiency
of the electrolytic apparatus. Physically, overpotential is necessary due to the
extremely low conductivity of water and the contemporary high activation energy
required to split into hydrogen and oxygen. For this reason, first of all, salts, basics or
acids are added to the water to increase the conductivity. Then, catalysts are
employed to improve the activation of the reactions at the electrodes (Holladay
et al. 2009).

In efficiency way to see the process, Faradaic efficiency must be considered; it is
the ratio of the number of moles of hydrogen produced versus the charge passed. If
the process has a 100% Faradaic efficiency, then every electron produced by the
oxidation of water is transferred to a corresponding proton to produce hydrogen
(Anantharaj et al. 2018). Now, Faradaic efficiency can be close to 100% but it will be
to consider an efficient decrease due to component degradation of the electrochem-
ical cell and the crossover of hydrogen to the oxygen-producing side of the cell. The
other efficiency is related to an energy balance between the produced hydrogen in
terms of its high heating value (HHV) and the energy required to produce it. So,
efficiency can be calculated as:

__ moles of hydrogen- HHVy,

Nefr TV -100

being I the cell current, V the applied voltage, and t the time interval during which
the reactions evolve.

2 Principles of Water Splitting

The equation of the German chemist Walther Nernst can be obtained from thermo-
dynamics. The variation of Gibbs free energy is a function of the concentrations of
the species participating in a chemical reaction

aA+bB+... >mM +nN + ...

and is given by:
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ay-ay- ...
AG=AG’+RT-In (M>
ay - RPN

where:
a b m _n
ay,ag, ..., Ay, Ay, - ..

are the activities of the species.

Some species involved in the electrode reaction are solids or pure liquids. For
these pure substances, the activity is constant, and its value is considered unitary.
The activity of the gases is usually taken to be the partial pressure of the gases
expressed in the atmosphere, and the activity of the ions in dilute solution is
generally considered to be their molar concentration (Sapountzi et al. 2017).

By substituting in the Gibbs free energy equation and dividing each member of
the equation by -nF, we obtain the Nernst equation. Nernst’s equation expresses the
relationship between the potential of an electrochemical cell and the concentrations
of its constituents at equilibrium. In the specific case of an electrochemical cell, it is
written:

RT ay -ay - ...
AE = EO _EY 2 (M N
( cathode anode) nF (az . ag .

In 1832, Michael Faraday stated his two laws of electrolysis:

1. The weights of substances formed at an electrode during electrolysis are directly
proportional to the quantity of electricity that passes through the electrolyte.

2. The weights of different substances formed by the passage of the same quantity of
electricity are proportional to the equivalent weight of each substance.

The quantity of material (m) produced is:

t
m:k'/l'dt
0

where k is a proportionality constant and I is the instantaneous current flowing
through the cell. In a cell with circulation of continuous current, most of this current
is connected to chemical reactions (faradic current) and a small part, generally
negligible can be used for other purposes (non-Faradic current).

Thus, the amount of material that forms or disappears at the electrodes is
proportional to the intensity of the current and the duration of the electrolysis
t. Knowing the number of moles is (m/M), which corresponds to a quantity of
electricity:
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m
Q=i N F=I1

m is the mass of substances formed (g); M is the molar mass of substances formed
(g/mol.); n is number of exchanged electrons, I is the current in amperes (A),

0=1I1

is the quantity of electricity in coulomb (C), t is the time (s).
The potential difference for a cell of an electrolyzer, which is always:

AE=1.8-2.0V
at the current density of:
j= 1000 — 300 Am?
in industry water electrolysis, is an addition of four terms:
AE=AEy, +n, +1n.+RI

with: n, (V) is the anodic overvoltage; n. (V) is the cathodic overvoltage; R () is the
global resistance and I (A) is the current.

Figure 1 shows the relationship between the electrolyzer cell potential and
operating temperature.

The cell potential-temperature plane is divided into three zones by the so-called
equilibrium voltage line and thermo-neutral voltage line. The equilibrium voltage is
the theoretical minimum potential required to dissociate water by electrolysis, below
that value the electrolysis of water cannot proceed. The equilibrium voltage

Fig. 1 Cell potential for 2,0
hydrogen production by 18] Exothomic reaction Thermoneutral voltage
water electrolysis as a '

function of temperature 1.6

144
1.2 O Endothermic reaction
1,04 B
08 e
0.6 Equilibrium voltage
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02.] Hzgeneration impossible
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0,0 A '
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Temperature (°C)
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decreases with increasing temperature. The thermo-neutral voltage is the actual
minimum voltage that must be applied to the electrolysis cell, below that value the
electrolysis is endothermic and above that value, exothermic. The thermoneutral
voltage naturally includes the overpotentials of the electrodes, which are only
weakly dependent on temperature. Hence, the thermo-neutral voltage only exhibits
a slight increase with temperature. If water electrolysis takes place in the shaded area
in Fig. 1, the reaction will be endothermic.

As these electrochemical reactions are heterogeneous surface processes, it is
convenient to relate the reaction rate to the electrode area, A, as:

dm 1
A-dt  A-n-F

Therefore, the expression for current density is:
.1
J=3

may be rewritten as:

For a general electrochemical reaction:
O+ne” <R

Under nonequilibrium potential conditions, the equation that best describes the
current density versus potential is the Butler-Volmer expression:

aanF(E - EO u(-nF(E - EO)

— — — ) —
J=Ja+ j.=nFkoCr(0,t)e &  —nFkoCg(0,t)e &

where:

Jo and j. are, respectively, the anodic and cathodic current density; and k¢ and

ko are, respectively, the rates constants of the anodic and cathodic reaction; o, and
a. are, respectively, the anodic and cathodic exchanges coefficients; E° is the
standard potential.

Under the control of electron transfer rate, (the concentration of the electrodes’
surface is equal to the concentration in the bulk), this equation can be expressed as
current density versus overpotential (n = E-E):

. aanFy acnFy
j:.](l] e RT — e RT
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The anodic and cathodic exchanges coefficients (a,, and o) are related (o, + ot = 1),
and generally:

1

AR RO N =

N

For a given single-step reaction at a constant temperature, the j versus n character-
istics will depend on jg, o, and .

For large n values, the Butler-Volmer equations can be simplified to give the
Tafel equation:

n|=a- log|j| + b

SO:

. . a-nkF
For <0, log(j) = — log(j,) — (2.3RT) :

. . agnk
For>0, log(j) = — log(jo) — <2.3RT> '

For the hydrogen evolution reaction (HER), the Volmer-Tafel and Volmer-
Heyrovsky mechanisms are often proposed and well known. The first step involves
the formation of adsorbed hydrogen (Volmer step):
H20 +e Hads + OH ™~

which is then followed by either chemical desorption (Tafel step):

ZHuds — H»
or electrochemical desorption (Heyrovsky step):

Hus +HO0+e” <~ Hy+OH™

For the hydrogen evolution reaction (HER), the overpotential, ny,, is generally
calculated by the Tafel equation (Anantharaj et al. 2016). Hydrogen formation is

intrinsically determined by the strength of the bond between hydrogen and the
electrode surface. Pd has the lowest heat of adsorption of hydrogen:

AHads,Pd!ggg (HQ) =83 kJmol ™~ 1

for Ni, the heat of adsorption is:
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AH y45 51208 (H2) = 105kJmol !

Electrode properties, type and concentration of the electrolyte, and temperature.

are parameters that also influence hydrogen formation. If hydrogen adsorption is
the rate-determining step, electrode materials with more edges and cavities in their
surface structure will favor electron transfer and create more centers for hydrogen
adsorption (Jiang et al. 2020). If hydrogen desorption is the rate-determining step,
physical properties such as surface roughness or perforation will prevent bubbles
from growing and increase electron transfer by adding reaction area, as a result
increasing the rate of electrolysis. When the overpotential is low, electron transfer is
not as fast as desorption and hydrogen adsorption will be the rate-determining step.
At the opposite, when the potential is high enough, hydrogen desorption will be the
rate-determining step (Mandin et al. 2014). The hydrogen adsorption energy is a
good parameter to identify the most promising materials for the HER.

The mechanism of the oxygen evolution reaction (OER) is more complex than
that suggested for HER. The most generally accepted mechanism for the OER is:

OH < OH_ 4 +e~
OH™ + OH 4 < Ouqs + H,O + e~
Oads + Oads «— 02

The mechanism is controlled by the charge transfer at low temperatures. On the other
hand, at high temperatures, the recombination step controls the reaction on Ni
electrode. Usually, acid solutions or PEMs are used as electrolytes in water
electrolyzers due to the high ionic conductivity of their acid media and are free
from carbonate formation, as compared with alkaline electrolytes (Carmo et al.
2013). So, noble metals are used as electrocatalysts for OER in acidic media.
Bifunctional electrocatalysts, which can work for both oxygen evolution and oxygen
reduction, have also been proposed for water electrolysis.

The electrical resistance in a water electrolysis system has three main compo-
nents: (1) the resistance in the system circuits; (2) the mass transport phenomena
including ions transfer in the electrolyte; (3) the gas bubbles covering the electrode
surfaces and the diaphragm.

The nature and the dimensions of the materials used in the electrodes and the
connections and the electric circuit, the methods of their preparations are responsible
for the electrical resistance of the system (Siracusano et al. 2011). It can be expressed
as follows:

li
R:ZAVZ,‘

where y; (Q ' m™') is the electrical conductivity for each component of the circuit,
including wires, connectors, and electrodes. This part of the resistance can be
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reduced by reducing the length of the wire, increasing the cross-section area, and
adopting more conductive wire material.

The ionic solution conductivity x is a function of concentration and temperature
(Jiang et al. 2021). For an ionic solution containing ions (i), charged +z; or —z; and at the
concentration Ci in mol-m*3, the conductivity of the solution, noted (SY1 mfl), is:

)(:Z/li 7 C;

with: A; is the equivalent conductivity of the ion (i) in, S'm*mol .

The presence of bubbles in the electrolyte solution and on the electrode surfaces
causes additional resistances to the ionic transfer and surface electrochemical reac-
tions (Ateya and El-Anadouli 1991). One of the accepted theoretical equations to
study the bubble effect in the electrolyte is given as follows:

ke =k(1—1.5f)

where « is the specific conductivity of the gas-free electrolyte solution; f is the
volume fraction of gas in the solution.

Convective mass transfer plays an important role in the ionic transfer, heat
dissipation and distribution, and gas bubble behavior in the electrolyte. The viscosity
and flow field of the electrolyte determines the mass (ionic) transfer, temperature
distribution and bubble sizes, bubble detachment and rising velocity, and in turn
influence the current and potential distributions in the electrolysis cell. As the water
electrolysis progresses the concentration of the electrolyte increases, resulting in an
increase in the viscosity. Water is usually continuously added to the system to
maintain a constant electrolyte concentration and thus the viscosity (Ozdemir and
Taymaz 2022).

The physics of gas evolution proceeds through three phases: nucleation, growth
and detachment. Bubbles start nucleating at electrode surface from solution once the
solution becomes highly supersaturated with produced gas. Subsequently, bubbles
grow by dissolved gas diffusion to their surface or by coalescence with others, and
finally detach from the electrode when the forces pulling them away overcome the
surface forces binding them. There are a lot of phenomena of gas evolution in every
stage, the effect on process parameters have been studied experimentally and
theoretically, but there are a lot of them that must be investigated. Just as growth
of bubbles is complicated, so are the effects of gas bubbles which include electrolyte
solution mixing and obstruction of electric current. Impeding the current, bubbles
decrease electrolyte conductivity and so add to ohmic losses in the cell. Mixing the
electrolyte there is bubbles creation that enhances heat transfer from the electrode
and mass transfer to the electrode surface.

Bubbles may nucleate when the electrolyte near the electrode is supersaturated
with gas as in the electrolytic production of H,, for example. A flux of H, based on a
current of a few mA/cm? is sufficient to supersaturate the liquid since H, is sparingly
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soluble. When the dissolved gas concentration reaches a critical value, bubbles
nucleate and grow. The critical dissolved H, concentration leading to nucleation
can be theoretically obtained from classical nucleation theory; but the effectiveness
of this theory for electrolytic gas evolution needs further examination.

Nucleation theory born in the 1920s when investigators considered the thermo-
dynamics and kinetics of single-component phase transitions. From this work
evolved classical nucleation theory in which density fluctuations engender vapor
nuclei that may grow or decay depending on whether the bubble nucleus is higher or
smaller than a certain size, determined by so-called critical radius. At this stage, the
bubble is in metastable chemical and mechanical equilibrium with its surroundings.
The frequency of formation of critical nuclei is inversely proportional to the expo-
nential of the isothermal minimum work required to form such nuclei divided by kT,
being k the Boltzmann constant and T the temperature. Thus, the essential features of
nucleation theory are the expression defining the size of the critical bubble nucleus
and the formulation of the rate expression as an exponential function of the work
associated with the production of a nucleus having this dimension.

Electrolytically evolved gas bubbles nucleate from solutions of gas dissolved in a
host liquid; for this reason, theory for multiple components is required for this case.
An expression for the critical radius for multi-component systems is given by:

_ 20
T aPx , PC_ pt
Vi + v Co P

c

where Poo is the vapor pressure of solvent at the temperature of the liquid, P’is the
external pressure in the liquid, vy,v, are the vapor phase activity coefficients of the
solvent and solute, C’ is the concentration of the gas in the solution surrounding the
bubble, expressed as moles of solute per mole of solvent, Cg is the equilibrium
concentration of the gas in the solvent when a flat surface of the solvent is exposed to
the gas only at T/ and P’, expressed as moles of solute per mole of solvent, ¢ is the
surface tension of the liquid-gas interface often assumed equal to the surface tension
of the liquid vapor interface, and 1 is defined as:

,_
n= exp(w _C/>

where V| is the specific volume of the pure solvent. The solute gas decreases the
critical radius from that of the pure solvent at the same temperature and pressure;
therefore, the rate of nucleation correspondingly increases.

The rate equation derived for the pure solvent:
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Where J is the frequency of nucleation (scm®) ™', Z is the frequency factor, a very
weak function of T and P, and P” is the pressure inside the critical size bubble) also
applies to multi-component solutions; however, P” has two contributions in this
case. The dissolved gas exerts a vapor pressure in addition to the vapor pressure of
the pure solvent. The increase of P” lowers the critical radius and therefore decreases
the maximum sustainable supersaturation.

The prediction of the maximum attainable limit of supersaturation is given by:

PN Pl + Pﬂ |:exp <w — C/>:|

- v2Co Vi kT

The growth stage of gas evolution includes the diffusion of dissolved gas to the
gas/liquid interface and the coalescence of bubbles. This mechanism starts with
nucleation, followed by growth by diffusion, coalescence of small bubbles, radial
movement of small bubbles and their coalescence with stationary medium-size
bubbles, and scavenging coalescence of the medium bubbles by large ones moving
along the electrode. This is the process by which large O, bubbles are built in basic
medium.

Detachment as the final phase in the physics of gas evolution has also been
subject of both theoretical and experimental studies. The bubbles are found to detach
once the surface adhesive forces, related to bubble contact angles, can no longer
restrain them. In contrast to these equilibrium measurements, studies of the dynam-
ics of gas evolution showed that the bubble formed by the coalescence of two large
bubbles would jump off the electrode and sometimes even return. It was also
reported that bubble coalescence often precedes their detachment from the electrode
surface. It was concluded that the expanding boundaries of the new bubble mechan-
ically forced it off the electrode. It was further speculated that bubbles’ movement
towards the electrode could be affected by electrostatic forces on a moving bubble or
by surface forces varying with concentration.

Related to the detachment of bubbles is their mobility on electrode surfaces.
Investigation of the forces holding a drop on an inclined plane led to conclusion that
drops holding onto these surfaces are a result of the contact angle hysteresis, the
adherence between bubbles’ advancing and retreating contact angles. The main
cause of hysteresis is roughness of the surface. Figure 2 illustrates the relation
between the hysteresis angle, the contact angle, and the volume of the largest bubble
that sticks to a surface facing downward and inclined by y degrees to the horizontal
and how they determine the minimal and maximal size of electrolytically produced
bubbles in aqueous media. With increasing the contact angle and keeping the other
parameters constant, increase of bubble size can be observed.

Bubble growth and consequently its final size are determined by several param-
eters including electrode material, current density and different additives (Bakker
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Fig. 2 Cell potential for hydrogen production by water electrolysis as a function of temperature

and Vermaas 2019). In addition, it has been established that current density affects
bubble size, but there are still some disagreements in the literature about its exact
effect. The size of H, bubbles produced in alkaline medium is not influenced by
current density and they are the smallest ones. On the other hand, O, bubbles
evolved in the same medium rapidly grew for current density values higher than
30 mA/cm? (Fig. 3).

Besides the electrode material and current density, additives are another param-
eter believed to influence bubble behavior and size. Studies showed that presence of
additives such as gelatin, glycerin and B-naphthochinolin in the electrolyte solutions
results in evolution of smaller bubbles in most cases with formation of frothy
mixture being observed. It is believed that additives reduced the ratio of the bubble
diameter to the contact diameter by half and increased the electrode wettability. This
resulted in the presence of a thick film of electrolyte between the gas and the
electrode that is less adhesive than thin films. Still, the forces holding the bubbles
to the electrode were most likely weakened proportionally to the decrease of both the
perimeter of the contact area and the contact angle. Moreover, it is speculated that the
inhibitors stabilize the bubble interfaces and avert their coalescence on the electrode.

In addition to electrode material, current density value and presence of additives
in the electrolyte, other process parameters have been reported to influence bubble
size and behavior. It was found that the bubble size decreased with increasing flow
rate in the interelectrode area with significantly higher current densities being
achieved in comparison to those in stagnant electrolyte. Furthermore, electrode
orientation and configuration are also expected to affect bubble size.

Electrolytically evolved bubbles enhance heat and mass transfer to gas evolving
electrodes because the growing and detaching of gas bubbles mix the electrolyte near
the surface with electrolyte in the bulk. Evolving gas bubbles can accelerate mass
transfer to rates achieved by only intense mechanical stirring or flow and is thus very
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Fig. 3 Bubbles evolution in alkaline and acidic media

effective where circumstances allow its use. Phenomena of gas evolution discussed
at the outset are responsible for mixing at the electrode. The growing bubbles
produce convection as their boundaries expand by diffusion and coalescence.
When a bubble detaches, electrolyte must flow to fill the vacancy. The effective
density of a heterogeneous mixture of gas and electrolyte is lower than that of bulk
electrolyte; so there is macro-stirring of the electrolyte by the rising gas bubbles (gas
lift). Severely, these are complicated phenomena to describe and it seems impossible
to mathematically analyze the flows; therefore, engineers have constructed theories
which explain and correlate the experimental results and patterns.

Investigators of mass transfer enhancement at gas-evolving electrodes have
generally reported Nernst mass transfer boundary layer thickness, as a function of
gas evolution rate (cm*/cm?s) or current density. The Nernst boundary layer thick-
ness is given by:

_ nFDC

N ;

where n stands for the equivalents per mole, D is the diffusivity and F is Faraday’s
constant. The Nerst boundary layer is essentially the reciprocal of a mass transfer
coefficient divided by the molecular diffusivity.

Figure 4 is a plot of the results on mass transfer enhancement in acid solutions. It
may be observed that the boundary layer thickness decreases with the increase of the
gas evolution rate (Vincent et al. 2018). At the highest gas evolution rates,
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corresponding to 10 A/cm?, the boundary layer thickness is of the order of 1 pm
which is fairly thin.

The Nernst boundary layer thickness is a simple characteristic of the mass transfer
rate and is usually expressed by:

51\/ = Llib

considering fluid viscosity, kinematic viscosity and the diffusion coefficient, the
exponent b is the center of differences between the schools of thought, taking on
values from —0.25 to —0.87. The comparison between acidic and alkaline media is
shown in Fig. 5.

The slope change, around 30 mA/cm?, corresponds to a change in bubble size for
the O, bubbles evolved in basic solution. This was considered an indication of the
onset of coalescence between bubbles on the electrode.

3 Low Temperature Electrolysis

Gibbs free energy (AG) is defined as the net internal energy available to work,
therefore less work is done by changes in temperature and pressure (Ayers et al.
2019). Enthalpy (AH) is an intrinsic property of a material that is a function of
temperature and pressure.

In electrolysis, the energy is supplied to the cell by heat (Q) and electrical energy
(Welee)- The relationship between enthalpy, energy input and Gibbs free energy is
shown in:
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AH=AG + TAS:WE[EL‘ + Q

where T is temperature and AS is change in entropy. By considering the change in
the functions above, the overall change in Gibbs free energy and the operating
potential can be calculated (Marangio et al. 2009).

At standard temperature and pressure (S.T.P., 298 K, 1 atm), Gibbs free energy of
formation represents the thermo-neutral voltage and is where hydrogen and oxygen
are produced with 100% thermal efficiency. To enable electrolysis mode the voltage
must be greater than the open circuit voltage (OCV: voltage corresponding to zero
current). It is determined by the variation in Gibbs free energy of formation between
reactants and products. As previously mentioned, Gibbs free energy varies with
temperature and state (gas or liquid). This is shown by:

AGy
Fo=—7p
where E, is the theoretical minimum reversible potential of an electrolysis cell, z is
the number of electrons transferred in the reaction and F is the Faraday constant
(96,485 Coulomb mol ).

At S.T.P., the Gibbs free energy of formation of water is +237.2 kJ mol';
therefore E, = 1.23 V and it represents the minimum voltage required to split
water. Ignoring heat transfer in the system, the total enthalpy required must be
provided by the inputted electrical energy. But we are not in an ideal world, so
heat transfer does exist and the thermo-neutral potential (1.48 V) is required to
enable the electrochemical reaction.
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The real potential (E.) needed to split water at a reasonable rate will require E.,
to be greater than E,. The difference between the two is known as overpotential,
losses or polarization. The Nernst potential (V) accounts for the changes in the
activity of the reaction and is shown in:

1
E In Ph 2P§)2

Vn :EO + 2F PHZO

where Py, Po, and Py,o, are the partial pressures of hydrogen, oxygen and water
respectively. This equation enables the calculation from experimental data, since the
temperature of water entering the electrolyzer varies:

Piio= 61078 exp| £ (17.2694)

where T, is the temperature (°C) of water entering the electrolysis cell. The partial
pressures of hydrogen and oxygen are calculated using measurements from the
electrolysis cathode and anode:

Py, =P, — Py,0
POQZPH_PH204

where P, and P, are the partial pressures (atm) measured at the cathode and anode of
the electrolysis cell respectively.

However, hydrogen evolution does not occur at the reversible potential (1.23 V).
This is the result of resistances (overpotential) in the electrolysis system. These
resistances in the process mean a higher potential is required to split water to
overcome these barriers.

An electrical circuit analogy can be used to illustrate the various resistances
encountered during the electrolysis process (Fig. 6).

/
Rcell = Rl + Rl + Rbubble,OZ + Rhuhble,Hz + Rions + Rmemhrane + Ranode + Rcathode

A4

] ] [ ’
’R‘l_lﬁ'mwfie~ RbubeE.O-g ﬁﬁmgmbmnﬁ,_miamH Rbubble-”z H Reathode R

Fig. 6 Electrical circuit analogy of water electrolysis
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The three main types of resistance in the electrolysis cell are electrical, transport and
electrochemical reaction resistances (Darband et al. 2019). Electrical resistances (R
and R’;) directly result in heat generation which points to waste electrical energy in
the form of heat according to Ohm’s law. In water electrolysis the resistances in
electrical circuits. The resistances of the electrodes and connecting circuits are
determined by the material types and dimensions, preparation methods, and the
conductivities of each component. It can be expressed as follows:

1

where « is the electrical conductivity (2 ' m™'), subscript g represents each
component of the circuit, which includes wires, connectors and electrodes. These
items can be improved by decreasing the length of wire, using a higher surface area
of electrode and using a material with higher electrical conductivity.

The ion transfer in the electrolyte is dependent on the electrolyte concentration
(if liquid), membrane (if solid), and distance separating the cathode and anode
(Grdeni et al. 2008). The molar conductivity, which is different from the conductance
rate in the metallic conductor, is used instead of conductivity. It is illustrated in:

A=

Qlx

where A is the molar conductivity (m2 Q! mol ') and C is the electrolyte concen-
tration. Molar conductivity is also a function of the mass transfer of ions and
concentration.

The presence of bubbles on the electrode surfaces creates resistances to the ionic
transfer and thus the electrochemical reaction. The study of the bubble effect in
electrolytes is a wide area of research and is most accepted:

Kk, =k(1—1.5f)

where « is the specific conductivity of the electrolyte (gas-free) and f is the volume
fraction of gas in the electrolyte solution. If bubble coverage (0) is taken into:

(S

p=po(1-0)"

where py is the specific resistivity of the electrolyte (gas-free). Electrical resistances
can also be calculated by Ohm’s Law:

Vv
R=T1
in which, when potential V is applied only at R; or R’;, current I is measured.
Alternatively, resistance can be calculated using R = L/(kA), where L is the length, k
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is the specific conductivity, and A the cross-sectional area of the conductor. Trans-
port resistances (Rpubble,025 Rbubble.H2> Rions a1d Rmembrane) are physical resistances
such as gas bubbles covering the electrode surface, resistances to ionic transfer of
species in the electrolyte, and due to resistance of ion flow in the membrane. These
losses are known as ohmic loss (Schalenbach et al. 2013).

Mass transfer, temperature distribution and bubble sizes, are determined by the
viscosity and the flow field of the electrolyte. Other parameters affected include
bubble detachment and rising velocity, of which all functions are transport related
resistances. It is important to note, that during electrolysis the concentration of
electrolyte increases (since water is being consumed), and therefore the solution
will become increasingly viscous; hence, resulting in a rise in transport related
resistances.

Current research in water electrolysis is focused to increase mass transfer on the
electrode surfaces, but this could disadvantage the production rate of hydrogen.
Aiding mass transfer on the electrode surfaces will enable higher bubble formation,
which would reduce the contact surface area between the electrode and the electro-
Iyte, and consequently limit the availability of sites for nucleation. Circulating the
electrolyte through the electrolyzer via pumps can mechanically remove gas bubbles
from the surface quicker, and subsequently reduce bubble overpotential in the
electrolyzer (Liang et al. 2020).

Electrochemical reaction resistances (R 040 and Reaimode), also known as activa-
tion losses, are overpotentials required to overcome the activation energies on the
cathode and anode surface for the formation of hydrogen and oxygen respectively.
These are inherent energy barriers of the reactions and determine the reaction
kinetics of the electrochemical reaction (Fig. 7).

When equilibrium occurs at OCV, there are dynamic currents at both electrodes
and are symbolic of electrode behavior. These dynamic currents at the cathode and
anode are known as the exchange current density, that is defined as the rate of
reduction at the cathode and oxidation at the anode and represent the electrode’s

Fig. 7 Potential losses
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ability to transfer electrons and happens equally in both directions, culminating in
zero change in electrode composition. A small exchange current density shows slow
reaction kinetics and slow rate of electron transfer. A large exchange current density
exhibits the opposite behavior.

Overpotential is also a function of current density not only temperature (Zhou
et al. 2018).

Figure 8 shows with increasing current density, the different types and overall cell
overpotential increase.

The initiation of an electrochemical reaction on an electrodes surface requires the
overcoming of an energy barrier (Hu et al. 2019). This energy barrier is more
commonly known as activation energy and is the extra energy required to overcome
energy barrier of the rate determining step of the electrochemical reaction to a value
at which the reaction will proceed at a suitable rate. It is known as an activation
overpotential in the electrochemical reaction. The following equation shows the
Butler-Volmer equation, used for calculating activation overpotential:

I~ b o )] [ - 5 (-5

Where I is the electrode current, A is the electrode active surface area, jo is the
exchange current density, E is the electrode potential, E. is the equilibrium poten-
tial, T is the absolute temperature, n is the number of electrons in reaction, F is the
Faraday constant, R is the universal gas constant, ac is the cathodic charge transfer
coefficient, o, is the anodic charge transfer coefficient.

These activation losses can also be calculated for the anode, n,, and cathode, 1
and are presented in the Tafel Equations:
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where o, and o, are the electron transfer coefficients of the anode and cathode
respectively, i, , and i., are the exchange current densities (A cm %) for the anode
and cathode respectively, and I is the current density (A cm ?) of the
electrolysis cell.

Resistances in the electrolysis reaction that are ohmic losses, are the resistance to
the flow of ions in the solution and membrane and the resistance to flow of electrons
in the electrode materials. As previously mentioned, these resistances can be calcu-
lated by Ohm’s law. The ohmic overpotential, 1, can be calculated using the
electrolysis cell’s current density, i, membrane thickness (cm), ¢, and the conduc-
tivity (Siemen cmfl) of the cell, . This is shown in:

Q.
o= 7,1

where o considers the sum of membrane resistance, ion transfer resistance and

electrical resistances of electrodes and interconnects if the cell is part of a stack.

Other forms of overpotential include bubble overpotential, which arises from
resistance caused by bubble evolution on the electrode surface, and thus limits the
contact area of the electrode available for electrochemical reactions to occur. This
decreases the current density on the electrode. The extra potential required to
overcome this resistance is usually considered negligible.

Another form of resistance in the electrolysis reaction is concentration
overpotential. This occurs due to the depletion of charge carriers at the electrode
surface. It is linked to bubble overpotential, in that bubble evolution at the electrode
surface, prevents charge carriers contacting the electrode surface for the triple phase
boundary reaction to occur.

The efficiency of an electrolysis cell is inversely proportional to the cell voltage,
which is dictated by the current density (Anantharaj et al. 2018). The current density
is also directly correlates to the hydrogen productivity per unit electrode surface area.

It is commonly seen that higher potentials result in higher rates of hydrogen
production; but this results in low efficiencies. Consequentially, commercial
electrolysers usually operate around 2 V, which maximizes the electrolyser effi-
ciency, where hydrogen output is not as important as the overall electrolysis
efficiency.

The system efficiency can be calculated from the electrolysis cell energy and the
ancillary losses. The system efficiency uses the higher heating value (HHV) of
hydrogen (39 kWh/kg), the energy used by the cell (kWh), the DC power supply
efficiency, and the ancillary loads e.g. pumps, values etc. (kWh):
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. HHV
System efficiency = .
cell input energy 4+ illaty losses
power supply efficiency ancuiaty

hydrogen produced

where HHV is measured in kWh/kg, cell input energy and ancillary losses are in
kWh, and hydrogen produced is measured in kg. To calculate the cell efficiency, the
Nernst equation can be used to calculate the theoretical cell potential and then the
cell efficiency can be calculated from:

Theoretical cell potential
Actual cell potential

Cell efficiency =
Voltage efficiency allows the measurement of effective voltage to split water in the

total voltage applied to the whole electrolysis cell. This is shown in:

E,—E.
Ecell

Voltage efficiency =

where Ea and Ec are the potential of the anode and cathode respectively.

Two other types of efficiency measurement of electrolysis reactions based on
energy changes in the system are the Faraday Efficiency and the Thermal Efficiency.
They used Gibbs free energy and enthalpy of the water splitting reaction respec-
tively. Both use the theoretical open-circuit energy requirement plus ancillary losses
as the energy input:

- A E
Faraday efficiency = Wi)sses = EA?I
ce

Thermal efficiency = ﬁ _ gmlil
ce

At S.T.P. (250C, 1 atm), these equations can be simplified further:

Faraday efficiency (25°C) = 1;3‘/
cell
Thermal efficiency = 1.48V
Ecen

where Epy and E g are the thermo-neutral and open-circuit potentials respectively,
and E., is the cell potential.

The Faraday efficiency is the percentage of theoretical energy needed for water to
decompose in the actual cell potential. The thermal efficiency, instead, defines the
additional cell potential that is required, above the open-circuit voltage, to maintain
the thermal balance throughout the reaction. Theoretically, this means that if the
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reaction is occurring endothermically, then the thermal efficiency may exceed 100%
(heat being consumed from the environment).

The Faraday efficiency will always be less than 1, because there are always
resistances (losses) in an electrochemical system. Thermal efficiency can be higher
than 1 if the cell potential is between the open-circuit voltage and the thermo-neutral
voltage.

Another type of efficiency calculation is the measurement of hydrogen gas output
from the electrolysis cell in terms of the total electrical energy applied to the system.

These are with respect to the HHV of hydrogen and the hydrogen production rate:

Efficiency of H, production rate = Productivity l:g unit volume = %

where AE is the cell energy input (kJ), V is the hydrogen productivity per unit
volume (m*/m? h), U is the cell potential (V), i is the current (A), and t is the time (s).
Alternatively, the yield of hydrogen produced can be measured in terms of electrical
energy input:

Usable energy ~ 283.8
AE Uit

Hydrogen yield =

where 283.8 kJ is the HHV of one mole of hydrogen and time t, corresponds to the
time required to produce one gram of hydrogen.

Lastly, energy efficiency can also be calculated by subtracting the energy losses
from the energy input. This is shown in:

- E
Net efficiency = 1 — —1osses
Einput

This allows the identification of high resistance locations in the electrolysis cell, that
need to be improved. A method for increasing efficiency is to lower these resistances
which contribute a significant amount to the overall resistance of the electrolysis cell.
This can include electrode materials with a lower activation overpotential, and the
movement of electrodes together to reduce ohmic resistance.

Another way is to thermodynamically reduce the energy needed for water
splitting, whilst maintaining a high hydrogen yield (Safari and Dincer 2020). This
can be achieved by increasing the temperature and/or pressure. The temperature of
reaction, electrolyte type and properties, as well as electrode materials, has huge
implications on the performance of the electrolysis reaction (Fig. 9).

The reactions within electrolysis occur at the electrodes. The electron flow
through the contact between the electrode and the electrolyte enables the formation
of hydrogen and oxygen gas to occur. The rate of the electrode reaction is deter-
mined by the current density, and this depends on various parameters.

Firstly, the material and any pre-treatment of the electrode surface affect the rate
of reaction. Secondly, the electrode potential impacts the flow of electrons through
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the electrolysis cell i.e. higher potential results in a faster rates of reaction on the
electrode surface and hence a higher current density.

Finally, the rate of reaction on the surface of the electrode is dependent on the
composition of the electrolyte solution next to the electrodes (Miller et al. 2020).
When under operation, these ions adjacent to the electrode undergo migration in the
solution to form layers near the electrode surface. This is known as the electrical
double layer (Fig. 10).

When a current is forced to flow between two electrodes through an electrolyte,
charge separation is created at each solid/liquid interface and two electrochemical
capacitors are formed. In these capacitors at the electrode/electrolyte interface,
dissolved ions in the bulk electrolyte are attracted to the electrode surface by an
equal and opposite charge. It is considered that the behavior at the interface is
described in terms of a capacitor. It is a consequence of the “free charge” approach
that when a continuous current flow is applied through the interface a strict distinc-
tion should be made between Faraday and non-Faraday currents. Faraday currents
are responsible for charging of the double-layer capacitor, while non-Faraday
currents are the charge flow connected with the charge transfer processes occurring
at the interface. An interface at constant pressure and temperature can be changed by
varying the concentration of the components in the bulk phases.

The accumulation of ions near the electrode forms two mobile layers (Doan et al.
2021). The layer closest to the electrode is called the inner Helmholtz layer (IHL),
where the ions are well ordered and aligned with one another. The other layer is
termed the outer Helmholtz layer (OHL), which consists of non-uniform ions
adjacent to the IHL. The ionic charges of the ions adjacent to the electrode surface
are balanced by oppositely charged ions in the electrode itself. The potential between
the electrode and ions can be plotted against the distance from the electrode surface.
This is shown in Fig. 11.
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Fig. 10 Schematic of electrical double layer

E electrode

Esoiuﬂon

X

Fig. 11 Effect of distance on the potential between the electrode and ions
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The figure shows that voltage exists between the electrode and electrolyte solu-
tion. This is a direct result of the double layer. The addition of inert electrolyte to the
electrolysis process compresses (reduces the thickness of) the double layer and
consequently the distance that the potential decays to zero is much shorter.

The electrical double layer phenomenon leads to capacitive behavior of the
electrode reaction. This principle of the electrical double layer acting as capacitor
needs to be take into account with electrode kinetics (Rozain and Millet 2014).

Faraday’s laws are based quantitative relationships of electrode reactions during
the process of electrolysis. Faraday’s law states:

_oM

sz

where m is the mass (g) of a substance liberated at the electrode, Q is the total
electrical charge (C) passed through the substance, F is the Faraday constant (96,485
C/mol), M is the molar mass of the substance, and z is the valency number of
electrons transferred per ion. This equation can be rearranged to form:

_9Q
N=F

where N is the number of moles of electrolyzed species. From this the rate of
electrolysis can be defined as:

dN
Rate = T

and dQ/dt can be expressed as electrical current (since Q = It). When considering
electrode kinetics, the surface area is vital parameter for the electrochemical reaction
kinetics, and hence should not be excluded from thought. The rate of electrolysis can
be rewritten as:
! J
Rate = ==
W= WFA ~ uF

where j is the current density (A/cm?). To calculate the reaction rate constant, the
Arrhenius equation is used:

Eq
k = Aerr

where E, is the activation energy (kJ/mol), A is the pre-exponential factor, R is the
gas constant (8.314 J/K mol), and T is the reaction temperature.

The Butler-Volmer equation determines the link between the reaction rate and
current flow, the corresponding reliance of current density on the electrode surface
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potential, and the composition of the electrolyte solution adjacent to the electrode
surface. The equation is adapted from the transition-state theory and presented in:

I:Ic‘athode _Ianode :FAkO (C()(O, t)e_qf(E—EO) _ CR(O, t)e_f(' —a)(E—Ey)

where A is the electrode surface area in contact with the electrolyte solution, kj, is the
standard rate constant, C(0,t) is the concentration of reaction species at the cathode/
anode in the oxidized state i.e. for the cathode; the hydrogen ions (H+). The (0,t)
represents the distance from the electrode, and the specific time at which the current
occurs, « is the transfer coefficient (value 0 < o < 1), f is the F/RT ratio, which is a
constant. CR(0,t) is the concentration of reaction product at the cathode/anode in the
reduced state i.e. for the cathode; the hydrogen gas (0.5H2).
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The transition-state theory, illustrated in Fig. 12, shows the reaction path for the
electrochemical reactions in terms of the Gibbs free energy of the reactions, and the
position of coordinates in the reaction path.

When the potential is increased by AE, as shown in Fig. 12a, the decrease in
Gibbs free energy is F(E-E,). As a result there is a reduction in Gibbs free energy of
hydrogen ions in the HER by (1-a)(E-E,), and the increase in Gibbs free energy of
hydrogen gas by a(E — E,).

This proves that Butler-Volmer equation can be derived from the rate equations
previously mentioned, if there is no limitation to mass transfer during the electro-
chemical reactions at the electrodes. Using Fig. 12b the Butler-Volmer Equation can
be simplified to:

i=ip (e*(lfﬂ — el *a)fﬂ)

whereas previously mentioned, i, is the exchange current density. From this equation
we can derive overpotential for both electrodes. This is the Tafel equation:

n=a+blogi

where a = (2.3RT)/(aF)log io and b = (—2.3RT)/(aF).

The proportional relationship between the overpotential and the logarithm of
current density is determined by exchange current density, ip, and the slope b;
known as the Tafel slope. Both parameters are used to measure the reaction kinetics
of electrodes for electrochemistry.

This analysis (Fig. 13) shows that the rate of electrolysis can be expressed by the
current density. The current density can be mirrored by the exchange current density,
which represents the current associated with the open-circuit potential, on the surface
of the electrodes. It is also dependent on the overpotential.
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4 Thermodynamic at High Pressure

At Standard Temperature and Pressure conditions, (STP defined by the IUPAC,
International Union of Pure and Applied Chemistry, is an absolute pressure of 1 bar
and a temperature of 273.15 K), the splitting of water is a non-spontaneous reaction
which means that the change in Gibbs energy is positive.

For an electrochemical process operating at constant pressure and temperature the
maximum possible useful work (i.e., the reversible work) is equal to the change in
Gibbs energy. Since work is viewed from the point of view of the chemical reaction
system, the electrical work is positive for an electrolyser and negative for a fuel cell.

The change in enthalpy for the electrochemical decomposition of water is

AHr,=AGr, + TASt,

AHr, (J.mol ™Yy is the enthalpy change at T and p, AGr, , (J.mol ") is the Gibbs free
energy, ASt , (J.mol™' K™') entropy change, T temperature (K), p the pressure
(atm).

Two essential voltages, considering the energy needed for the hydrogen produc-
tion, are defined:

The enthalpy voltage at T and p:

AH
V Tp n FT,p
The water electrolysis voltage at T and p:
AG
Erp= n FT’p

n: Number of electrons transferred per formula conversion, F: The Faraday constant
equal to 96500 Cmol "

The voltage associated with AHr, ;, is commonly called the thermo-neutral cell
voltage; it is the voltage at which a perfectly efficient cell would operate if electricity
provided the entire energy requirement. Under these conditions, the cell does not
generate any waste heat, nor does it require any heat input; the cell has no net heat
exchange; hence it is then said to be ‘thermo-neutral’ (Uosaki et al. 2016).

Since the enthalpy voltage and the water electrolysis voltage depend on the
enthalpy and the Gibbs energy of the formation reaction of water, we can predict
the temperature changes by means of a well-known thermodynamics relationships.
The calculation approach is since the enthalpy and Gibbs energy are properties that
depend on the initial and final states of compounds (reactants and products); they
may be calculated for any convenient path connecting these two states. The first part
of our calculation is to propose a hypothetical path that leads from liquid water at
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25 °C to gaseous hydrogen and oxygen at temperature above 100 °C and up, under
atmospheric pressure. This path is illustrated on Fig. 14.
The entities used are defined as follows:

AH® 25°C

vap’

Heat of vaporization of water at 25 °C atm constant pressure (1 atm)

AH$,25°C—>T

Total enthalpy change of reactants (water) at a constant pressure (1 atm)
from25°Cto T

AH | T

Enthalpy of water electrolysis at constant pressure (1 atm) at T

25°C

we?

Enthalpy of water electrolysis at constant pressure (1 atm) at 25 °C

AHC
AHY, (T—25°C)

Total enthalpy change of products (hydrogen and oxygen) at a constant
pressure (1 atm) from T to 25 °C

AHY(H0(,.25°C)

Standard heat formation of water at 25 °C

The reason for choosing this possible schematic is based on the fact that the entire
entities (enthalpies) can be calculated, and data of water are available.
The enthalpy of water electrolysis at any temperature and pressure is expressed as

follows:

AHt ), — AHs50C1am = [AHT,p —AHr7) atm] — [AH7 1 aim — AH25°¢,1 am)

AI-IT,p - AI{T,latm = [AHT,[) - AIiT,l atm] Hy [AHT,[) - AI_IT,I atm} 0,

- [AHT,p - AI_IT,I atm}

H,0

AHT 1 am — AH25° .1 aim = [HT.1 aim — Has° .1 am)yy,

+O0.5[H7.1 am — Hase .1 amlo, = [HT.1 am — H2s5° .1 atm) 1,0

The same expression can be developed for the entropy and Gibbs free energy for
water electrolysis. The only limitation is that the species involved are considered at
ideal gas state, thus the enthalpies of reactants and products are expressed as a
function of temperature by equation of the form:
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T final
(T)dT

p.species
Jinitial

AH®(T. final) = AH° (T initial) + /

species T

(T, initial): initial temperature, [K]; (T, final): final temperature, [K]; CPO: heat

capacity of the p species, function of temperature, [J.mol ' K ']. The entropy

change is expressed by considering the following thermodynamic relationship of
ideal gas state:

T final
AS°(T. final) = AS*(T, initial) + / c®
species T

. p.species
Linitial

(T)dT

So, we obtain the temperature effect of enthalpy voltage as follows:

Vi tam = 1.4850 — 1.490 10~ *(T — 273.15) — 9.84 10~ 8(T — 273.15)*

and the Gibbs free energy for the corresponding temperature and then the reversible
voltage as:

Erjam=1.5184—1.5421 10737 —9.523 10 °TInT +9.84 10 *7>

Since data have been extrapolated from steam table of water, the last equations are
covering the temperature range from 25 °C to 327 °C.

The effect of pressure on both E and V is given by the following well know
thermodynamics relationship:

P2 Sv
= | (-3

v (m®) is the volume of the components and R is the universal gas constant,
R = 82.058 (atm cm® mol ! K1),

The integral can be handled under different consideration; we choose the virial
equation of state to be performed with an eye to unifying the works of many authors
into a comprehensive understanding of the method.

The remain calculation consists in the evaluation of the enthalpy departure for
water; the task has been greatly simplified as the data for the thermodynamics
properties of water are available and can be handled as data sheet or as embedded
computer subroutine. We use the published computer program of steam table from
The International Association for the Properties of Water and Steam. The range of
data is for temperatures and pressures:

273.15K < T < 1073.15K
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The enthalpy voltage is calculated for the value from 1 bar to 1000 bars using the
expression:

AH
Vip=Vriam+ AHr), — %
and the water electrolysis voltage:
AG
Erp=Er1am + AGr) — %

The temperature change at 1 atm is shown on Fig. 15 and the pressure change is
shown on Fig. 16.

We observe that V(1 atm) and E(1 atm) decreases as the temperature is rising,
elevating temperature promote the splitting water significantly.

We observe as enthalpy voltage, V, decreases, reversible voltage, E, increases
with rising pressure at 298 K. For E the curve increases rapidly from 1 atm to 50 atm
then rise steadily. In fact, according to Le Chatelier principle, the water electrolysis
considered as an equilibrium equation, increasing pressure will lead to encourage
water formation then more energy would be necessary to overcome the reverse
reaction.

In the next section we present the variation of enthalpy and electrolysis voltage
versus the variation of temperature and pressure in Figs. 17 and 18.

Increasing pressure will increase the energy consummation and then more energy
is required to perform hydrogen production.
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We observe that temperature plays an advantageous factor for reducing the
enthalpy and electrolysis voltage, since the energy of molecules agitation (water)
introduced by temperature, tends to promote electrolysis, thus reducing electrical
potential.

5 Thermodynamic of Catalytic Activity

In electrocatalysis, the primary energy input is the potential difference over two
electrodes, AU. Electrochemical reactions include the transfer of electrons between
the electrode and reactants and the rate of this transfer can be tuned with AU. The
electrodes are immersed in an electrolyte which provides ionic conductivity, due to a
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high concentration of protons or hydroxide ions. Furthermore, electrochemical
reactions are reduction-oxidation, redox, reactions.

They can always be divided into two half reactions, each proceeding at their
respective electrode. The electrode at which oxidation of a reactant occurs is called
the anode, whereas the electrode where a reduction occurs is called the cathode. The
change in Gibbs free energy of formation for a reaction, AGf, determines the
equilibrium potential, Uy, for a given electrochemical cell, consisting of two
electronically connected electrodes immersed in an electrolyte.

This is formulated in equation:

where U, is the equilibrium potential also called reversible open circuit potential of
the cell, F is the Faraday constant (96485 C/mol) and n the number of electrons
transferred in the reaction. While this equation holds at standard conditions, the
change in Gibbs free energy for a reaction vary with temperature and pressure. This
variation can be calculated by the general relationship:

T+ kK —mM

as:

j k
@) —ag
ay,

0

AG;=AG; —RTIn

where AGY; is the change in Gibbs free energy at standard conditions, R the gas

constant, T the temperature and a denotes reactant activity; a = P/Py. P is partial
pressure and Py the standard pressure, 1 atm.
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The previous equations gives the Nernst equation which relates the reversible
open circuit potential to temperature and pressure:

ik
dy —ag

RT
—_70 _
Ucell =U WF In a%

cell

With these equations it is possible to evaluate the minimum potential difference
needed to run a non-spontaneous reaction in an electrochemical cell, or similarly the
maximum potential difference generated by a spontaneous reaction. However, the
actual operating potentials, AU of such cells are typically significantly different from
Ucen- The components of the operating voltage are the following:

AU = Ucellir]iAUQ iAUt

In the previous equation “+” should be “+” for power consuming cells where

“w

non-spontaneous reactions are driven, whereas “—” should be used for power
generating cells. n denotes the overpotential needed to drive the reaction when
current is flowing due to non-ideal kinetics at the electrode interface. AUQ is the
loss of potential difference due to resistance losses in the system and finally AUt is
the potential increase or decrease over time. Electrocatalysis deals with decreasing 1)
by finding the best suited electrode material. The theoretical relation between
overpotential 1) and current j is described in the Butler-Volmer equation:

.. (1 —a)nFp anFn
J=Jo | X0 R~ &XP Ty

Jo is the exchange current density and a is a symmetry factor. The exchange current
density is a quantity that defines the current flowing in both directions when a
reaction is in equilibrium. From the previous equation it is evident that a high iy
results in higher currents for a given n. It is also noteworthy that the current is
exponentially dependent on overpotential, 1.

At high overpotentials one of the two exponentials becomes negligible and a
simpler version can be formulated (Mo et al. 2019). In semilogarithmic form this
version is known as Tafel lines. In short, Tafel slopes indicate the change in potential
for a ten-fold increase in current. From this definition it is obvious that lower Tafel
slopes are desirable. Traditionally, electrochemical experiments have been
conducted with the aim of determining the Tafel slope of reactions on specific
electrode materials. It is commonplace in the literature to use Tafel slopes to
phenomenologically deduce a reaction mechanism. However, this requires several
loaded assumptions, including the value of a symmetry factor, an adsorption
isotherm, etc.

Electrolysis is a general term describing the process of driving a non-spontaneous
electrochemical reaction by applying a potential over two electrodes. This contrasts
with a potential difference generated from a spontaneous electrochemical reaction
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like in the case of fuel cells. In water electrolysis hydrogen and oxygen gasses are
generated from water:

2H0() — 2H) () + Oz

This is an energy demanding reaction with a change in Gibbs free energy of
237.2 kJ/mol at standard conditions. If this is done in an electrochemical cell, an
electrolyzer, a potential difference of 1.23 V is required at room temperature and
standard pressure. As discussed above, for any significant current a higher potential
must be applied in terms of overpotential and resistance losses. The efficiency of
such a process is typically defined from the change in enthalpy of the reaction. The
enthalpy can be taken for either water as a liquid (higher heating value, HHV,
equivalent of 1.48 V) or as a gas (lower heating value, LHV, equivalent of 1.25 V):

1.48V
Ve

efficiency =

where V. is the cell voltage. Note that for electrolyzers using the HHV results
in higher efficiencies while for fuels cells in lower. The overall reaction can be
split into half reactions:

4H" +4e” — 2H, 4, Hydrogen evolution

ZHZO(I) — 02(g> +4HT +4de” Oxygen evolution

These two half reactions will be treated more carefully in the following.

The electrolytic evolution of hydrogen gas is one of the most, if not the most,
studied electrochemical reactions throughout the history of electrochemistry as a
research field. In fact, fundamental studies on hydrogen evolution have helped shape
the modern understanding of electrochemical processes. It is a simple two electron
transfer process where protons are reduced to form molecular hydrogen. The overall
reaction in acid can be written as:

2H" +2¢~ —>H2(g)

The equilibrium potential of this reaction is O V using the conventional electrochem-
ical potential scale. In acidic environment, the reaction can be further split up into the
following reaction steps:

H+

(ag) T € +x—H (Volmer)

2H* —>H2(g) + 2 * (Tafel)
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H* + e +H' — Hy(,) + x(Heyrovsky)

While it is commonly accepted that the first step is the Volmer process, it has proven
difficult to understand whether the Tafel or Heyrovsky mechanism dominates. The
Tafel step takes place on Pt(110) and Heyrovsky on Pt(100). However, for poly-
crystalline surfaces it is difficult to assess experimentally through kinetic measure-
ments alone. Despite this ambiguity in the understanding of hydrogen evolution
there is only one intermediate, which is adsorbed hydrogen, Hx.

The binding between a surface and this intermediate has turned out to be an
exceptionally good descriptor for identifying active catalysts. The best-known
catalyst for the reaction is platinum which can catalyze the reaction at negligible
overpotentials. It should also be noted that hydrogen evolution is significantly faster
in acid compared to alkaline. In alkaline the overpotential needed to reach around 1.5
A/cm? is at least 100 mV higher than the same reaction in acid. An overview of the
range of active catalysts available for HER can be found in Fig. 19 for both acid and
alkaline electrolytes.
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Compared to HER the oxygen evolution reaction, OER, is more complex and
involves several intermediates. As discussed in the previous section, the hydrogen
electrode in an electrolyzer can run at appreciable current densities with lower than
50 mV overpotential using a very low amount of platinum. This is far from the
situation at the oxygen electrode which imposes a large overpotential, more than
300 mV, at significant currents with a high loading of even the best catalysts. While
1.23 VRHE is already highly oxidizing, the substantial overpotential makes matters
worse so that the selection of stable materials available for this electrode is rather
narrow. For these reasons it has long been recognized as a great challenge in
electrochemistry to find new active and stable catalysts for this reaction.

The first attempts at understanding OER were made in the 1940’s and 50°s with
experiments with various electrode materials. The conclusions describe the difficul-
ties in comparing the activities of different materials due to large variance in Tafel
slope dependent on current density and measurement procedure. These issues are
still haunting researchers today where the comparison of electrode materials from
different groups is complicated by different preparation and experimental methods.
They were tested twelve metals as anodes and for all of them substantial
overpotentials were needed to drive the reaction. Some of these results can be seen
in Fig. 20, where the overpotentials needed to reach 10 mA/cm? for seven electrode
materials are shown.

It wasn’t until 1980 that the knowledge of oxides was successfully combined with
measurements of OER activity. This approach was famously constructed a volcano
shaped activity plot based on the heat of transition from lower to higher oxide. The
impact of this report lies in the fact that oxide and not metallic properties are related
to activity, which better reflect the electrode interface at the reaction conditions. At
the same time the volcano plot suggests that an optimum at a specific formation
energy exists so that experimentalists are provided with a design principle (Fig. 21).

A few descriptors were investigated such as number of d-band electrons, heat of
formation for the corresponding metal hydroxide, magnetic moment and stability
limits.
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In parallel with the scientific communities’ efforts to understand the concepts
behind OER activity, an important discovery had been made in one of the industrial
research laboratories. The active components of the oxides were Ru and Ir and they
were mixed with Sn, Ta and Ti for better stability and selectivity. These electrodes
were, as their name suggests, more stable under reaction conditions compared to the
graphite anodes originally used for chlorine evolution.

At this point it is useful to investigate the reaction mechanism of OER. Several
reaction mechanisms have been proposed but here we will consider one of the most
common, which is also the one used in the free energy models. In acidic solution it
can be written in the following way. First a water molecule is dissociated into an
adsorbed hydroxide and a solvated proton:

Hy++x—>HOx+H" +e~
The hydroxide is further oxidized to adsorbed atomic oxygen:
HO* +H" +ei— —0x+2(H +e7)

From the adsorbed oxygen atom and a water molecule a superoxide, *OOH, can be
formed:

HyO+ O +2(H "+ e )>HOO + +3(H" +¢7)
Finally, molecular oxygen is formed and leaves the surface:

HOO * —>02(g)+(H++€_)—|—*
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Fig. 22 Free energy diagram for the oxygen evolution reaction based on the binding of interme-
diates to a rutile RuO2 surface, shown for 0, 1.23 and 1.6 V. At the equilibrium potential, 1.23 V the
first three steps are still not energetically favorable, which means that an extra overpotential is
needed for the reaction to proceed at significant rates

In these equations * denotes an active surface site. In alkaline environment the
reaction mechanism looks slightly different, but the intermediates are the same:

40H™ - OH «+30H ™ + e~
OH «+30H +e¢ —Ox+H,0+20H +2e¢~
Ox+H,O+20H =+42¢  — HOO*+H,O+ OH  +3e”
HOO x+H,0+ OH™ +3¢e~ — 0, +2H,0 +4e™

The binding energies of the intermediates, Ox, OHx and OOHx are central to the
model. Using the quantum mechanical method Density Functional Theory, DFT, it
is possible to calculate these energies on various surfaces such as metals and metal
oxides. From the binding energies each step in the reaction mechanism can be
evaluated and for a reaction step to be thermodynamically allowed the change in
free energy should be zero or negative. When all steps are zero or downhill in energy
the reaction can run at “significant” rates. The calculations are summarized in free
energy diagrams as shown in Fig. 22, where a rutile (110) RuO, surface is used as
catalytic surface.

The free energy profile of the reaction taking place at U = 0 V has all steps going
uphill in energy and the final step is 4.92 V higher than the beginning.

This value fits with the total energy needed to split water, which has so far been
stated as 1.23 V per electron. When the potential is increased to 1.23 V it turns out
that the energy profile is not flat, but instead three out of four steps are still uphill in
energy. In fact, to get all steps flat or downhill it requires 1.60 V. For the ideal
catalyst all steps would require 1.23 V to become flat. The last step that becomes flat
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for RuO, is the third which includes the formation of *OOH. For RuO, it was
therefore concluded that the third step is potential determining since the binding to
+*OOH is slightly too weak. It should be noted that energy barriers for each step are
not directly considered.

The thermodynamic analysis was also extended to predicting a volcano shaped
activity plot based on a single descriptor, the binding to oxygen. This was justified
based on the apparent correlation between binding energies for similar intermediates.
Later it has been found that Brgndsted-Evans-Polanyi relations exists for the oxygen
intermediates of OER on several surfaces, such as metals and oxides. These relations
correlate the energy of formation for transition states to the overall thermodynamic
change in free energy of a reaction step. In other words, the energy barriers
associated with a reaction can be described as a linear function of the change in
free energy. With the DFT method and thermodynamic analysis in place a natural
step forward was to extend the calculations to a large variety of materials. From such
calculations universal scaling relations emerged.

Scaling relations provide a simple correlation between the binding energy of
similar adsorbates independently from the surface. In this way the binding energies
of *OH or *OOH is correlated to the binding energy of *O. By averaging over many
oxides it was found that the adsorption energy of *OOH, AE*OOH, could be
described as a function of AE*OH in the following equation:

AE.ooq =AE.og +3.2eV

Independently of the nature of the oxides there is a constant offset of 3.2 eV between
step 1 and step 3 in the reaction mechanism. For the ideal catalyst this difference is
2.46 eV, since two electrons and protons are transferred from step 1 to 3. The
discrepancy between the ideal catalyst and the best possible catalyst following
these scaling relations is 0.74 eV or 0.37 eV per step which is close to the predicted
overpotential of RuO,. Notice that even though the offset is the same for all the
oxides it doesn’t mean that they are all as good as RuO,. The predicted overpotential
of 0.37 V only results from optimal splitting of the 3.2 eV offset into two steps and
therefore the 0.37 V is a minimum overpotential. For OER catalysis it is therefore
seemingly impossible to find a simple surface with the ideal binding energies to all
intermediates.

This limitation is shown in Fig. 23, where the theoretically predicted
overpotential is shown for various oxides as a function of a single descriptor.

The descriptor in this case is the difference in Gibbs free energy for *O and *OH
adsorption. While these theoretically predicted overpotentials relate to a thermody-
namic allowance of the reaction, the comparison to experimental current densities is
not straightforward. However, the trends found from such analyses are in good
agreement with experiments and, in fact, the overpotential needed to drive 10 mA/
cm? on flat surfaces match to the theory within 100-200 mV for most materials.

With theory and experiments in good agreement, it is evident that RuO, is a
unique catalyst for OER, which has been shown in several studies. Unfortunately, as
it has been mentioned earlier, ruthenium is a scarce element produced as a
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by-product in platinum extraction. It is therefore problematic to use for technologies
that are to be scaled up to the terawatt level. At the same time the stability of RuOx
based electrodes have turned out to be unsatisfactory for long lifetime of
electrolyzers and many commercial anodes for electrolysis instead use iridium or
mixtures of the two. Iridium is even more scarce and therefore a search for alterna-
tive catalysts has long been the focus in the research field. The experimental progress
can be divided into efforts aimed at acidic electrolytes and efforts aimed at alkaline
electrolytes.

In acidic electrolyte, relevant for PEM cells, most experimental studies are
focused on understanding and improving the noble metal oxides, RuOx and IrOx.
In a study, Ir and Pt electrodes were studied for activity towards OER. They paid
special attention to the electrochemical active surface area which was determined by
CO adsorption prior to activity measurement. Here it should be noted that addressing
the electrochemical surface area for oxides is not well established due to a lack of
accurate methods. However, for metallic surfaces it can be done with high precision;
to a first degree the electrochemically formed oxide area should not vary much from
the initial metallic. On this basis Ru outperformed Ir and Pt. At the same time, it was
also evident that Ru nanoparticles were too unstable under the reaction conditions.
This can be seen in Fig. 24 where the activity is normalized to the amount of CO
adsorbed.

Since the activity of RuOx based catalysts is high compared to other oxides, it is
interesting to investigate whether further activity enhancements are possible. It has
indeed been shown to be the case in various studies, where especially mixtures with
Ni or Co stand out. A theoretical model explaining these enhancements has recently
been proposed based on an extended analysis. In this model the adsorption of *OOH,
which was shown to be a limiting factor, can be stabilized by introducing a hydrogen
acceptor close to the catalytic site. If this acceptor can retrieve the hydrogen atom
from *OOH (and regenerate) at potentials close to OER, the overpotential could be
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decreased for surfaces that are limited by a too weak adsorption of *OOH compared
to *OH. Essentially, a selective stabilization of OOH by immediate splitting into
adsorbed H and O2 is proposed to occur on active Ru sites with an oxidized Ni or Co
site as neighbor.

Just as it can be complicated to compare Tafel slopes from different materials
prepared differently, it can be quite di-cult to document activity enhancements from
mixed oxides appropriately. First, it is important that the pure oxide is performing as
good as possible, which is why proper benchmarking is critical. Second, the reason
for improvements can be manifold. Depending on preparation method a big con-
tributor is increase in surface area, which changes the current measured directly.
Other examples are increase in conductivity and change in electrode-electrolyte
interface.

To understand the influence of surface structure on catalytic activity single crystal
studies are useful for investigations of the oxygen reduction reaction. However, this
is not trivial for OER due to difficulties in preparation of oxide single crystals and
reconstruction taking place under reaction conditions. From a report, early works on
geometric effects are analyzed and it was argued that polycrystalline and single
crystal studies often suffer from poor characterization of the surface structure during
reaction conditions. From their own electrochemical experiments, the (110) surface
of rutile RuO, exhibited a change in Tafel slope as a function of the overpotential
and a roughening of the surface during testing. Unfortunately, that study did not
include any surface science methods to confirm the expected crystalline orientation.
The overall goal of these early studies was to map out Tafel slopes as a function of
the surface structure. This phenomenological approach, although theoretically valid,
have achieved little success in OER due to difficulties in reproducibility for similar
materials across different research groups.

In practical devices the catalyst must be nanostructured to maximize the surface
area and minimize catalyst loading. For Ru and Ir based catalysts therefore compel-
ling to investigate the activity of well-defined nanoparticles.
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Compared to the opposite reaction ORR where there is a large amount of work in
this area, there are only few studies available for OER.

From those experiments it was suggested that changing the size from 45 to 15 nm
led to increased current densities for OER. Investigations of particle size effects are
related to which facets or sites that are active, and a decrease in particle size generally
leads to a higher fraction of undercoordinated sites vs. flat terrace sites. According to
DFT calculations the binding to intermediates on flat terrace sites results in activity
trends that match experimental values.

The binding on undercoordinated sites is instead expected to be radically different
and would not be expected to play a dominant role in the reaction.

From such considerations it is expected that smaller particles exhibit lower
specific activity, but possibly higher mass activity. Another related research effort
is focused on substituting the noble metal core with a more abundant element, while
keeping the activity constant. This has been done successfully for IrNi nanoparticles.
IrNi; particles exhibited a mass activity 10 times higher than rutile IrO, particles.
The recent efforts for finding better OER catalysts in acid is summarized in Fig. 25,
where the current is normalized to geometric surface area. It is clear from this plot
that only noble metal oxides are considered and currently no other materials are
being reported as alternatives.

A far larger group of materials can withstand the reaction conditions in alkaline
electrolytes. This is quickly realized by scanning through the Pourbaix diagrams of
the elements, where most stable compounds are shown as function of pH and
electrochemical potential. A renewed interest in perovskite materials has been
taken, who tested a set of oxides with the aim of finding design principles for activity
towards OER. It was attempted to identify a suitable bulk property that could relate
to the OER activity of a group of perovskites. They successfully constructed a
volcano shaped activity plot based on the filling of the eg band and identified
Ba0.5510.5C00.8Fe0.205_4 as a highly active catalyst. The eg band filling was
argued to be a suitable descriptor for OER due to strong overlap of this particular
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orbital with the oxygen adsorbate orbital. So, the eg band filling should have a direct
implication in the charge transfer from electrode to adsorbate and influence the
binding strength. An optimum eg band filling of 1 was proposed. Due to difficulties
in measuring and calculating the eg band filling, it was later reported a similar
finding where the O p-band center was used to describe the OER activity of double
perovskites such as Pr0.5Ba0.5Co0O;_gs. This descriptor could be found from DFT
calculations and compared to oxidation state found with chemical titration tech-
niques. In Fig. 26 the results of this work can be seen as a volcano shaped plot,
indicating an optimum O p-band center of —1.7 eV relative to the Fermi level,
EF. With a higher O p-band center the oxides tend to become amorphous during
OER testing, which was the case for Ba0.55r0.5C00.8Fe0.20;3_,.

Parallel to these efforts of relating bulk oxide properties to OER activity, other
groups have focused on nickel or cobalt based catalysts where especially Ni hydrox-
ides mixed with iron have proven relevant. It was measured a range of
electrodeposited transition metal oxides and found 2 nm thick Ni0.9Fe0.10, able
to reach 10 mA/cm? at only 340 mV overpotential. The advantage of measuring such
thin films is that almost all the material can be considered active, and roughness will
not play a large role. A disadvantage is that it is challenging to characterize such thin
layers and there could be a large dependence on interaction with the substrate.
Nevertheless, similar activities were reported. Interestingly, it was reported that
pure NiOy is not very active on its own but, due to inherent iron contamination
from alkaline solutions and glassware, most Ni electrodes are in fact doped with iron.
This has spurred further investigations into mixed nickel-iron oxides.

These studies mark an interesting new era in electrocatalysis, where new under-
standing arises from combinations of methods, rather than phenomenologically
relying on pure electrochemical parameters such as Tafel slope and exchange current
density. An additional focus point in the field of OER is the benchmarking of a large
range of materials to allow for better comparison. It should be noted that even though
almost all known catalysts are tested, only Ru, Ir and Pt are active in acidic
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environment. To sum up this section of the most active catalysts for OER in alkaline
environment a unified Tafel is shown in Fig. 27.

Manganese-based catalysts for OER represent another interesting case, which in
many studies has been inspired by nature. This is due to the manganese-calcium
complex responsible for the turnover of molecular oxygen in photosystem
II. Manganese is also an extremely abundant element, among the most available
transition metals, and it is considered environmentally friendly. Finally, it is one of
the few transition metal oxides with a stable solid phase in the OER relevant
potential region in acidic conditions that is also catalytically active.

Some of the first manganese-based OER catalysts to be reported were made with
thermal decomposition. It was concluded that both f-MnO, and a-Mn,03, on either
Ti or Pt, and their mixtures could be used as anodes for oxygen evolution, even
though they were inferior to RuO,-based electrodes. The electrodes were tested in
both acid and alkaline electrolytes. Ti substrates yielded better adhesion for the
catalyst, while using a Pt substrate resulted in better conductivity. It was further
speculated that oxygen vacancies in the catalyst layer provide the necessary con-
ductivity, which decreases upon prolonged oxidation of the electrode due to an
increase of oxygen content. This effect could be responsible for a slow deactivation
of the catalyst activity when measured at high current density or potential over time.
The existence of various Mn oxides (MnO, Mn;04, Mn,O3;, MnO, and several
different crystalline phases) has also led to studies on the influence of the initial
oxide on the OER activity, so-called structure-activity relations.

In some reports Mn in a +3 state was concluded superior in terms of activity. This
view is supported by characterizations of Mn oxides before and in some instances
after electrochemical testing. The DFT calculations suggested that at OER relevant
potentials the MnO, phase was most stable, which is consistent with the bulk
stability regions found in the Pourbaix diagram. It is therefore unlikely that a +3
state of Mn would persist at the electrode surface at highly anodic potentials. On the
contrary, it is likely that the preparation method and the resulting roughness or
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conductivity of the catalyst play a large role in determining an activity hierarchy.
However, to elucidate the dependence on oxidation state in-situ techniques must be
used so that the surface can be characterized under reaction conditions. Such studies
are currently not available for Mn-based OER catalysts. A selection of active
Mn-based OER catalysts is shown in Fig. 28 as a Tafel plot. From that plot it is
evident that even with one type of material, e.g. Mn oxides, the range of measured
activities is rather large.

In the previous sections it has been briefly mentioned that the OER catalysts must
survive in extremely harsh and oxidizing conditions. It is therefore of utmost
importance that new and active catalysts are stable in those conditions for an
extended amount of time. However, while searching for new materials long term
testing is not often a focus point and instead many groups turn to shorter electro-
chemical tests (2-24 hours) at either constant potential or constant current density.
The question is whether these tests reveal any stability that can be extrapolated to the
long term. A pure electrochemical test at constant current density have traditionally
been the standard.

This type of test is justified by the operation mode such a catalyst would typically
work under in an actual device. A certain amount of hydrogen is needed, or a certain
amount of energy is used and the electrolyzer is therefore likely to operate under
constant current density. If the catalyst deactivates over time it leads to an increase in
the applied potential to reach the constant current density.

However, since the current is exponentially dependent on the overpotential small
changes in potential lead to huge changes in current. So, when measuring the
potential at constant current the changes are normally within 50 mV, which may
be judged acceptable from the researcher’s point of view. This type of test does not
inform the researcher about any specific changes in the catalyst structure, purity, or
electrode thickness. More importantly it does not reveal when a complete loss of the
catalyst material will occur.
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Recently, stability tests have received increased attention in the field of OER,
likely inspired by the importance that stability plays in the evaluation of ORR
catalysts. For Pt based ORR catalysts a typical accelerated stability test consists of
10000 cycles in a relevant potential range after which the loss of activity is reported.
The ORR proceeds at potentials where Pt is thermodynamically stable but the start-
stop conditions in fuel cells can cause surface oxidation followed by reduction,
resulting in loss of platinum. Conversely, for OER catalysts many materials are
prepared in a state that is not thermodynamically stable at potentials higher than
1.6 VRHE. For prolonged operation at high current densities the surface is bound to
change structure, and this can lead to a loss of catalyst material. Such effects have
been elegantly shown for a selection of noble metal oxides. In those studies, an
online Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) system is used to
measure corrosion products while the catalysts are under potential control.

The results can be seen in Fig. 29 for Ru, Ir, Pt and Au, where dissolution rates
and voltametric profiles are shown. The potential is slowly scanned between 0 and
1.5 VRHE, while the dissolved species are measured with the ICP-MS.

Notice that for Ru the dissolution occurs solely at the peak potential whereas it is
stable at all other potentials. This contrasts with the other three metals, which all
dissolve upon reduction, although at a much lower rate compared to Ru.

With such a dissolution prole it is unlikely that Ru can be used in electrolyzers.
Instead Ir appears as the best compromise between activity and stability. In fact,
through annealing procedures it has been shown that IrOx can be even more stable,
reaching a mass loss rate of only 1 pg/cm®/s at approximately 1.75 VRHE. For a
realistic catalyst loading of 0.15 mg/cm? this corrosion rate corresponds to just
below 5 years of constant operation. However, since IrOx dissolves primarily at
potentiodynamic conditions it is likely that the mode of operation will have a large
impact on the lifetime, where less start-stops lead to a longer lifetime.

The dissolution products can in some cases be detected electrochemically with a
separate electrode during a catalyst test. This is the case for ruthenium dissolving as
RuOy, which can be reduced at 1.1 VRHE. In practice, this type of test is carried out
with a Rotating Ring Disk Electrode, RRDE, setup where the catalyst is loaded as a
standard rotating disk and the separate electrode is positioned as a ring around the
disk. This geometry allows for an accurate determination of the efficiency with
which the ring picks up products from a reaction at the disk. A few groups have
characterized Ru dissolution with this method and the Faradaic efficiency for RuO4
formation is between 6 and 15%. It should be noted that this technique is also
frequently used for the determination of Faradaic efficiency towards oxygen evolu-
tion. A combination of RRDE and ICP-MS measurements were used to elucidate
trends of stability among the metals that can catalyze OER, see Fig. 30.

They found that the more unstable metals were also more active catalysts.
However, the trend found which can be seen in Fig. 31, appears to contrast with
the simple inverse stability-activity relationship.

From the two Figs. 30 and 31, the activity trends are the same, but in 31 the
stability results are not consistent with an inverse relationship. It should be noted that
in both of these analyses the metal stabilities are evaluated at a constant current and
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Fig. 29 Figure showing the stability of Ru, Ir, Pt and Au under OER reaction conditions, from top
to bottom respectively. The mass losses are measured with online Inductively Coupled Plasma-
Mass Spectrometry systems and are plotted as function of time. The potential is indicated with the
lines and second axes on the right. In this way, it is possible to directly correlate the amount of mass
lost to the potential applied to the electrodes
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Fig. 30 Stability and activity trends for Os, Ru, Ir, Pt and Au under a constant current density of
5 mA/cm?. The stability is measured as concentration of metals in solution after test (ppb). The
activity is shown as the overpotential needed to reach 5 mA/cm >

therefore at different potentials. For instance Au is evaluated at potentials around
2 VRHE whereas Ru is evaluated at 1.5 VRHE. These contradicting results suggest
that a more in-depth understanding of the dissolution phenomena is needed before an
established model can be reached. In terms of stability analyses for non-noble metal
oxides there are less studies available at this time. However, one of most active
catalysts based on non-precious metals, Ba0.55r0.5C00.8Fe0.205_,, or in short
BSCEF, has been subjected to Transition Electron Microscopy, TEM, analysis before
and after electrochemical tests, that consisted of cyclic voltammetry and from the
TEM images it was evident that the BSCF particles change from a crystalline phase
to an amorphous one. At the same time the catalytic activity increases, which is
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Fig. 31 Trends of activity and stability for Ru, Ir, Rh, Pd, Pt and Au under a constant current
density of 0.8 mA/cm?. The dissolution rate, in ng.cm > .s~' is found with online ICP-MS at a
constant current density of 0.8 mA/cm 2. Note the scale break in the dissolution rate. The activity is
shown as the overpotential needed to reach 0.8 mA/cm ™2

likely due to a roughening of the surface causing more active sites to be available.
The authors therefore argued that the leaching of Ba®* and Sr** ions was related to
the position of the O p-band center. BSCF has an O p-band center positioned
relatively high compared to other catalyst materials, like La0.4Sr0.6CoO; _ s,
LaCoOj3; and LaMnOs, all of which retain crystallinity after electrochemical testing.

Important progress has been made in terms of understanding the reaction and
finding suitable descriptors that can aid in designing better catalysts. From theoret-
ical analyses, scaling relations have been used to predict and describe trends in
activity for a large group of oxides. Unfortunately, the scaling relations between
intermediates also mean that it is complicated to surpass the performance of existing
RuO, catalysts. Nevertheless, a large amount of work has been dedicated to opti-
mizing Ni, Fe and Co based catalysts for use in alkaline solution and new materials
are being reported frequently. The stability of new and active catalysts are not often
reported in a very transparent way. Furthermore, there is a lack of progress for
identifying non-noble metal based catalysts that can work in acidic solution. The
new catalysts reported in acidic solutions are instead based on Ru and Ir.

6 Membranes for Water Splitting

Different types of electrolytes can be deployed in an EL cell: an alkaline electrolysis
(AEL) cell works with a basic liquid electrolyte. In a proton exchange membrane
(PEM) EL cell, an acidic ionomer—a process often called solid polymer electrolysis
(SPE)—is used, and a high-temperature (HT) EL cell has a solid oxide as the
electrolyte.
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There are few ways of synthesizing the ion exchange or polymer membranes
including sulfonation, polymer blending, acid or base doping, addition of inorganic
fillers, pores filling, in-situ polymerization, and electrospinning. High-performance
membranes must have the following characteristics (Henkensmeier et al. 2021):

* High proton conductivity

* Good electrical insulation

» High mechanical and thermal stability

* Good oxidative and hydrolytic stability

* Cost-effectiveness

» Low tolerance to ion crossover/good barrier property

* Low swelling stress

» Capability for fabrication of membrane electrode assemblies

One of the most important characteristics of the exchange membranes is water
uptake that influences the electrochemical activity and hydromechanical stability
of the membrane. Certainly, water is the fundamental element for transfer mecha-
nism from the anode to the cathode in an electrochemical cell including an operation
using non-sulfonated membranes in almost anhydrous condition and especially at
high temperatures. However, the mechanical strength for a membrane with a higher
water uptake reduces due to exorbitant swelling of the membrane.

7 Conclusions

Hydrogen is regarded as the alternative energy carrier of the future due to the higher
energy density on a mass basis, less environmental problems, its abundant presence
in different forms in the universe, and its convertibility into electricity or useful
chemicals. It is the lightest element in the universe, which is without taste, color,
odor, and non-toxic under normal conditions and has heating values of 2.4, 2.8 and
4 times higher than those of methane, gasoline and coal, respectively.

Hydrogen can be efficiently converted into electricity, and vice versa. It can be
produced from renewable materials such as biomass and water, and most impor-
tantly, it is environmentally friendly at all processes utilizing hydrogen.

Development and scaling up hydrogen production technologies such as thermo-
chemical water splitting cycles (TWSCs) in an integrated and sustainable manner for
large-scale hydrogen production can foster hydrogen economy and sustainable
energy development.

Water is the most abundant resource for hydrogen production which consists of
hydrogen and oxygen. Hence, the water molecule can be split into hydrogen and
oxygen if enough energy is provided. Water splitting process can be performed
through different technologies. Water splitting for hydrogen production can be
performed based on any of these sources and some hybrid types (combined two or
many energy sources. Water splitting hydrogen production methods can be catego-
rized into five major types and a hybrid form where two or more types of energy are
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employed in a system for hydrogen production. Hydrogen from water by electricity
based (electrolysis), mechanical based (from ultrasound through sonochemical
method), photonic based (photolysis or photo electrochemical water splitting),
thermal energy based (thermochemical cycles and thermolysis).

Electrolysis is one of the simplest ways to produce hydrogen from water. It can
simply be summarized as conversion of electric power to chemical energy in the
form of hydrogen and oxygen as a by-product with two reactions in each electrode:
anode and cathode. There is a separator between anode and cathode electrodes which
ensure products to remain isolated. The low-temperature electrolysis (LTE) occurs in
temperatures of 70-90 °C while the high temperature electrolysis (HTE) takes place
in 700-1000 °C with less electricity consumption. The advantage of HTE is that near
zero GHG emission can be achieved if an external clean heat source is employed.

Water-splitting thermochemical cycles are based on water decomposition through
repetitive series of chemical reactions using intermediate reactions and substances
which are all recycled during the process so that the overall reactions are equivalent
to the dissociation of the water molecule into hydrogen and oxygen. Theoretically,
thermal energy is the only requirement for this process. Thermochemical water
splitting cycle (TWSCs) are for hydrogen production using thermal energy and
recycling of materials for reuse. TWSCs are not very catalyst dependent and the
only consumed substance in the cycle is water, which is the source of hydrogen, and
all other materials can be recycled.

The thermochemical cycles are driven either by only thermal energy which are
called pure thermochemical cycles, or by thermal and another form of energy
(e.g. electrical, photonic) which are called hybrid thermochemical cycles. In hybrid
TWSCs, water, high temperature heat from concentrated solar plants or nuclear
reactors, and electricity or photonic energy are the inputs while hydrogen and
oxygen are the outputs. Water can be decomposed to H, and O, just in one step.
However, due to the undesirable thermodynamics and the very high temperature
required for the single-step, thermochemical cycles are proposed as a repeating set of
reactions in which water is split using thermal energy at the temperatures below
2000 °C and usually in two or multi steps.
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1 Introduction

Electrochemical water splitting is generally used to produce molecular hydrogen via
alkaline and solid oxide electrolysis that have nowadays a hydrogen production
efficiency up to 67% (Wei and Xu 2018). The major cost of the hydrogen production
is the electricity consumption and in part operational costs for chemicals, also
potassium hydroxide or other solid electrolytes.

In the next 10 years, the US department of energy goal is to reduce the total cost
of hydrogen production by 50%. To reduce the electricity and chemical reagent
consumption in molecular hydrogen production a new strategy to find an alternative
electrolyte is required. A wastewater electrolysis cell can provide a practicable
method to self-sustainable on-site wastewater treatment with simultaneous
decentralized H, production (Huang et al. 2016).

Electrochemical systems are generally used for the treatment of high salinity
wastewater as dye wastewater (textile), landfill leachate, olive mill wastewater,
tannery wastewater, livestock industry wastewater, and reverse osmosis concen-
trates, among many other usages. Non-biodegradable degradations or recalcitrant
environmental pollutants in electrochemical cell are also studied using laboratory-
generated electrolyte (substrates of interest in background electrolyte).

The cathodic current efficiency and energy efficiency of H, production changes a
lot depending on the electrolyte composition (NaCl or Na,SO,4 background, electri-
cal conductivity, concentration of electron donating substrates other than water), cell
configuration (distance between anode and cathode, geometric area), and operating
condition (applied cell voltage). The reported values ranged from 40% to 80% for
current efficiency and from 15% to 60% for energy efficiency. The major scavenging
reactions for H, production include reduction of RCS (to chloride ion) in NaCl
background and reduction of oxygen (to superoxide radical and its dissociation
products). The H, production efficiency was usually higher in the NaSO, back-
ground than in the NaCl background. In the NaCl background solution, the current
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and energy efficiency are enhanced by the presence of electron donating substrates.
For example, batch injections of small amounts of organics including urea, phenol,
and other oxidizable organics sharply enhanced the production of H,. The RCS can
be made unable to accept electrons by the organics to improvement the H, produc-
tion favoring water. Electrical conductivity decreasing or applied cell voltage
increasing led to H, production energy efficiency decrease, due to the increase in
ohmic energy losses.

It would be advantage to electrolyze saline water in a cell behaves as a H,/O, one.
Under normal conditions of sea water electrolysis, however, mass transfer limita-
tions and reaction kinetics combine to make the cell products H,/Cl, (Yu et al.
2019).

The production of hydrogen from seawater electrolysis it can be made by two
different processes.

The first option is to subject the water to total desalination to remove all dissolved
salts and produce essentially distilled water, that can then be subjected to electrol-
ysis, alkaline- electrolyte and electrolysis is cells.

The disadvantages of this approach are additional capital cost of water treatment
and desalination system, and the environmental problems arising from the need to
dispose the residual salts removed during desalination. The advantages are the
ability to use developed technology for the direct electrolysis of fresh water.

The second option is to design an electrolyze system capable of utilizing sea
water for direct electrolysis (Tong et al. 2020). It is probable that these systems
would operate at a low power density and electrolyze only a small portion of the
water in contact with electrodes. The disadvantages are: new technology must be
developed to solve the probable corrosion and contamination problems and the
evolution of undesirable electrochemical products such as chlorine. The advantages
are possible lower capital cost and natural elimination of the waste brine which is
only slightly enriched with salts. It may also be possible to recover economically
significant quantities of the metals present in sea water, in particular magnesium in a
form of magnesium hydroxide.

Transport control of chlorides in saline solutions, otherwise Cl evolution, is a
function of the current density. Electrolysis of sea water at low current density (less
than 1 mA/cm?) favors oxygen evaluation. Accordingly, increasing the current
density will increase Cl, evolution until a value of limitation in chloride mass
transport is reached. The current density at this stage is called limiting C.D.,
corresponding to a value of 100~1000 mA/cm?.Once this value is exceeded, Cl,
evolution is suppressed, while O, is favored (Khan et al. 2021).

In the last few decades, the energy requirement of SWRO desalination plants has
decreased from 9-10 to <3 kWh m™ currently. This has led to a decrease in
levelized cost of SWRO desalinated water from 42.2 to 00.6 $ per m> and resulted
in a 6.5-fold increase in global desalination capacity. As of 2020, total production
capacity reached 4100 million m® per day, 70% of which is based on RO. The
increase in production capacity is expected to follow the same trend in the next
decades, as per planned and under construction plants.
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Despite the resources and efforts that have gone into developing this technology,
direct seawater splitting remains in its infancy and distant from commercialization
(Zheng et al. 2021).

2 Water Purification

The production process brings a H,-rich mixture of gases; this mixture has to be
purified to reach ultra-high purity levels required by fuel cells (99.97%).

The H, production methods based on SMR and gasification involve a final H,
purification step in which CO, and other impurities are removed from the hydrogen
gas. This final H, purification step is the most important for the hydrogen economy
implementation because polymer electrolyte membrane (PEM) fuel cells require
ultra-high-purity hydrogen (mole fraction > 99.97% and CO < 0.2 ppm) and,
furthermore, the majority of other hydrogen applications such as general industrial
applications, hydrogenation and water chemistry also need high levels of hydrogen
purity (=99.95).

The interest in the production of ultra-high-purity hydrogen has strongly
increased in recent years and this has placed pressure on the development of
alternative methods of hydrogen purification (Kumar and Himabindu 2019).

At the moment, the most used technologies for hydrogen purification are pressure
swing adsorption (PSA), cryogenic distillation and amine-based absorption for CO,
removal from H,.

Membrane separation technology appears as an emerging and very promising
industrial process that will be able to compete and eventually replace the traditional
separation techniques, due to its many associated advantages (Paidar et al. 2016).

A membrane is a physical solid barrier between two phases (gaseous or liquid),
with a certain perm-selectivity towards one or more components of a mixture. In gas
separation applications, the force that normally drives the different species to
permeate a membrane is the partial pressure difference between both sides of the
membrane.

Membrane technology offers many advantages: simpler operation; higher adapt-
ability; compactness and lightweight; modular design with simpler up-scaling and
down-scaling; lower labor intensity; lower capital, operating and maintenance costs;
higher energy efficiency and a much lower environmental impact, among other
advantages.

H, perm-selective membranes in membrane reactors, i.e. Innovative integrated
systems in which both reaction and separation are carried out in the same equipment,
improve fuel conversion owing to the shifting of reaction equilibrium conditions.

These membrane technologies are:

1. Carbon molecular sieve membranes (CMSM)
2. Ionic liquid membranes (ILM)
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3. Metal based membranes
4. Electrochemical hydrogen pumping membranes (EHPM).

CMSM are produced through the carbonization of polymeric precursors at high
temperatures and under a controlled atmosphere.

The characteristics of this membrane are: high corrosion resistance, high thermal
stability and excellent permeability and perm-selectivity, when compared to poly-
meric membranes.

The CMSM structure is turbostratic and described as “slit-like” with a bimodal
pore size distribution with micropores connecting ultramicropores.

Micropores provide sorption sites while ultra-micropores (called constrictions)
are the responsible for the molecular sieving mechanism of gas permeation observed
in this type of membranes.

One important advantage of CMSM is their particularly ability to separate H,
(kinetic diameter = 2.89 A) from gas molecules with much larger kinetic diameters
such as N, (3.64 A), CH, (3.80 A) and C3Hg (4.30 A).

The permeability of CMSM to H, are most often in the range 100-1000 Barrer,
although values >5000 Barrer have been reported.

There are different mechanisms developed on molecular sieving: gate sieving and
tubular sieving.

Advantages: resistant to CO and sulphur poisoning, they are suitable at low
temperatures.

Disadvantages: brittle, small permeation fluxes, poor performance for the sepa-
ration of H,/CO, mixtures, stability, aging effect.

Ionic liquids are negligible to vapor pressure, non-flammability, and solubility of
CO, is higher as compared to H, which makes it perfect for the separation of H, from
CO,/H,.

Ionic liquid-based membranes are used for CO, from gas streams separation
(COQ/Nz, COz/CH4, and COQ/Hz)

Different types of membranes containing ILs are:

. Supported IL membranes (SILMs)

. Polymer-IL composites membranes

. Polymer-IL gel membranes

. Polymerized ionic liquid membrane (PILM)
. Composite membranes (PILM-ILs)

[ O I S

The sorption-diffusion mechanism in ionic liquid-based membranes can be facili-
tated by a CO,-selective transport mechanism. This so-called CO,-selective facili-
tated transport utilizes reactions between CO, and CO, carriers to enhance the
transport of CO, through the membrane, resulting in a significantly improved
permeability and selectivity of the membrane to CO,.

The permeability to CO, in ionic liquid-based membranes is usually higher than
the permeability to Hj, these are CO,-selective membranes that can permeate CO,,
and retain H, and other impurities (CH4, CO), producing high-pressure H, (retentive
side) and low-pressure CO, (permeate side).
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ILs are still mostly used and produced at the lab scale which is very far from the
industrial scale in terms of costs.

The CO,/H, separation performances of PILM are better according to the indus-
trial requirements. By synthesizing new PILM and blending in free ILs with high
permeability and selectivity, PILM-IL composites have the potential to achieve
excellent separation performances.

The mechanism of hydrogen transport through dense metal membranes occurs
via a sorption-diffusion mechanism. The steps involved in hydrogen permeation
from high to a low partial pressure gas region are following:

. Dissociative adsorption of H, on the gas-metal interface

. Sorption of the atomic hydrogen into the bulk metal

. Diffusion of atomic hydrogen through the bulk metal membrane
. Re-combination of atomic hydrogen to form

. Hydrogen molecules at the interface metal/gas permeate

. Desorption of molecular hydrogen.

AN AW =

Metals like niobium (Nb), vanadium (V), and tantalum (Ta), have higher hydrogen
permeation flux then palladium (Pd) in the temperature range of 0—700 °C.

However, palladium has superior catalytic activity to dissociation of molecular
hydrogen and high permeability to atomic H,.

Pd-based membranes virtually infinite selectivity and allow the production of
ultra-pure hydrogen at 99.99999% purity.

Depending on their structure, palladium-based membranes can be classified either
as unsupported (free-standing) membranes or as supported membranes.

Palladium-based membranes besides offering excellent hydrogen selectivity, can
be used in membrane reactors, providing the possibility to combine both the
chemical reaction for hydrogen production and the purification step in a unique
system (Al-Mufachi et al. 2015).

Due to the lack of palladium resources in the planet, it is a very expensive metal
and the large-scale industrial purification of H, using palladium membranes seems to
be unfeasible.

Contrary to fuel cells and electrolysis, the chemical reaction involved in EHP
does deliver neither energy, nor new products: simply hydrogen goes in, and
hydrogen goes out and is suitable for hydrogen purifications even when present at
low concentrations.

The basic working principle of an EHP is that a multicomponent stream
containing H, is directed into the anodic compartment of an electrochemical cell,
where the hydrogen molecules are oxidized in the catalyst layer of a porous
electrode.

Due to the applied potential difference, the resultant protons are then selectively
“pumped” across a proton-conducting membrane, while the electrons go to the
cathode through the external circuit.

Finally, the protons and electrons recombine at the cathode producing molecular
hydrogen:
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Anode : Hy —»2H " + 2e~
Cathode : 2H' +2¢~ — H,

Multiple proton-conducting membranes for EHP applications like perfluorinated
sulfonic acid (PFSA) polymers for low temperature, phosphoric acid-doped
polybenzimidazole (PBI) for intermediate temperatures and solid oxide membrane
for higher temperatures.

The advantages of EHPM are: a high selectivity, high hydrogen permeation and
relatively low energy consumption. Due to the use of precious metals (Pt) as electro-
catalyst and use of expensive proton-conductor membranes the technology remains
expensive.

EHPs do not require a driving pressure differential, electricity is the driving force
that can produce pure H at a higher pressure than the incoming feedstock gas.

2.1 Electrolysis of Sea Water

The water for electrolysis has to be highly pure feeds with a minimum requirement of
American Society for Testing and Materials (ASTM) Type II deionized (DI) water
(resistivity 41 MQ cm) while ASTM Type I DI water (410 MQ cm) is preferred.
ASTM defines Type II water, as required in commercial electrolyzers, as having a
resistivity of 41 MQ cm, sodium, and chloride content <5pg L™" and <50 ppb of
total organic carbon (TOC).

Seawater represents 96.5% of earth’s water resources, so the focus is on the direct
electrolysis of seawater to produce hydrogen considering the additional capital and
operating costs associated to water purification. A technology for direct seawater
splitting could potentially be used in coastal arid zones that have limited access to
freshwater, yet plenty of access to seawater and renewable electricity from solar,
wind and geothermal.

Seawater electrolysis could be done to either produce chlorine via chloride
oxidation or oxygen via water oxidation. Although chlorine is a valuable industrial
chemical, the quantities produced for the growing hydrogen market would far
exceed global demand for chlorine (Khan et al. 2021). Therefore, one of the major
challenges has been the development of active and stable anode catalysts for
selective oxygen evolution over chlorine.

The competing chlorine evolution reaction (CER) is thermodynamically unfa-
vorable compared to the oxygen evolution reaction (OER) (480 mV higher in
alkaline media), but it is a two-electron reaction, in contrast to OER which involves
four electrons. This difference in the numbers of electrons involved makes OER
kinetically unfavorable. While some progress has been made on the development of
selective catalysts for OER from alkaline simulated seawater, reaching stable and
industrially relevant current densities (4300 mA cm™~) has been a major challenge
from seawater (pH = 8). Even though carbonate and borate ions are present in
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seawater, their average concentration is too low to sustain high current densities.
Majority of reports at industrially relevant current densities use seawater with a
borate buffer or additives such as KOH. Furthermore, seawater is essentially a
non-buffered electrolyte, which causes a change in pH near the electrode surface
during electrolysis (as high as 5-9 pH units), leading to salt precipitation as well as
catalyst and electrode degradation. Other challenges include the presence of other
ions, bacteria, microbes, as well as small particulates, which limit the long-term
stability of catalysts and membranes.

In the last few decades, the energy requirement of SWRO desalination plants has
decreased from 9-10 to <3 kWh m ™ currently.

A schematic of the desalinization technology is shown in Fig. 1.

The PEM electrolysis plant consists of the electrolyzer stacks and the mechanical
and electrical balance of plant (BoP) components. The electrical BoP consists of the
AC to DC rectifier for converting grid electricity while the mechanical BoP consists
of other auxiliary components such as pumps, heat exchangers, temperature swing
adsorption (TSA) subsystem and most importantly a deionizer (DI) system.

The SWRO plant contains the RO unit which uses a membrane barrier and
pumping energy to separate salts from saline water. Water is forced through semi-
permeable membranes using high-pressure pumps, this led to a dense separation
layer (thin film composite membrane) allowing the passage of pure water molecules
while rejecting dissolved salts and other impurities. To control RO membrane
(bio)fouling and scaling, the SWRO system necessitates physical and chemical
pretreatment steps depending on the feedstock.

Physical treatment: dual media, sediment and carbon filters or low-pressure
membranes, such as ultrafiltration; chemical one: coagulant polymer, antiscalant,
acid, chlorination/dechlorination. A combination of these filters provides a wide
spectrum of reduction.

There are several RO pretreatments designs that could be adopted depending on
the quality of water needed. The desalination unit consists of a double-pass RO
system designed to attain the high purity of water required by the PEM electrolyzer.
The SWRO-PEM coupled system could be in coastal regions with intense solar
irradiation and/or wind energy available to produce renewable electricity via photo-
voltaic cells, wind turbines or even offshore structures, that can be used for hydrogen
supply for shipping for example (Cavaliere 2022).

2.2 Wastewater Treatment

Sources of wastewater can generally be divided into three groups: domestic waste-
water which mainly includes organic waste such as sewage, household chemicals
and stormwater, etc.; agricultural and horticultural wastewater such as pesticide and
fertilizer runoff, animal effluent; industrial wastewater which usually concentrated
and specific to the each industry such as dairy, pharmaceuticals, paints and dyes,
petrochemicals, detergents, plastics, steel industries, paper and pulp industries, etc.
(Lu et al. 2020).
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The treatment processes for wastewater can be one of these three methods:
physical, biological and advanced oxidation processes (AOPs).

Physical treatment includes processes where physically substances are removed
from the wastewater using physical barriers or natural forces such as gravity and
electromagnetic force. Physical methods include screening, filtering, floatation, and
adsorption can only partially treat the waste streams and quite often use with the
other technique to complete the treatment. The good example of the ineffectiveness
of this method is when the wastewater includes dissolved organic or microbiological
substances that cannot be easily separated from the wastewater.

Biological treatment is considered as the leading technique to treat most of the
wastewater due to it is low capital and operating costs. These biological processes
can be either aerobic or anaerobic depending on the type of wastewater to be treated,
and thus, the type of microorganisms used. While these methods are applicable to a
wide range of waste streams, they are ineffective against bio-toxic or bio-refractory
substances present in the waste stream.

Chemical and advanced oxidation processes are alternatives to the biological
treatment processes when these are not capable of degradation of refractory organic
and toxic compounds. These methods typically involve in the generation or use of
strong oxidizing species or highly active radicals. Examples of these species include
ozone, hydrogen peroxide and hydroxyl radicals. These active species oxidize
organic compounds and oxidize them into carbon dioxide, water and other smaller
molecules (which can be oxidized further by the biological process). Some examples
of chemical oxidation processes include the use of hydrogen peroxide, ozone, wet air
oxidation and chlorine whereas advanced oxidation processes (AOPs) include the
electrochemical oxidation, Fenton process, photocatalysis, O3/UV radiation, and
cavitation. Even if these methods are very robust and effective, they also have some
major shortcomings: low processing capacity, require the storage of dangerous
reactants and environmental problem due to accumulation of large number of
oxidants, require a pre-treatment in some cases and require high capital and operat-
ing costs. In general, these methods are used if either dangerous or toxic compounds
are present in the waste stream or the final use is drinking water (Murgolo et al.
2019).

Therefore, it is necessary to select more efficient methods than those selected for
conventional treatment processes.

Electrochemical oxidation is a promising method for the complete elimination of
the organic pollutants and remediation of wastewater (Fig. 2). This method can be
applied for the wastewater containing chemical oxygen demand (COD) less than
5 g L', The main characteristics associated with electrochemical wastewater are:

* versatility; it can treat a wide range of effluent volumes and contamination
concentrations and compounds which are normally difficult to treat with conven-
tional methods.

» environmentally compatible; it uses electrical energy and electron to operate
which is clean, and very effective reagent.



168 Water Purification and Desalinization

Fig. 2 Conceptual diagram
of an electrochemical cell
for oxidation of wastewater
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* ease of operation; automation and control of process is easy and can be quickly
started-up and shut-down.

/

However, despite the low capital and maintenance costs, the operating costs can be
high due to the low current efficiency of the process (i.e. the proportion of the current
used for organic oxidation). In most cases, it is the oxygen evolution reaction which
occurs in parallel to the organic oxidation reaction, which lowers the current
efficiency of electrochemical wastewater treatment processes.

Over the past few decades, the focus was on the improvement of the electro-
chemical stability and electrocatalytic activity of the electrode materials. The studies
were based on efficiency of various anodes materials on wide range wastewater
determination, and on the factors that influence performances of the process includ-
ing developing models of the mechanism and kinetics of electrochemical wastewater
treatment. Electrochemical oxidation of pollutants is commonly divided into two
oxidation mechanisms depending on the place where the overall oxidation occurs.
When the oxidation occurs at or on the electrode surface the process is known as
direct oxidation, indirect oxidation occurs when the electrode produces a reactant
which then reacts with the wastewater within the aqueous solution away from the
electrode surface.

Direct oxidation, which also known as anodic oxidation, pollutants are oxidized
directly after adsorption on the anode surface, which indicate a significant role of the
anode materials in the efficiency and selectivity of the oxidation process (Fig. 3).

Pollutants have to reach the electrode surface before reacting, so mass transfer is a
rule for this process.

Depends on the anode materials, anodic oxidation takes place in two different
pathways:

* Electrochemical conversion. If the anode materials are “active” or have low
oxygen evolution overpotential, organic pollutants are partially oxidized. In the
case of the “active” anode, first a chemisorbed hydroxyl radical is generated on
the electrode surface, then oxidation process completed through higher oxide by a
direct transfer of electrons from the electrode surface. This leads to the production
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Fig. 3 Schemes for direct oxidation of organic pollutants

Table 1 Potential for oxygen evolution reaction on various anodes

Anode material Anode category Oxidation potential (V vs. SHE)
RuO, Active 1.47

IrO, Active 1.52

Pt Active 1.6

Graphite Active 1.7

SnO, Non-active 1.9

PbO, Non-active 1.9

Ti/BDD Non-active 2.7

of polymers and many refractory organics as final products of the oxidation
process. Thus, biological treatment is required as secondary treatment.

* Electrochemical combustion. If the anode materials are “non-active” or consider
as high oxygen evolution overpotential, the complete oxidation of the organic
pollutant occurs, which leads to the formation of water, carbon dioxide. In the
case of “non-active” anode materials, the weak interaction between the electrode
surface and hydroxyl radicals -physiosorbed-, result in complete oxidation of
organic compounds (Table 1).

The generalized scheme of the electrochemical oxidation of organic pollutants on the
metal oxide anode (MO,) is illustrated in Fig. 4.

The first step of the reaction is the discharge of H;O molecules at the anode to
form an adsorbed hydroxyl radical:
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Fig. 4 Generalised scheme
of the electrochemical
conversion and combustion
of organics with
simultaneous oxygen
evolution at the lattice of the
oxide anode

(2-2)

HY +e”
MO, + H,0— M, (xOH) + H" + ¢~
The following steps based on the anode materials can be distinguished into two
mechanism pathways; In the case of the “active” anode, the adsorbed hydroxyl
radicals further oxidize on the anode, forming the so-called” higher oxide” (MO,,):

M (*OH)MOy;y + H" + ¢~

The higher oxide (MO,,) acts as a mediator in the oxidation process of organic
compounds:

R+ MOy1 — RO + MO,

The side reaction of oxygen evolution:
1
MO, > MO, + 502

is in competition with the conversion of the organic compounds.

In the case of the “non-active” anode, oxidation of organics is mediated by
hydroxyl radicals directly, which leads to complete combustion of organic
compounds:

R+ MO(*OH) > H,0 + CO, +H" + e~ + MO,

This reaction competes with the side reaction of hydroxyl radicals to oxygen
evolution without any interaction with the “non-active” anode surface:
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Fig. 5 Extension of the

reaction pattern proposed

for the electrochemical e~
incineration of organics, to

the case of active chlorine

mediated electrochemical
incineration cl-

CO, + H,0 + CI~

OH~ MO,

R
OH™ +Cl,

Cl~,Cl0s, ClO™
MO, (x OH) Mor(HOC'!)ad::

Cl= e

MO, (xOH) — MO, + %02 +H" +e”

The most common reaction occurs at the cathode during the oxidation is hydrogen
evolution:

2H" +2e~ —H,

During indirect oxidation, the oxidation of wastewater of species occurs in the bulk
solution via the electrochemical generation of a mediator such as peroxide, chlorine,
Fenton’s reagent, hypochlorite, peroxydisulfate and ozone (Fig. 5).

These oxidants can be produced either in the anodic or cathodic process, which
can lead to the complete combustion to carbon dioxide, water. The most used
electrochemical oxidants are chlorine and hydrogen peroxide, due to their effective-
ness in dealing with the organic pollutants (Fig. 6).

To obtaining high removal efficiency of wastewater in indirect electrolytic
processes are the following:

» High generation rate of intermediate

» Low overpotential

» The reaction rate of the pollutant and intermediate species must be higher than the
rate of any competing reactions.

* Zero or minimum absorption of organic pollutants.

2.3 Electrochemical Wastewater Treatment

The pioneering studies on the electrochemical oxidation of wastewater have carried
out by Dabrowski in the *70s, Kirk, Stucki, Kotz, Chettiar and Watkinson in the



172 Water Purification and Desalinization

LC”\ -/‘

Fig. 6 Scheme for indirect oxidation of organic pollutants

Fig. 7 Example of azodic
dyes, Methyl orange
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’80s, and later in the early *90s by Comninellis. In these studies, to reach the optimal
condition, some suggested the oxidation of organic pollutants at two-dimensional
electrodes or planar electrodes and for more complexed pollutants the use of three-
dimensional multi-phase electrode or nonplanar electrodes. Also, various com-
pounds have been investigated, including phenolic groups, herbicides and pharma-
ceutical drugs, Textile Dyes etc. (Chen 2004).

The discharge of the natural or synthetic dyes in the environment lead to serious
health problems and endanger the aquatic species (Fig. 7). The azoic dyes are found
to be carcinogenic and highly poisonous to the ecosystem.

To investigate the effect of BDD anode on the oxidation of Eriochrome Black T,
Methyl orange, and Congo red experiments were conducted. The results revealed
that complete chemical oxygen demand (COD) and color removal was attained for
all azoic dyes.

The efficiency of the process seems to be unaffected by the dye molecule, but it
depends on the dye concentration range. The energy requirement initially increases
linearly up to 80% removal, followed by exponential increment, which makes this
technique suitable for pre-treatment of the waste, but not for the complete removal
due to the energy cost.
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Fig. 8 Example of 0
naphthalene sulfonate \ OH
compounds, S
2-Naphthalenesulfonic acid S \}}

It was investigated the alizarin red S dye oxidation using an activated carbon fiber
electrode. The results indicated that an activated carbon fiber anode is more able to
remove color than the carbon fiber anode. Increasing the activated carbon fiber
anodes specific surface area and absorption capacity a higher electrochemical deg-
radation of dye is possible. The chemical oxygen demand (COD) shows that removal
efficiency of aqueous dye solution in a neutral or alkaline medium is higher than in
acidic medium by 74% after 1 h of electrolysis. Maximum color and COD removals
were about 98% and 76.5%, respectively.

The petroleum effluents consist of serious environmental pollution, which con-
tains a wide range of toxic compounds with high chemical oxygen demand (COD).
The inorganic substances inside the petroleum effluents give rise to aromatic petro-
leum hydrocarbons, and phenolic compounds which are the main contributor to high
COD (Yao et al. 2019). Some researcher studied the electro-oxidation of petroleum
refinery wastewater, in particular, it was studied the removal of organic and inor-
ganic pollutants from the petroleum refinery wastewater by using two-dimensional
system, three-dimensional system (only Fe particle assisted) and three-dimensional
multi-phase (both Fe particle and air assisted) system with graphite used as anode
and cathode. The result showed the introduction of iron particles as a third electrode
assisted with air lead to achieve highest COD removal efficiency of 92.8% and low
salinity of 84 pScm~'. The applied conditions of this experiment, such as pH and
cell voltage were 6.5 and 12 V, respectively, while fine iron particles were in use.
This electrochemical system is a promising way to treat refinery wastewater.

The naphthalene sulfonate compounds have low toxicity in the environment, but
due to their high solubility in water and slow rate or non-biodegradability are
considered as a potential risk for the ecosystem (Fig. 8).

The main usage of naphthalene sulfonate compounds in the industry is to produce
dispersants, detergents, and azo dye. It was investigated the electrochemical oxida-
tion feasibility of an industrial wastewater containing mixture of naphthalene sulfo-
nates and some other refractory organic pollutants. A biofilm airlift suspension
(BAS) reactor employed along with an undivided electrochemical cell equipped
with a BDD anode.

The overall degradation efficiency of the biological process occurring in the BAS
reactor was at 70% maximum based on the COD measurement. The biological
process was less effective on the naphthalene sulfonates. However, these organics
were completely mineralized by the secondary process of electrochemical oxidation.
The results indicated that the energy consumption and time required could be
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reduced from 80 kWhm = and 4 h to 61 kWhm > and 3 h for complete minerali-
zation of raw and biologically pre-treated, respectively.

The pulp and paper industries discharge significant effluent with high chemical
oxygen demand, toxicity and color. Electrochemical oxidation can potentially be a
solution to this problem. Others investigated the possibility of treating the pulp and
paper wastewater; in particular, the effect of the two-dimensional electrode of Ti/Co/
SnO, on paper mill wastewater and found low degradation efficiency. The usages of
active carbon particles as packed bed particle electrodes with Ti/Co/SnO, anode led
to achieving high degradation efficacy, 75% color removal and decrease in dimen-
sionless COD to 0.137 after 1 h.

2.4 Electrochemical Treatment of Persistent Wastewater

The herbicides and pharmaceutical drugs are another pollutant that can be found in
sewage effluents, surface water (Fig. 9).

Some examples of these pollutants in the environments are paracetamol, antibi-
otics ofloxacin and lincomycin and methamidophos. It was investigated the effect of
electrochemical oxidation on herbicides and pharmaceutical drugs at BDD anode
(Fig. 10).

The results showed that the electrochemical oxidation in a batch flow reactor
under the steady condition is very effective for complete mineralization of this kind
of pollutants. The efficiency of the process increased with increased drug concen-
tration, temperature, current density, and liquid flow, although it is unaffected by pH

Fig. 9 Example of 0 OH
herbicide, 4-Chloro-2-
tolyloxyacetic acid
0
CH;
cl
Fig. 10 Example of 0 0
pharmaceutical, ofloxacin F
T OH
|
N "
N 0

HyC S 2 CHs
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Fig. 11 Example of 0
pesticide, methamidophos

HsCO P NH,
SCH,

Fig. 12 Example of 0
surfactant,

Perfluorooctanoic acid CF3(CF,)sCF, OH

in aqueous solution. They also indicated that the degradation kinetics follow a
pseudo first order reaction.

It was investigated the mechanism and effectiveness of electro-oxidation of three
different anodes of Ti/Pt, graphite and 3D activated carbon electrode on the antibi-
otics ofloxacin and lincomycin. The result showed that ofloxacin is oxidized effi-
ciently in all anodes whereas, lincomycin was hardly oxidized mainly due to difficult
induction of the molecules deprotonation. The COD removal of 90% achieved at
Ti/Pt, graphite and 3D activated carbonin 374, 793, and 102 min respectively. The
best electrode for a continuous industrial process is 3D activated carbon electrode,
but its high corrosion rate at high applied potential makes it difficult to use in
applications.

It was investigated the oxidation of methamidophos (MMD), a highly toxic
pesticide, in a sodium sulphate aqueous solution on the three different anodes
(Pb/PbO2, Ti/SnO2, and Si/BDD) (Fig. 11).

The results showed that under the galvanostatic conditions, the performance of
the anode is influenced by pH and current density. The complete combustion of
MMD occurred only at a Si/BDD anode with the applied current density of
50 mAcm °. The current efficiency of the fabricated electrode for MMD removal
follows the order: Si/BDD > Pb/PbO, > Ti/SnO,.

The wide usage of surfactant such as perfluorinated compounds (PFCs) in fire
retardants, surfactants and protective coating for the carpets and clothing is respon-
sible for widespread contamination of this pollutants in wastewater, surface water,
animal, and human body (Fig. 12).

Others investigated the possibility of treating the surfactant compounds waste-
water; in particular the electrolysis of persistent organic pollutant of perfluorooctane
sulfonate (PFOS) at Ti/PbO,, Ti/TiO,-NTs/PbO, and Ti/TiO,-NTs/Ag,O/PbO,
electrode with supporting electrolyte of 1.4 gL.~' NaClO,. The results showed the
highest removal efficiency of perfluorooctane sulfonate with the ratio of 74.87% are
obtained at the Ti/TiO,-NTs/Ag,O/PbO, anode after 3 h of electrolysis at a constant
current density of 30 mAcm > with a pseudo-first-order kinetic constant of
0.0165 min~'. In general, the anode stability and electrocatalytic activity towards
removal of the PFOS followed the sequence: Ti/TiO,-NTs/Ag,O/PbO, > Ti/TiO,-
NTs/PbO, > Ti/PbO,,
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Fig. 13 Example of ; 0\,\
phenolic compounds with ~

nitro group, para-

nitrophenol

The phenolic compounds are increasingly often found in industrial effluents,
urban and agricultural wastes. The high stability, solubility and toxicity of these
compounds induce a dramatic problem for the drinking-water reservoir as well as the
environment, and it has been classified as high priority pollutants by the United
States EPA (Fig. 13).

It was studied the oxidation of 2-nitrophenol, 3-nitrophenol, and 4-nitrophenol on
four different SnO,-based electrodes in 0.5 M Na,SO, supported electrolyte adjusted
to pH. The degradation of the nitrophenols revealed that the rate constant for the
electrochemical oxidation of the nitrophenols decreases in the order: 2-NP > 4-
NP > 3-NP. The lifetime tests exhibited that doping different metal oxide into SnO,-
based electrode, increase the service life significantly. In particular, the lifetime of
Ti/Sn0,-Sb,0s electrode under 160 mAcm 2 current density was 12 h while
Ti/Sn0O,-Sb,05-IrO; electrode with the same condition had a very long lifetime of
155 days. The results indicated that the degradation of 4-NP at the four SnO,-base
electrodes explained by pseudo-first-order kinetics and follows in the order:
Ti/Sn0,-Sb,0s > Ti/SnO,-Sb,05-PtOx > Ti/Sn0,-Sb,05-Ir0, > Ti/SnO,-
Sb,0s-RuO,. Even though the first two electrodes showed higher activity towards
4-NP elimination, but due to their short service lifetimes, it is not a good option for
the oxidation process. However, Ti/SnO,-Sb,0s-IrO, anode has best performance
with long lifetime service and high activity towards oxidation.

It was studied the oxidation of phenolic compounds, triazine, diuron and
3,4-dichloroaniline at BDD anodes. The result identified that the critical factor in
obtaining high current efficiency during wastewater oxidation is the rate of mass
transfer between an electrode surface and wastewater species. To achieve high mass
transfer coefficient (~10—4 ms™"), an impinging cell was used. The results showed
that if the applied current density is low enough, the process can be carried out at the
current efficiency close to 100%, resulting in the nearly complete oxidation of the
organic pollutant.

In other work, it was examined phenol oxidation on Ti/PbO, and Pt electrodes
and compared the results with DSA RuO,-based anodes. The performance of phenol
oxidation on the three electrodes containing RuO, follows the sequence: Ti/Sb-Sn-
RuO,-Gd > Ti/Sb-Sn-RuO, > Ti/RuO,. Comparing this result with Ti/PbO, and Pt
electrodes showed that Ti/PbO, and Pt electrodes they are still more efficient. In case
of RuO, anodes, phenol partially oxidized and aromatic intermediates formed, such
as benzoquinone, hydroquinone, maleic acid, succinic acid, and oxalic acid, and thus
wastewater still contained considerable total organic carbon (TOC). The complete
removal of TOC occurred only at the Ti/PbO, anode after 400 °C of charge
consumed.
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Fig. 14 Example of OH
phenolic compounds with

chlorine atoms, 2,6- cl Cl
dichlorophenol

It was investigated reticulated glassy carbon anodes for oxidation of phenol in a
flow-by electrochemical cell. They showed that the electrode surface could be
blocked with mostly insoluble polymeric products at low anodic potentials and
high phenol concentration (over the range of 520 mmolL "), led to a rapid decrease
in the reaction rate. On the other hand, complete organic oxidation is possible at
higher temperatures of 50 °C and applied potentials (1.9 V vs SCE). These condi-
tions led to faster electrode corrosion and reduced current efficiency because of the
electrode resistance increasing.

It was discussed phenol oxidation at Pt anodes in a two-compartment cell,
supported by 150 gL ™' Na,SO, adjusted to pH 12.3 or 3. The oxidation process
occurs in two parallel steps: in the first step, aromatic intermediates such as hydro-
quinone, catechol and benzoquinone are formed, followed by aromatic ring opening,
with the formation of aliphatic acids that are stable to further oxidation. Due to the
formation of these intermediates, only partial TOC removal can be attained, and
current efficiency decreased during electrolysis. The electrochemical oxidation
index (EOI) was uninfluenced by current density and temperature, while it depended
on the pH and phenol concentration.

It was studied the electrolysis of 2-chlorophenol and 2,6- dichlorophenol using a
porous carbon felt anode, a fixed bed of carbon pellets and a dimensionally stable
anode Ti/RuO; in a flow cell (Fig. 14).

The result showed the efficient removal of chlorophenol and their oxidation
intermediate at both carbon-based anodes. The flow rate through the cell did not
affect the reaction kinetics but decreasing the initial concentration of chlorophenols
led to a decrease in the reaction rate. Increasing the current densities led to lower
current efficiency. In case of DSA electrode, if a divided electrochemical cell was
used, the chlorophenols can be rapidly removed, but the need of a membrane in this
cell design results in a more complex and expensive setup.

2.5 Efficiency and Energy Parameters in Electrochemical
Oxidation

Instantaneous current efficiency is defined as the ratio of the electrochemical equiv-
alent current density for the oxidation of specific compound to the total applied
current density during electrolysis:
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current density consumed by specific compound

ICE= total applied current density

Instantaneous current efficiency also can be determined based on the oxygen flow
rate (OFR) method and the chemical oxygen demand (COD) method. Chemical
oxygen demand is a standard parameter in wastewater treatment terminology, which
measures the amount of oxygen required to oxidize organic pollutants in aqueous
solution. This parameter then provides the number of electrons needed to be
removed from the solution to obtain full mineralization. The oxygen flow
method uses:

V() - (V’)org
Vo

ICE =

where V) is the oxygen flow rate determined in the anodic compartment at t = 0
when there are no organic pollutants present in the reaction (cm®min ") and V, is the
oxygen flow rate at desire time of t in the presence of organic pollutants (cm>min~");
or with the COD method:

(CODt - CODt+At)

ICE= 8IAt

Fv

Where (COD), and (COD),, ; are the chemical oxygen demands at time ¢ and ¢ + At
(gLfl), I is the current (A), F is Faraday’s constant (96,485 Cmol '), V is the
electrolyte volume (L), and 8 is the oxygen equivalent mass (geq ).

The general current efficiency (GCE) is the average value of the instantaneous
current efficiency during overall oxidation and is determined based on ICE:

t
GCE:/ ICE dt
0

The specific energy consumption (Esp), is typically expressed as the energy con-
sumed in Whg ™" for removal of a unit mass of COD from wastewater:

tul 1

Ev= Gop, = COD(ian V

Where U is the average cell potential (V), I is current density (A), V is the volume of
the electrolyte (L), (COD), and (COD),, A, are the chemical oxygen demands at time ¢
and 1 + At (gL*I).

The simple electrode reaction of:
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Fig. 15 Pathway of a general electrode reaction
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consists of two stable and soluble species of O and R in the electrolysis medium that
interconvert at the surface of electrode. In general, the limiting mechanisms are as
follow:

1. Electron transfer

2. Mass transfer

3. Coupled chemical reactions

4. Other surface reaction such as adsorption and phase formation

When the mass transfer of species from the bulk to the surface of electrode is very
fast which means efficient stirring and low current applied, the oxidation reaction is
controlled by kinetics of reaction and the concentration of species at the surface of
electrode is equal to the concentration of species in the bulk solution (Fig. 15).

In this case, the rates constant of reaction is potential dependent and can be
expressed through Butler-Volmer equation e.g.:

kp= k}) exp F7{E ~ Era)

ky = kO exp (7 (E=Em)
where R, T, g, F, kf and kb are the gas constant, temperature, symmetry factor,

faraday constant, forward and backward rate constants respectively and E and E,,,
are the anode and reversible potential. The parameter f —symmetry factor- usually
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has a value of approximately 0.5 for metal. The difference between the rate of the
forward and backward reactions at the electrode surface is proportional to the current
of the kinetic control and defined as:

i=nFA[kyCo — kyCg]

Where, A, CO and CR are the electrode area, surface concertation of O and R
respectively.

When kinetics of the electrode reaction is sufficiently fast or sufficiently high
current is applied, the concentration of reactant on the surface of electrode become
equal to zero because of the mass transfer of the reactant from the bulk solution to the
surface of electrode become insufficient.

Mass transfer can occur by:

. Migration. Movement of charge species due to the gradient of electrical potential.

. Convection. Movement of species due to the density gradient and forced con-
vection with bulk movement.

3. Diffusion. Movement of the species due to the concentration gradient.

[\

The migration effects can be neglected by choosing the condition such as presence of
high concentration (>0.1 M) of inert or supporting electrolyte and concertation of
107 M of electroactive species. In this condition charge can easily transfer across
the electrolyte without any solution resistance. The convection effects also can be
eliminated by using forced convection such as stirrer or agitator or using the
continuous flow cell. Considering above condition, through this work we consider
the case of only diffusion control governing the oxidation process when it is under
the mass transport condition.

The maximum production rate of the electrochemical cell under mass transfer
control can be estimated via limiting current density i;,,:

Lim = anmcorg

Where iy, is the limiting current density for the electrochemical oxidation of an
organic compound under specific hydrodynamic conditions (Am~?), n is the number
of electrons involved in the reaction, F is the Faraday constant (96,485 Cmolfl), k.,
is the mass transport coefficient (ms™ 1) and C,, 1s the concentration of organic
pollutants in the electrolyte (molm ). To limit the current density equation are
necessary specific hydrodynamic condition such as: the adsorption of the organic
compounds at the electrode surface is negligible, the global rate of electrochemical
oxidation of organic compounds is a fast reaction, and it is controlled by mass
transport of organic to the diffusion layer of the anode surface, which indicates that
hydrodynamic parameters of the electrochemical cell are independent of the chem-
ical nature of the organic compound present in the electrolyte.
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The limiting current density can be defined based on the chemical oxygen
demand (COD), which can be used when a mixture of organic compounds or the
actual wastewater is treated):

iim = 4Fk,,COD

Where 4 is the number of exchanged electrons per mole of oxygen, F is the Faraday
constant (96,485 Cmolfl), (COD) is the chemical oxygen demands (mol m73), km is
the mass transport coefficient (msfl).

2.6 Kinetics and Mechanism of Organic Oxidation

In recent years there has been expanding attention for ecological damage by indus-
trial contamination, and as a result much research and development into new
technologies for wastewater treatment is underway. Because of the variability of
wastewater, which is discharged by industrial activities, new advanced oxidation
processes should be capable of treating toxic and non-biodegradable compounds.

Electrochemical wastewater treatment, where organic species are oxidized at
anodes is a promising alternative to traditional processes. However, electrochemical
oxidation has had limited penetration into industrial processes due to the high energy
requirements for this process. The presence of the oxygen evolution reaction (OER)
which occurs in parallel to the oxidation of organic compounds is the main cause for
high energy consumption during electrochemical wastewater treatment as this
lowers the current efficiency of the process (Kapatka et al. 2008). Thus, anodes
with high overpotentials for the OER (known as non-active anodes) are commonly
used to increase current efficiency of organic reaction, but this in turn increases the
cell potential which again leads to high energy consumption. To improve the current
efficiency of the organic oxidation reaction, various metal oxides have been exam-
ined. For example, SnO, and Sb-doped SnO, have been shown to be a good anode
for electrochemical wastewater treatment due to its high overpotential for the oxygen
evolution reaction and are inexpensive relative to anodes which incorporate noble
metal oxide coatings. SnO,-based anodes are normally considered to be non-active
anodes, where the organic oxidation mechanism involves the generation of hydroxyl
radicals which subsequently oxidize the organics at electrode interface and within
the bulk of the electrolyte. This usually leads to the complete oxidation of organic
compounds due to the high activity and low selectivity of the hydroxyl radical for
organic oxidation. While SnO, or Sb-doped SnO, anodes exhibit good electrochem-
ical wastewater treatment performance, by adding a small amount of IrO, or RuO, to
Sb,05-Sn0O, anodes, the service life and catalytic activity of the anodes can be
increased dramatically. However, given that both IrO, and RuO, are excellent
electrocatalysts for the OER, it is unclear if these additions to SnO,-based anodes
will suppress the formation of the hydroxyl radicals in favor of oxygen gas.
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As the mechanism for organic oxidation is normally suggested to involve inter-
mediates of oxygen evolution, it seems inevitable that oxygen evolution will occur in
parallel with organic oxidation. The relative magnitude of these reactions will
depend on both the inherent kinetics of the two reactions and the rate of mass
transfer of the organic species into the reaction zone. The latter case means even
anodes with extremely poor OER kinetics, will evolve oxygen under conditions
where the applied current is larger than the rate at which organics can be transported
from the bulk electrolyte into the reaction zone. For boron-doped diamond
(non-active) anodes it is possible to balance the organic mass transfer rate with
rate of the organic oxidation reaction to achieve an efficiency of 100% with almost
complete oxidation of the organic species. For non-active electrodes, this balance
can be achieved as the inherent reaction rate between the generated hydroxyl radicals
is both fast and independent of electrode potential. This balance however is much
more difficult for active anodes. Even at applied currents above the theoretical mass
transfer limited organic oxidation rate, the fraction of current which goes to the OER
will be dependent of the relative kinetics of the OER and the organic oxidation
reactions.

Clearly as the organic oxidation is mediated via the higher-oxide surface species
(e.g. IrO3) for active anodes, and as the surface coverage of these species is potential
dependent, balancing reaction rate and mass transfer to achieve high current effi-
ciencies is much more challenging.

Certainly, it possible that the current efficiency can be close to zero if the rate
constant of organic oxidation is much smaller than that for the OER. Even though an
assumption that organic oxidation reaction is much faster than the oxygen evolution
reaction has been successfully applied in models and validated by experiment even
at electrodes which are known to be very active for oxygen evolution.

As the mass transport behavior within the electrochemical flow cell has a strong
influence on the current efficiency of oxidation, the diffusion layer thickness () at
the anode can be calculated from:

S— nFDCy

ilim
Where i, is the limiting current density (Acm2), n is the number of electrons
transferred, F the Faraday constant (96,485 Cmol_l), D is the diffusion coefficient
(cmzs_'), Cpu is the concentration of the diffusing specie in the bulk of the
electrolyte (molem ™).

While the anodic oxidation of organic molecules at electrodes has complex
reaction mechanisms, some useful insights can be gained by considering simple
cases. The two most important general mechanisms for the oxidation of organics at
anodes are based on both “active” or “non-active” anodes. For active anodes, the
oxidation of the organic is mediated by the higher-oxide (S-O, e.g. [rO3) formed on
the anode surface at potentials above the thermodynamic OER potential, whereas on
non-active anodes the organic is oxidized by hydroxyl radicals generated by anode.
Given that the potential for hydroxyl radical generation is 2.74 V vs NHE, if the
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anode operates at potentials much lower than this, it seems reasonable to assume that
hydroxyl generation will be negligible. This is certainly consistent with IrO, anodes
which are known to operate at low anodic potentials (IrO, is an excellent
electrocatalyst for the OER) and have been shown not to generate significant
quantities of hydroxyl radicals. In addition, either boron-doped diamond and SnO,
anodes are known to generate hydroxyl radicals and are typically found to have very
high overpotentials for the OER.

To ensure that the mechanism is consistent with proposed mechanisms for the
OER, the higher oxide is formed via the electrochemical oxide path:

S+HO0—~S—OH+H +e”
S—OH —S—O0O+H"+e"

S—0— S+ % 0>
Where S is a free-surface site. The higher oxide formed in step two of the OER
mechanism can form oxygen gas via reaction the last reaction or oxidize an organic
molecule (R) via reaction:

S—O0O+R < S+RO

Thus, it should be expected that oxygen gas evolution will compete with the
oxidation of organics within an electrochemical wastewater treatment process
when the anode potential is above 1.23 V vs RHE. But, as the thermodynamic
requirements for organic oxidation are often lower than that for oxygen evolution, it
is possible that oxidation of organic compounds can occur below 1.23 V vs RHE.

2.7 Pulsed Electrochemical Wastewater Oxidation

To facilitate the mass transportation and to improve the energy consumption non-
steady-state techniques are studied, as pulsed voltage, pulsed current, or reverse
polarity (Wang et al. 2020).

The pulsed electrolysis technique are used in various industries such as metal
deposition, electro dissolution, electrochemical machining, battery and hydrogen
production etc. Some of this research was conducted specifically to find out the
effect of pulse on the mass transfer and current efficiency of the system. As an
example, hydrogen production is one of the industries that uses pulse power to
improve production efficiency. In similar study on effect of pulsed electrolysis on
hydrogen production, the result show that using this method enhances the mass
transport of oxygen and hydrogen bubbles due to the pumping effect. This provides
less contact with oxygen bubbles to improve corrosion resistance of anode
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electrodes. Moreover, decreasing mass transfer losses on the electrode surface
resulted in a 20-25% lower energy consumption to produce 1 mol of hydrogen in
the cell.

During pulsed electrolysis, a short period of high overpotential is applied, leading
to a very steep concentration gradient of the reactant at the electrode surface. This
steep concentration gradient results in a very high current for a short period at rates
which are much higher than the equivalent mass transport limited current under
normal potentiostatic conditions. Before the concentration gradient grows further
into the electrolyte (leading to the mass transfer limiting current), the overpotential is
stepped to a low value where the electron transfer rate is very low. In this low
overpotential pulse period, the concentration gradient reverts to a flat gradient at the
bulk electrolyte concentrations due to diffusion (Fig. 16).

The electrochemical oxidation of organics at the anode follows a complex
reaction process. To study this mechanism is better to consider a simple model.
Considering the “non-active” electrode mechanism used for oxidation of organic
compounds, in which the oxidation of organics species is mediated by hydroxide
radicals physiosorbed on the anode surface during the water discharge step (step 1).

S+ Hy0 < S(OH) +H" +e~ Step 1
S(OH)<—>S—|—%02+H++6_ Step 2
S(OH)+R < S+RO+H" +e¢~ Step 3

Where S here represents a free surface site. In this mechanism, the oxidation of
organic species (step 3) competes with the generation of oxygen gas (step 2). There
are more complex reaction mechanisms for ‘non-active’ electrodes by others.

The critical factor for this study which controls the current efficiency of the
overall process is the relative rate of steps 2 and 3 while competing for the same
intermediate, S (OH). This mechanism differs from the mechanism proposed for
‘active’ anodes such as Iridium oxide and platinum, where the oxidation of organic
spices is mediated by the higher oxide (S-O) which chemisorbed on the anode
surface at high potentials. For this simplifier model, the adsorption process of the
organic molecule has been ignored. Another assumption is that all steps leading the
OER are considered chemically reversible, while organic oxidation process is
chemically irreversible. The reaction rate for each step is given by:

r ZkICH20(1 —9) —k_icy+0
ra=kaf—k_ach cu + (1—6)

13 = k30CR sury

Where k; and k_; are forward and backward rate constants, ¢ are concentrations, 0 is
the surface coverage of OH. with the fraction of free sites given by (1 — 0). The units
of all rate equations are mols~' cm 2 Note that in this model, the surface
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concentration of organic species used to implement the mass transport consideration

into the rate equation for the organic oxidation.

The assumption for these reactions is that their rate constant is potential depen-

dent so that Butler-Volmer kinetics can be used. For example:
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0 e
ki= kl. exp RTE~Erev)

(1-pF
kfi — kO,l'eXp - R;}) (E*Erev)

where R, 7, f and F are the gas constant, temperature, symmetry factor and Faraday
constant respectively and E and E,,, are the anode and reversible potential for the
OER respectively. The parameter symmetry factor (f) usually has a value of
approximately 0.5, although this value can differ, especially for reactions involving
adsorbed species such as OER.

The current density (7) is calculated by summing the rates of all involved reactions
in organic oxidation:

i=F(ri+r+r3)

Instantaneous current efficiency is another important parameter that reflects the
fraction of the current that goes towards organic oxidation and can be calculated
from the reaction rates:

r
ICE= ————
rn+nrn+r

In the above model, multiple parameters must be known or estimated before
simulating the reaction. The overall OER (sum of step 1 and 2) is:

1

202 +2H" +2¢~

H20<—>

The reaction has the reversible thermodynamic potential of E,., = 1.23 Vvs RHE. At
this potential (n = £ — E,., = 0) the system must be an equilibrium and thus the
overall equilibrium constant is defined as:

1 2
CH,0

K=

As thermodynamics must be satisfied atn = E — E,,, = 0, this reduces the number of
freely definable rate constants through:

o o kl ko
ks () ()
where K is the overall equilibrium constant, and K; and K, are the equilibrium
constants for step 1 and 2 in the reaction. In this case, only 3 of the 4 kinetics
parameters for steps 1 and 2 are independent and freely definable.

The dynamic potential model contains loops of two steps; a short period at high
overpotential and a short period at low overpotential, which each step individually



2 Water Purification 187

acts as a constant potential. The initial conditions for the first step are the same as the
constant potential model and the initial conditions for the second step is the last value
of concentration, surface coverage and time obtained from ODE solver of the same
step. Similarly, for the following loops, the last value obtained from the ODE solver
of each step is used for the initial condition of the next pulse step.

The surface coverage must be known to determine the current density passing
through the anodes. This is described by ODE built from reaction steps 1-3:

1
g0 |kicuo(1=6) —k_icy-6 — ko + k_ochy cppe (1-6) — k39cR,m,f}
dr Nior

Where N, is the number of surface sites per unit electrode area (molcmfz). Finally,
the concentration of organic species across the system must be determined. Here, the
assumption of a planar diffusion across the boundary layer of the electrode is made
to account for the mass transport of organic species to the electrode surface. Then
according to the Fick’s second law, the concentration of organic species as a function
of time can be determined at any given nod, n, across the boundary layer by using the
method of lines:

dcgp -D (CRnt1+ CRn—1— Crp)
dr R Ax2

where Dy, is the diffusion coefficient of the organic species and Ax is the width of the
segment the distance between two nodes within the boundary layer. The boundary
conditions with the concentration within the bulk electrolyte found by:

derpuk D A CRa= (&) ~ CRobulk
di 7\ Vi Ax

With the concentration in the segment immediately adjacent to the electrode surface
CRr_surf found by:

dCR,xurf -D CRn=2 — CRsurf . k36CR,smf
a ~F Ax Ax

The simulated kinetic parameters of the steady-state polarization curve for “non-
active” anode were assigned to be applied in the constant and dynamic potential
organic oxidation (Fig. 17).

Based on the OER mechanism, the surface coverage of S-OH approaches 1 at
high overpotentials. This simulation model 0.1 can describe the OER of any “non-
active” anode that follows similar behavior. The kinetics of the organic oxidation at
surface coverage equal to 1, is independent of overpotential but dependent on
surface concentration (cg ) and organic rate constant (k3;). Normally when the
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organic oxidation rate is independent with overpotential, mass transport is consid-
ered to limit the overall oxidation rate.

The model was used to simulate and study the kinetics of the electro-oxidation of
an organic compound at “non active” anode. The constant potential electrolysis was
simulated at various potential, and the effect of potentials at surface concentration is
investigated. The potential range was chosen to cover kinetic and mass transport
limitation. The model shows that an increase in the applied anode potential leads to
decrease in organic concentration at the anode surface and reaches zero at
overpotentials where surface coverage of S-OH is equal to 1 (Fig. 18).

The investigation of electrochemical wastewater oxidation involves measuring
the change in organic concentration throughout electrolysis and can be simulated
using the model described. The simulation of the bulk concentration of organic
species revealed that the organic oxidation follows first-order kinetics (Fig. 19),
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which agrees with experimental reports by others. While increasing the
overpotential, initially oxidation process is limited by kinetics of organic species
and low coverage of hydroxyl radicals on the anode surface, but most of the current
is consumed by organic oxidation reaction. So, high current efficiency is expected.
When operating potential exceeds the equivalent limiting current density, the rate of
organic oxidation becomes independent of overpotential. At this condition, electrol-
ysis is fast, but current efficiency decreases because the excess current is wasted to
the parallel reaction of oxygen evolution.

The determination of apparent first-order rate constant over the overpotential
range also helps us to identify the kinetic and mass transport region, in which
potential higher than equivalent limiting current density can be avoided to achieve
higher current efficiency. Others discussed that to avoid fouling electrodes with
polymeric adhesive products during the aromatic compound electrolysis, the high
applied potential of E > 2.0 V vs. SHE (overpotential >0.77 V) should be applied
(Fig. 20).

The simulated apparent first-order reaction can satisfy this criterion, in which the
rate of oxidation of organic compounds at around 0.8 V overpotential is fast enough
(mass transport limited) that electrode fouling can be avoided.

The primary purpose of using pulsed potential is to optimize the electrolysis
condition where mass transfer rate of organic compounds from the bulk solution to
the surface of electrode improved by imposing a short period of high overpotential.
This high overpotential oxidizes the organics species immediately next to the
electrode surface rapidly, leading to a very steep concentration gradient (essentially
instantly after the high overpotential is applied). This sharp concentration gradient
means that the diffusional flux of the organic species is also very high, allowing the
oxidation rate of the organic species to be much higher than what would be possible
under potentiostatic conditions. This high oxidation rate will only last for a short
period as the concentration profile will extend further into the electrolyte causing the
diffusion rate to decrease towards the expected “steady-state” mass transfer limiting



Water Purification and Desalinization

190
Fig. 20 The simulated x10°
overpotential dependence of 15 -
the apparent first-order rate /
constant (kapp) Iu"
|
|
10 - [
[
" |
—'E |I|
€ a
5 [
~" st |
[
[
|
/
0 l/ '} 1
0,0 0,5 1,0 1.5 2,0

Overpotential (V)

rate. Before this happens the high overpotential is switched to a low overpotential
(one where the reaction rate is very low) which allows the concentration gradient of
reactant species to replenish near the electrode surface (Fig. 21).

Operating under pulsed potential conditions results in a higher instantaneous
current density, in which the possible influences on the kinetics of different reaction
can lead to change in their relative proportion of current and possibly achieving
higher current efficiency. In other industry such as electroplating industry employ
the pulsed electrolysis to achieve higher current efficiency.

The electric double layer at the electrode-solution interface can have high capac-
itance, and some charge requires to raise its potential to the value needed for the
water discharge step at the rate corresponding to the applied pulsed potential. In
published literature for steady-state conditions (constant potential condition), usually

the effect of an electric double layer (EDL) or capacitance is neglected primarily due
to activation period before running the electrolysis. In this model, the effect of
electric double layer is not included (Fig. 22).

The performance of pulsed electrolysis against the constant potential electrolysis
can be investigated by plotting the degradation of organic concentration vs charge
consumed during the electrolysis. The result revealed that during the electrolysis the
lowest charge consumed to achieve same level of organic concentration is when
either electrolysis, under constant potential of 0.4 V or when pulsed potential
condition at high step of 1.6 V at 8 ms and low step of 0.4 V at 1 s are applied.
Further analysis on charge consumed during electrolysis for organic oxidation step
(step 3) and OER step (step 2) showed that at constant potential of 0.4 V, majority of
charge consumed during the electrolysis process goes towards organic oxidation.
This agrees with previous report in literature stated that higher current efficiency is

achievable when electrolysis operated under kinetics limitation. Although under this

condition higher current efficiency is achievable but general oxidation rate is very

slow due to generation of tiny current at this low potential (Fig. 23).
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The Fig. 24 shows that an applied high potential at very short time of 8 ms, leads
to majority of charge goes towards organic oxidation step leading to achieve higher
current efficiency and just before the concentration gradient grows further into
electrolyte, leading to the mass transfer limiting current, the overpotential is stepped
to a low value where the electron transfer rate is very low.

Further investigation on change in concentration gradient of organic model over
the electrolysis time for constant potential at 0.4 V and the pulsed electrolysis at high
step of 1.6 V for 8 ms and low step of 0.4 V for 1 s revealed that although for both of
these processes same amount of charge consumed but the electrolysis time is much
faster, about 8 min, when pulsed potential electrolysis is used (Fig. 25).

Finally, pulsed electrolysis facilitates a higher flux of organic species during the
short periods. The anode after this period is high enough to drive the desired
oxidation reaction, so achieving higher current efficiency. The best performance,
which means lowest charge consumed for same level of organic degradation is when



192 Water Purification and Desalinization

1,50E-007
Constant potential 0.4V
thign 0.008 s

thign 0.1

1,20E-007 tnign 0.3 5
Chign ls

Constant potential 1.6 V

ARRN

9,00E-008

6,00E-008

Concentration (mol/cm®)

3,00E-008

T

0 2 4 ] 8 10 12 14
Charge (A/s)
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pulsed potential condition at high step of 1.6 V at 8 ms and low step of 0.4 V at 1 s
are applied. Further analysis on charge consumed during electrolysis for organic
oxidation step (step 3) and OER step (step 2) showed that at both cases, majority of
charge consumed during the electrolysis process goes towards organic oxidation but
in case of constant potential of 0.4 V due to generation of tiny current at this low
potential, general oxidation rate is very slow and for the same amount of charge
electrolysis time of 25 days is required, whereas in case of an applied high potential
step electrolysis time of 8 min is sufficient. It was also found that the potential
dependence of the apparent first-order oxidation rate constant is explained by this
model.
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Fig. 25 Change in concentration over the electrolysis time for constant potential of 0.4 V (black
line) and pulsed electrolysis at high step of 1.6 V for 8 ms and low step of 0.4 V for 1 s (red line)

The current efficiency of pulse potential organic oxidation is improved consider-
ably over a range of potentials compare to constant potential electrolysis. Taking into
consideration of the best step combination, the proposed pulsed electrolysis can be a
breakthrough in the electrochemical wastewater treatment and in general can be
implied in any other electrochemical process which follows a similar process.
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3 Direct Sea Water Electrolysis

Due to its content in anions that would interfere and compete with the water-splitting
electrocatalysis seawater is not suitable feed for electrolyzer technologies, even if is
widely available (Farras et al. 2021).

Although the composition of seawater varies from region to region, the average
overall salt concentration of all ions ranges at about 3.5 wt % with pH ~ 8.9—-12
Considering all ions with their corresponding standard redox potentials, the oxida-
tion of bromide and chloride would compete with the oxidation of water. However,
the low concentration of Br~ means its competing oxidation is typically neglected as
a first approximation and in comparison, with chloride oxidation in seawater
electrolyzer studies. Clearly, the dominant ions are Na* and CI~, which is an
aqueous 0.5 M NaCl solution considered a reasonable surrogate of natural seawater.
Early work on selective electrolysis of seawater into hydrogen and oxygen was
conducted. Interested in a selective working electrolyzer anode, he conducted
electrolysis in unbuffered seawater and showed a predominance of the chlorine
evolution reaction (CER: 2 CI™ — Cl, + 2e") at realistic larger current densities.
The desired OER (OER: 2H,0—O0, + 4H* + 4e™) was dominant only at current
densities below 1 mAcm 2 or at very high current densities in which CER mass-
transfer limitations become noticeable which, in turn, favor the OER. This is shown
in Fig. 26.

In addition to the interest in an OER selective water electrolyzer anode, the
chlorine industry was generating great interest, and the community started to inves-
tigate the anodic behavior in theory and experimentally. A parallel activity scaling
for both OER and HER reactions in either alkaline or acidic solutions independent of
the electrode material is shown in Fig. 27.

A Pourbaix diagram including the chloride and the oxygen chemistry is shown in
Fig. 28. Based on this, the chlorine evolution reaction (CER) at low pH and the
hypochlorite formation in high pH solution are the main OER competing reactions.
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The following equations show the corresponding chloride chemistry reactions at
low and at high pH, respectively:

CIER :
2C1~ = Cly +2e”
E°=1.26 V vs.SHE,pH =0
Hypoclorite :
Cl~ +20H™ —CIO™ + H,0 +2e”
E°=0.89 V vs.SHE,pH = 14
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More recently, a more detailed CER mechanism was presented proposing a
Volmer—Heyrovsky mechanism on RuO, surfaces. Involved in the mechanism, it
describes an on-top oxygen (Oot) that caps all undercoordinated ruthenium sites
(Rucus) of a RuO,(110) surface:

Volmer :
00t+2C17 —>00t7Cl+€7 +C17

Heyrovsky :
Op—Cl+Cl™ 50,4+ Ch +e~

The mechanism consists of a CI™ adsorption on the Oot combined with a discharge
of the anion. This adsorption is followed by a direct recombination of the adsorbed
chlorine species O Cl ot~ with a CI™ anion from the electrolyte to finally evolve Cl,.
In contrast to the sluggish 4e™ transfer reaction of the OER, the chloride chemistry
involves only 2e™. Even though the thermodynamics favors the OER, the kinetics
are much faster for the chloride reactions, which leads to smaller overpotentials.
Consequently, maximizing the thermodynamic potential difference of both reactions
will result in a convenient high potential window for selective OER. This is given for
pH > 7.5, where the maximum potential difference is maximized AE = 480 mV.
Based on this, high pH values facilitate the selective splitting of seawater.

Reaching high current densities in typical liquid-based electrolyzer cells leads to a
dramatic pH decrease at the anode even if the ideal solution of a direct seawater
electrolyzer don’t take in account this. Even though carbonate and borate ions are
present in seawater, their average concentration is too low to sustain proton handling
at high currents. Hence, seawater cannot be used without a buffer or additives with
current seawater electrolyzer technology, but other solutions like membranes or
different cell designs might be possible to overcome this local pH change.

To overcome the membrane-based difficulties, novel approaches for alternative
hydrogen production routes from seawater are reported (Dresp et al. 2019). One
approach is photocatalytic splitting.

While the previous investigations focused primarily on seeking high-performance
OER selective catalyst for the anode, the catalyst material and the chemistry at the
cathode seems more straightforward, because the thermodynamic potentials for
electrochemical deposition or competing reactions are not as close as for the OER
and CER. However, the catalytic activity in natural seawater with its interfering ions
and the near-neutral pH seems also challenging.

An interesting aspect of direct seawater electrolysis consists of the production of
freshwater when back converting the produced hydrogen and oxygen into electricity
and water, as indicated in the inset in Fig. 29.

These results can be achieved in one single device, termed a reversible seawater
electrolyzer, or in two separated subsequent combined fuel cell and electrolyzer
devices.

Considering realistic electrolyzer/fuel cell efficiencies and calculating the
required energy to produce 1 Nm’H,0, a reversible seawater electrolyzer would



3 Direct Sea Water Electrolysis 197

T

3500 [ 3370

F
M Renewable
b energies

2500 |

[
o
o
o

T

2

o ks

E

£

€=

= 2000 H B | Air/0

[ = St 2

S || Storage [ | |

£ 1500 |

2 L

2 ~

8 Hoe ‘ Electricity

3 | ——

E 500

w 0' 0.2 325 | 195 875 95
Local Rev. MSF MED MVC Rev.
fresh  osmosis seawater
water electrolysis

Fig. 29 Energy consumption of various desalination technologies and the local water treatment
supplier per Nm®. MSF multistage flash distillation, MED multi-effect distillation, MVC mechan-
ical vapor compression. The reversible seawater electrolysis is based on realistic conditions
assuming 79% electrolyzer and 50% fuel cell efficiencies. Inset: Sketch for reversible seawater
electrolysis based on renewable energy

require an energy input of roughly 3370 kWh for every Nm*H,O water produced.
Compared to other established technologies, such as reverse osmosis, multistage
flash distillation, multi-effect distillation, and mechanical vapor compression, the
energy consumption of a reversible seawater electrolyzer to desalinate 1 Nm>H,O is
several orders of magnitude higher.

Although the water produced in the fuel cell process is perfectly purified water,
reverse osmosis is currently by far the most efficient technology to produce
freshwater.

However, reverse osmosis entails several drawbacks, like the frequent mainte-
nance of the membrane and the exhaust saltwater feed’s harm to the environment.
Only the water treatment of the local freshwater supplier consumes less energy per
Nm3H20.

Reversible seawater electrolysis should be perceived more as an energy storage
technology than a freshwater production technology when transforming the hydro-
gen back into electricity and water by using the fuel cell.

One possible process scheme providing constant and sustainable freshwater
production through a combination of photovoltaics with reverse osmosis, a direct
seawater electrolyzer and a fuel cell, is shown in Fig. 30.

During the day, the photovoltaic device supplies the electricity for both water
purification by reverse osmosis and the stationary power demand (city). Thus, the
reverse osmosis desalinates seawater and provides potable freshwater, while the
power demand is met by photovoltaics. Excess solar electricity drives the direct
seawater electrolyzer, producing solar hydrogen, which is stored locally. At night, in
the absence of solar electricity, the hydrogen fuel cell system supplies electrical
stationary power and produces freshwater directly by the fuel cell and indirectly by
powering the reverse osmosis.
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In conclusion, in specific environments and under certain conditions, reversible
seawater electrolysis offers advantages for the storage of surplus electricity in the
form of molecular hydrogen and for the collateral purification of seawater in
combination with a fuel cell device.

Splitting seawater by using today’s established technologies requires careful
water pre-purification. After basic filtering, seawater is purified in a first step by
reverse osmosis (RO). The purification of 9 kg of H>O via RO requires about
0.03 kWh.

Consequently, even assuming an input power excess with a factor of 10, the
resulting energy consumption of RO to produce 1 kg of H, amounts to a mere 0.3
kWh, which appears negligible against the typical energy input per kilogram of
H,(~47—66 kWhkg ™~ 'H,).

The conventional electrolysis scheme offers slight advantages in terms of energy
consumption. However, in many cases, the resulting purity of RO water still does not
reach the required purity level of membrane-based freshwater electrolysis.

Therefore, an additional purification step will be required. PEM membranes
require, in parts, ion exchanged ultra-purified (18 MQcm) water for sustained
operation. Hence, seawater-splitting schemes using those conventional membrane
electrolyzers do require additional energy, space, and investment.

Catalysts and separators of liquid alkaline electrolyzers, on the other hand, tend to
be more tolerant for electrolyte impurities than membrane-based electrolyzers.
However, they require ample amounts of concentrated KOH solutions.

More importantly, under the highly alkaline conditions at common electrolyzer
potentials (1.8-2.4 V), traces of chloride ions would be electro-oxidized to hypo-
chlorite ions, harming the catalyst and limiting the long-term stability of the system.

Even though the conventional PEM and liquid alkaline electrolyzer schemes
display slight energetic advantages over direct seawater electrolyzers, under certain
conditions, the latter may still prove superior on the system level for hydrogen
production applications in spatially constrained offshore or mobile maritime appli-
cations. Thus, even though the conventional PEM and liquid alkaline electrolyzer
schemes display slight energetic advantages over direct seawater electrolyzers, under
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certain conditions, the latter may still prove superior on the system level for
hydrogen production applications in spatially constrained offshore or mobile mari-
time applications.

4 Conclusions

Hydrogen could be produced from abundant sources of sea water along with solar
energy, for countries where fresh water is scarce. Ecological requirements, more
specifically the absence of sufficient chlorine evolution in sea water electrolysis
(SWE), make it a must to change the H,/Cl, cell to a H,/O, instead.

Chlorine produced by electrolysis dissolves in solution. Once the liquid phase
approaches saturation, chlorine will appear in the gas phase. Thus, both the C.D. and
quantity of electricity used will influence the evolution of Cl, in the gas phase. Cells
with almost Cl,-free anode gas for sea water electrolysis are possible depending on
the quantity of electricity consumed as well as the cell design to ensure thorough
mixing, hence more absorption of the gas in the liquid phase.

The most promising way for the electrolysis of sea water in a H,/O, cell is the use
of oxygen-selective electrodes. Oxygen reaction depends rather upon the electrode
material than the chlorine reaction does and at low overpotential with different
electrode materials.

Chlorine evolution at the anode replaces oxygen even for chloride concentrations
lower than those of sea water. This shows how mass transfer and kinetics combine to
make chlorine evolution the dominant anodic reaction product.

Using desalinated water for electrolysis has the added advantage of being able to
treat water from a wide variety of sources, such as brackish groundwater, surface
water, seawater, and domestic and industrial wastewater. To make it more affordable
and accessible, research efforts should be directed towards improving desalination
processes, devising more effective and durable membranes, for example, to produce
more water per unit of energy.

Given the fact that current RO systems are operating nearly at an ideal energy
consumption of 2 kWhm >, further improvement in membrane efficiency will only
result in limited reductions in energy and cost. However, there are potential oppor-
tunities for improving pre-treatment and brine post-treatment technologies to reduce
the cost and environmental impact of RO. Specifically, if one can eliminate or reduce
pretreatment demands via the development of fouling resistant membranes, reducing
usage of chemicals, or by using membrane modules with improved hydrodynamic
mixing, this could further reduce the energy consumption and total water cost.

Hot, coastal, hyper-arid regions with intense solar irradiation and strong on- and
off-shore wind patterns are ideal locations to produce renewable electricity using
wind turbines or photovoltaics. Given ample access to seawater and scarce fresh-
water resources, such regions make the direct and selective electrolytic splitting of
seawater into molecular hydrogen and oxygen a potentially attractive technology.
The key catalytic challenge consists of the competition between anodic chlorine
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chemistry and the oxygen evolution reaction (OER). This Perspective addresses
some aspects related to direct seawater electrolyzers equipped with selective OER
and hydrogen evolution reaction (HER) electrocatalysts.

Direct seawater electrolysis is an increasingly attractive electricity/hydrogen
conversion and storage technology of the future. It will be most effective in regions
with ample surplus renewable electricity, little access to freshwater, and yet suffi-
cient access to ocean seawater. It also offers advantages for mobile maritime and
offshore hydrogen-based power applications. Examples include powering underwa-
ter, unmanned maritime vehicles for maintenance of offshore installations. Range
and refueling time of hydrogen-powered vehicles greatly outperform those of
comparable battery-based vehicles. Because of the compact design, direct seawater
electrolyzers are expected to pose fewer system engineering challenges compared to
multistep schemes. The key chemical challenge is the design of robust and selective
electrodes to suppress undesired electrochemical processes that are associated with
the contaminants, primarily chloride chemistry.

Several active and selective catalysts have been identified as selective and active
anode and cathode materials. However, advanced membranes and novel separator
concepts appear critical to increase stability of direct seawater electrolyzer devices.
Even though standard RO purification of seawater requires limited amounts of
energy, it may be insufficient to reach the necessary levels of water purity. The
necessary multiple consecutive purification steps are likely to reduce the overall
robustness of the seawater electrolyzer system because all additional devices, such as
reverse osmosis systems, require frequent and additional maintenance compared
with a single direct seawater-splitting device.

In combination with a hydrogen fuel cell, a reversible seawater electrolysis
scheme is possible that holds promise for the storage of surplus electricity in the
form of molecular hydrogen, and more as a collateral process, purified water is
formed during the fuel cell reaction. Based on the energy efficiency of reversible
electrolyzer—fuel cell schemes, the resulting freshwater production may remain
limited with respect to more conventional freshwater technologies. Here, a new
process concept for a sustained freshwater supply based on the combination of RO
water purification and direct seawater electrolysis was developed and suggested.
Offshore wind parks and solar energy-rich coastal desert regions would benefit the
most from this combined process technology, where molecular hydrogen is
transformed back into electricity and water.
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Alkaline Liquid Electrolyte Water ®)
Electrolysis sy

1 Introduction

The exiting steel technologies are based on fossil fuels, i.e., mostly on carbon,
natural gas, mix of carbon and hydrogen, and electric arc furnaces. For CO,-lean
process routes, three major ways of solutions have been identified: decarbonizing
whereby coal would be replaced by hydrogen or electricity in hydrogen reduction or
electrolysis of iron ore processes, CCS technology introduction, and the use of
sustainable biomass. Among all these solutions the main routes are evolving toward
the use of Hydrogen as main energy carrier (Fig. 1).

This triangle matrix explains how reducing agents and fuels can be selected from
three possibilities such as carbon, hydrogen, and electrons. The diagram represents
all existing energy sources where coal is near to carbon on the carbon-hydrogen line,
natural gas is near to hydrogen, hydrogen from electrolysis of water is on the
hydrogen-electricity line, etc.

Most of the hydrogen employed in the energy and industrial sectors is produced
from fossil fuels (over 90%). The main employed processes are the coal gasification
or the natural gas reforming. Nowadays, only a small percentage of hydrogen is
produced via electrolysis (Fig. 2). In addition, just a quarter of electrolysis is due to
water, the main quantity is produced via chloralkaline electrolysis process
(Moussallem et al. 2008).

Obviously, the decarbonization of human activities needs that hydrogen will be
produced through sustainable routes. Electrolysis of water from renewable energy
source is one of the most promising processes. Renewable hydrogen is essential to
produce carbon-neutral fuels for transportation, raw materials for the chemical and
steel industry, and seasonal energy storages. So the goal is to transform the current
fossil-based hydrogen production to fossil-free-based resources. Water electrolyzers
split water into hydrogen and oxygen using electricity, and the supplied electrical
energy is converted into chemical energy carried by hydrogen. Water electrolysis is
feasible for large-scale and fossil-free hydrogen production and can play a vital role
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in the whole energy system reconstruction. The installed water electrolyzer have
capacity in order of terawatts. A major role in saving electrical energy consumption
and price of electrolytic hydrogen and oxygen can be played by power electronics,
required in the DC power supply to water electrolysis processes.
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2 Alkaline Water Electrolysis

Electrolysis of water is considered the cleanest technology to produce hydrogen with
high purity. Obviously, half cell reactions are strongly dependent on the pH of the
employed electrolyte.

Given the overall water splitting into hydrogen and oxygen described in Chap. 1,
the half-cell reactions in alkaline media are:

2H0 +2¢”~ — Hy ) +20H ™ [Cathode ()]

20H~ - H,0+ %02(3) +2e~ [Anode (+)]

The working principles of alkaline water electrolysis cell is schematized in Fig. 3.
Basing on the Nernst equation, the potential of anode and cathode can be
calculated by:

RpcT

0
EY=Ep,0/0, +

nkF

Fig. 3 Schematic of alkaline water electrolysis cell
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RegT | dino

" (amy0) (f %oz)

- )
E- = EH20/02 +

If oxygen can be considered as an ideal gas, at room temperature we can simplify by
obtaining:

E* ~1.23 + pk, —0.06 pH
In the same way, by considering hydrogen an ideal gas, at room temperature:
E~ =pk,—0.06 pH

So, the overall electric voltage necessary to split water into hydrogen and oxygen
will be:

Ecel[:E+*E7 =123V

It is demonstrated that the free energy electrolysis voltage of the water splitting
reactions is not dependent on the pH. The corresponding potential of each electrode,
which is shifted along the potential axis, would be changed to follow the function of
the electrolyte pH.

Anyway, as described in Chap. 1, overpotential is necessary to drive the overall
process. The potential excess is due to the resistance losses in the cell (ng), to the
kinetic barriers of half-reactions on the anode (1,) and on the cathode (n.):

E,, =123V +nq+n,+n,

The previous equation suggests that the overpotential can be reduced by optimal
design of the cell and by the reduction of losses at the electrodes by employing
appropriate catalysts. Obviously, the electrocatalysts act in different ways during
HER or OER due to the different mechanisms taking place at the anode and at the
cathode.

As already mentioned, the hydrogen production rate (mol/s) is linearly propor-
tional to the current of the cell:

P -
H> F ZF F ZF

=n (icellAcell) n Icell

Where ny, is the hydrogen production rate (mol/s), ng is the Faraday efficiency, also
known as the current efficiency, i is the current density (Alem?), Ao is the
effective cell area (cmz), z is the number of moles of electrons transferred in the
reaction (for hydrogen, z = 2), F is the Faraday constant (9.6485 x 10* C/mol), and
I.en 1s the stack current (A).
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As a general behavior, the anodic and cathodic reactions in acidic media is
given by:

Anode : 2H,O0 —4H" + 0, + 4e~
Cathode : 2H" +2¢~ — H,

While in alkaline media:

Anode : 4OH™ — O, + 2H,0 + 4e™
Cathode : 2H,0 + 2¢e~ —20H~ + H»

The involving of proton and hydroxide ions in the anodic and cathodic reactions is
determined by the pH of electrolyte. To enable high ionic conductivity between the
electrodes, a high amount of the charge carriers in the form of protons or hydroxide
ions must be provided, which means that either strong acids or bases are typically
used as the electrolytes for technical water electrolyzers. When the same electrolyte
is used at the anode and cathode, the thermodynamics of water electrolysis (which is
basically determined by the difference between the anodic and cathodic equilibrium
potentials) is pH independent.

The energy required for the water decomposition is the enthalpy change of the
process, that also is the enthalpy of formation of water, AH. The water electrolysis
process is endothermic (AH > 0). The free energy of the water splitting reaction,
called Gibbs free energy change AG, must be supplied to the electrodes as electrical
energy. The remainder is the thermal energy Q, which is the product of the process
temperature T and the entropy change AS. These thermodynamic quantities can be
written as:

AH=AG + Q=AG +TAS

In constant standard ambient conditions (298.15 K, 1 atm pressure), the required
electrical work AG is equal to 237.2 kJ/mol (non-spontaneous reaction), and the
amount of heat required Q is equal to 48.6 kJ/mol. Thus, the chemical reaction for
water electrolysis can be expressed as:

H>0q) +237.2kJe, * mol ~ ' + 48.6 kJpjeq * mol ~' — Hy(g) + % O1(e)AH)

=285.8 kJ x mol !

The lowest voltage to have the water splitting is called the reversible voltage U,
which is directly proportional to the Gibbs free energy change:
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Without the input of thermal energy, the minimum voltage required becomes the
thermoneutral voltage Uy,:

Un= é_FH

The reversible voltage and the thermoneutral voltage in standard ambient conditions
are 1.23 V and 1.48 V, respectively. For commercial water electrolyzers, all energy
for the water electrolysis process is provided as electrical energy. Both the reversible
voltage and the thermoneutral voltage are thermodynamic state functions dependent
on the cell temperature and pressure, even if the thermoneutral voltage changes only
slightly as a function of temperature and pressure (Ulleberg 2003). The reversible
voltage and the thermoneutral voltage are illustrated in Fig. 4 as a function of cell
temperature at atmospheric pressure.

The effect of pressure on reversible voltage is exemplified in Fig. 5.

A temperature increase will slightly reduce the overall energy demand AH of an
ideal liquid water electrolysis process as the demand for electrical energy AG is more
notably reduced than the demand for thermal energy TAS is increased (Ursua et al.
2012). Operation at higher temperatures is favorable as heat losses caused by over-
voltages, and it can be used to reduce the reversible voltage of water splitting. Thus,
the utilization of thermal energy is an essential aspect in energy efficient water
electrolysis processes. The overall energy requirement AH will stay practically
constant as a function of pressure in an ideal liquid water electrolysis process.
However, a change in pressure will increase the demand for electrical energy AG;
for instance, an increase from 0.1 to 10 MPa at a cell temperature of 75 °C will
increase the reversible voltage by 9%, but the demand for thermal energy TAS is
correspondingly reduced.
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Now, the voltage of the electrolytic cell is the sum of the reversible voltage and all
the overpotentials developing in the cell through the following equation:

Ucell = Urev + Uohm + Uact + Ucon

where U is the cell voltage, U, is the open-circuit, the reversible voltage as a
function of temperature and pressure, Uy, is the overvoltage caused by Ohmic
losses in the cell elements, U, is the activation overvoltage, and U, is the
concentration overvoltage. The current—voltage characteristics of an electrolytic
cell can be described by a polarization curve. An example of a polarization curve
for AEL and PEMEL water electrolyzer cells is illustrated in Fig. 6.

In the AEL water electrolysis, the Ohmic losses are mainly affected by: the ionic
conductivity of the liquid electrolyte, the thickness of the electrolyte layer, and the
thickness and conductivity of the electrodes (Milewski et al. 2014). In the PEMEL
water electrolysis, the ionic resistance of the polymeric membrane and the electrical
resistance of the separator plates and current collectors are the main contributors to
the Ohmic losses (Schalenbach et al. 2014).

The activation overpotential is caused by the anode and cathode reaction kinetics.
The concentration overpotential is caused by mass transfer limitations at high current
densities, where the supply of the reactant (water) is not sufficient to support the
reaction rate of the production of hydrogen and oxygen gases at the electrode
surfaces. The concentration losses are typically negligible for commercial water
electrolyzers—especially for AEL electrolyzers—because of the relatively low
current densities in the cells (Haverkort and Rajaei 2021). Another non-linear region
will appear in the cell polarization curve above the limiting (high) current density if
mass transport losses occur. Other evidence on the effect of temperature on the AEL
performances underline that with consideration of the bubble effect, the anode
activation overvoltage, cathode overvoltage, Ohmic overvoltage, and supplied cell
voltage are higher than those without consideration of bubble effect (Swiegers et al.
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2021). The difference in Ohmic overvoltage with and without consideration of the
bubble effect linearly increases because the bubble number is proportional to the
current density variation. The bubble effect due to the temperature increase on the
performance of the stack is not higher than that due to the current density increase.
The amount of power consumed by the heater is exponentially increased at low
current density and is gradually decreased as the current density is increased. As the
operating temperature is decreased, the heater power consumption is decrease (Jang
et al. 2021).

The ideal cell behavior is shown in Fig. 7.

At room temperature and pressure, water decomposition starts at the
thermoneutral voltage of 1.48 V. As the cell current increases, the hydrogen pro-
duction increases. The Faraday efficiency is typically circa 1 as current density is
increased towards the nominal current density of the electrolyzer, bat the Faraday
efficiency may considerably drop if low current density occurs.
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The voltage efficiency 1, of a water electrolyzer is given by:

U
= Ucell

The voltage efficiency is often used as an indicator of the energy efficiency of water
electrolyzers. However, even if the voltage efficiency represents the electrical losses
in the cell or cell stack, it does not consider the possible stray current flow or gas
crossovers over the anode and cathode compartments. The Faraday efficiency, or
current efficiency, ng is experimentally quantified as the ratio of the ideal hydrogen
production rate to the actual hydrogen output from the electrolytic cell (or stack). To
include both the voltage and Faraday efficiencies in a single quantity, the definition-
specific energy consumption should be used to assess the energy efficiency of a
water electrolysis process:

131
/ I stack Ustack dt )
0

1
/ mp,dt
0

where Ej is the specific energy consumption, I, is the stack current, Ugy is the
stack voltage, m g is the hydrogen gas mass flow rate, and t; is the inspected time
span. The specific energy consumption describes the amount of energy consumed to
produce a mass unit of hydrogen gas. The energy efficiency of a water electrolysis
process can be calculated from:

E,=
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_ HHVj,
ne="f

where HHVy; is the higher heating value of hydrogen (39.4 kWh/kg or 3.54 kWh/
Nm?).

Alternatively, the lower heating value of hydrogen (LHV) can be used as a
reference (33.3 kWh/kg or 3.00 kWh/Nm3). The difference between the LHV and
HHYV is the latent heat of condensation. Typically, the HHV value is used as the
reference for water electrolysis processes because liquid water is usually supplied to
the process, in the case of alkaline and PEMEL water electrolyzers and the energy
required for evaporation of water must be considered. The specific energy consump-
tion of the water electrolysis process is further affected by the Faraday efficiency,
which is non-linear with respect to the current density.

The selection between the currently commercially widely available alkaline and
PEMEL technologies will set requirements for the required system components;
alkaline technology needs a supply of liquid electrolyte, its controlled circulation,
and separation from product gases. Furthermore, alkaline electrolyzer stacks are
typically limited in their construction because of the liquid electrolyte supply and
gas-liquid transport, which has made 200-300 V the typical stack voltage for
industrial electrolyzers. The PEMEL technology avoids the construction limitations
of the alkaline stacks, but the requirement for high electric currents (to produce more
gases) and the exclusively bipolar construction of PEMEL stacks still sets the stack
DC currents relatively high compared with the stack DC voltage.

PEMEL water electrolyzers achieve voltage efficiencies comparable to that at
higher current densities, in other words, they have lower cell impedances. Therefore,
smaller variations in the instantaneous supply voltage cause greater fluctuations in
the supplied current for PEMEL cells. Instantaneous high current density variation
may have an adverse impact on cell degradation, for this reason it could be necessary
to limit the current slew rate. Cell degradation increases the cell voltage over time,
and the increased electrolyzer voltage resulting from degradation should be consid-
ered in the system design and operation (Siracusano et al. 2018).

Operating conditions, mainly cell temperature and pressure, affect the reversible
voltage and impedance of the electrolytic cell, and have an impact on the system
efficiency. Increasing the cell temperature is generally beneficial to the cell voltage
efficiency, but selected materials will limit the temperature. The cell reversible
voltage is also affected by anode and cathode compartment pressures. The resulting
change in voltage efficiency from an increase in pressure is comparable with the
ideal isothermal compression of hydrogen gas. However, if the surrounding system,
such as post-electrolysis synthesis processes or gaseous storage of hydrogen gas,
requires elevated pressures, PEMEL electrolyzers may opt to operate at a differential
pressure and output only hydrogen gas at an elevated pressure, while alkaline
electrolyzers are limited to balanced pressure operation. In the PEMEL water
electrolysis, the change in hydrogen outlet pressure from 20 to 40 bar may result
in unchanged electrical energy consumption (Koponen et al. 2017). However, an
increase in pressure may compromise the control range of the electrolyzer and its
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Table 1 Electrolysis cells properties

Technology AEC PEMEL SOEC
Electrolyte KOH NAFION YSZ

Cathode Ni, Ni-Mo alloys Pt, Pt-Pd Ni, YSZ
Anode Ni, Ni-Co alloys RuO,, IrO, LSM/YZS
Current density (A/cmz) 0.2-04 0.6-2 0.3-2

Cell voltage (V) 1.8-2.4 1.8-2.2 0.7-1.5
Voltage efficiency (%) 62-82 67-82 ~100

Cell area (m?) <4 <0.3 <0.01
Operating temperature (°C) 60-80 50-80 650-1000
Operating pressure (bar) <30 <200 <25
Production rate (m3/h) <760 <40 <40

Stack energy (kWh/m>) 4.2-5.9 4.2-55 >3.2

Lifetime (h) <90,000 <60,000 <10,000
Maturity Mature Commercial Demonstration
Capital cost (euro/kW) <1200 <2300 >2000

specific energy consumption as the gas crossover rate is increased. Furthermore,
operating the water electrolyzer in non-optimal conditions may risk the lifetime of
the electrolytic cells.

As a matter of fact, the summarized properties of the described systems are listed
in Table 1 (Schmidt et al. 2017).

Water supply and water purification are required to guarantee the normal opera-
tion of the water electrolysis process and to preserve the lifetime of the electrolytic
cells. In the alkaline water electrolysis, water is consumed from the liquid electrolyte
solution, whose concentration must be maintained by an inlet of deionized water.
Meanwhile, the PEMEL water electrolysis is electrolysis of deionized water. The
conductivity of the inlet water affects the operation of the electrolytic cell, its energy
efficiency and ageing, and the presence of alkaline electrolyte decreases the gas
solubility, which has an impact on the gas crossover (Haug et al. 2017).

Under alkaline conditions, the HER becomes more complex with respect to acidic
media because it is directly dependent on the oxygen evolution reaction (OER) at the
anode, which affects HER dynamics by supplying protons to the cathode through the
deprotonization of hydroxide ions (OH ). The HER pathways in alkaline media
have been described in Chap. 1.

The HER mechanism in neutral and alkaline solution as shown in Fig. 8.

HER’s primary reaction step is the Volmer reaction or the release reaction in
which the beginning of electron transfer is carried out. At first, the H+ (H30+)
combines with an electron to form H* deposited/adsorbed on the electrode surface.
The adsorbed H* is then removed/desorbed by two paths to form H,. The first
desorption step follows the Heyrovsky mechanism reaction in which the H* atom in
an adsorbed state merges with a free H+/e— couple form H,. The second desorption
step follows the Tafel reaction mechanism in which two adsorbed H* combine to
produce H,.
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Fig. 8 HER mechanism in Volmer reaction
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High Tafel slopes indicate the Volmer reaction as the rate-determining step,
which includes the adsorption of hydrogen on catalyst surface under low H cover-
age. It can also be seen that HER electrode kinetics changes in distinctive solution in
which different solution can lead to follow a distinctive process of electron transfer,
which successively forms catalytic mechanism differently. Consequently, a catalytic
mechanism should be discussed concerning a specific solution.

Oxygen evolution reaction (OER) is the second half-reaction in the electrochem-
ical water splitting process that occurs at the anode and requires four-electron
transfer. Generally, OER processes involve incredibly high overpotential compared
to HER. OER is recognized as the primary congestion in recovering the overall
energy efficiency of the water electrolysis process. There are three intermediate
products (O*, OH*, OOH*) in the OER reaction mechanism. Therefore, the pro-
duction of oxygen followed two different routes in acidic or alkaline solution. The
OER reaction mechanism is quite similar in other pH solutions. The change is that
OH- is absent in acidic solution. Thus, M reacts with H;O to produce MOH.
Afterwards, MOH constantly encounter electron transfer to form MO. The MO
and O, can be made by two different processes in which the first approach led to
combine two MO to form O, directly, and the second approach is to let O,
continuously react with MO to produce MOOH, and later it reacts with MOOH to
form O,. At different pH of the solution showed similar OER mechanism and the
distinction is that OH— is not present in acidic solution. Therefore, M reacts with
H,O to produce MOH. Consequently, the MOH continues to experience the transfer
of electrons to form MO. After the formation of MO, O, can be formed in the
solution by two different paths. One approach is the decomposition of MO to form
O, directly, and the second approach is to let H,O or OH- further react with MO to
produce MOOH. MOOH decomposes to form O,, as shown in Fig. 9.
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Fig. 9 The oxygen evolution reaction (OER) mechanism in acidic solution (purple line) and
alkaline solution in (yellow line)

According to the Sabatier principle, the adsorption is excessively weaker to have
adsorption. However, adsorption is strong to cause desorption, and only a catalyst
with moderate binding capability is suitable. As a result of this process, it can be
presumed that when the adsorption bonding on O and the catalysts is excessively
weak, the formation of OH* does not readily form OOH*. The catalyst’s perfor-
mance can only reach the peak when the combined bonding capacity of O with the
catalysts is un under moderate conditions.

In electrolysis, the direct current power supply is utilized by sustainable energy
sources such as wind, solar and biomass energy. However, only 4% hydrogen has
been achieved from the water electrolysis method due to economic challenges and
expensive constituents (electrocatalysts) of the overall process. Soon, it is expected
to increase these expenses due to more renewable resource usage. The decomposi-
tion reaction has a specific energy requirement in the context of temperature and
pressure of the water. The minimum requirement of water decomposition voltage as
a function of temperature and pressure is defined by Gibbs free energy:

AG=AH —-TAS

where AG is the Gibbs free energy for water formation, AH is the enthalpy change
for water formation and AS is the entropy changes for water formation.

The equilibrium cell voltage E.q is determined by the Gibbs free energy as
shown in:

AG= —nFE,,
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where, n is the number of moles of electron transferred, F is Faraday’s constant, and
E.q is the equilibrium voltage. Considering water dissociation, n, the number of
moles of electron transfer in the reaction is 2e¢ ™, and the value of F is 96,485 C/mol.
At the standard temperature (25 °C) and pressure (1 atm) condition, AG is 274.2 kJ/
mol and E.; = 1.23 V and the current efficiency is 100%. However, the slow kinetics
of HER and OER at the cathode and anode, respectively, of the electrolytic cell
required high overpotentials to produce significant current densities. As a result, the
energy consumption of commercial water electrolysis is 1.5-2.5 times higher than
the theoretical energy consumption. Besides that, inadequate energy efficiency,
conventional water electrolysis also has the consequence of the generation of
explosive O,/H, gas mixture. Moreover, the challenges to using noble metal-based
electrocatalysts required to catalyze the HER and OER in standard water electrolysis
process. It resulted in huge cost for hydrogen production and hindered the commer-
cial production at a large scale.

After water slitting, the two gases go through a series of conditioning stages as
shown in Fig. 10.

For the hydrogen gas, it must be eliminated all the traces of electrolyte, water and
oxygen.
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Fig. 10 AEM schematic flow
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3 Catalytic Reactions
3.1 HER Catalysts

The main problem related to water splitting is the high electricity consumption due to
polarization taking place at the electrodes surface leading to increased electrolysis
voltage (Wang et al. 2021). Hence, the development of low-cost, highly efficient,
and stable HER electrocatalysts for large-scale and eco-friendly production of
hydrogen is fundamental.

Both OER and HER catalytic processes are necessary to enhance water electrol-
ysis efficiency, and they should be improved kinetically. Currently, precious metals
are considered the most prominent electrocatalysts. However, the main challenge is
that the precious catalysts are rare on earth and shown high cost hindered the
technology’s extensive application. The advancement in water electrolysis catalysts
is insufficient. However, a research development has been made to decrease the use
of precious metals by adapting numerous techniques such as changing the material
composition and structures via substitution of precious metals with non-precious
metal-based catalysts.

Several transition metals compounds have been used in alkaline water electrolysis
(AWE) such as Fe, Mn, Co and Ni-based, including their oxides have been com-
prehensively explored in the past several years to replace precious metals
electrocatalysts for HER and OER half-cell reactions in electrochemical water
electrolysis process. Several processes have been carried out to enhance OER and
HER catalytic performance, such as escalating electrical conductivity, improved
stability and bimetallic compounds conductivity, and synergetic effect using hybrid
compounds using combined inherently combined carbon with chemically sensitive
metal compounds (Zhang et al. 2021).

As described in Chap. 1, HER can divided into two main parts: the formation of
H* (Volmer step) and the generation of H, (Heyrovsky step or Tafel step). So, given
the overall reaction:

2H,0 +2¢~ —Hy;+ OH™
the various steps are described by:
HO+e —H +OH~ (Volmer)
HO+e +H"—H,+ OH (Heyrowsky)
H"+H"—H, (Tafel)

That in alkaline media requires an additional step of water pre-dissociation, which
would probably introduce an energy barrier that may affect the reaction rate, with the
formation of H* on the catalyst surface, there are two possibilities: one possibility is
the Heyrovsky reaction, in which the adsorbed hydrogen atom combines with an
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electron transferred from the electrode surface and a proton from the electrolyte to
form a hydrogen molecule; the other is the Tafel reaction, in which two (adjacent)
adsorbed hydrogen atoms combine to form a hydrogen molecule. The possible rate
controlling step(s) can be determined simply by the Tafel slope value of the
polarization curves.

Now, in alkaline solution, HER is high sluggish because of high water dissoci-
ation energy barriers and strong metal-OH,q, interactions.

Pt is the most efficient electrocatalyst thanks to its high adsorption properties. As
a summary, the Pt activity for Volmer-Heyrowsky and for Volmer-Tafel routes is
shown in Fig. 11.

Ru is cheaper than P, for this reason, Pt-Ru alloys are employed in alkaline water
electrolysis. Also, the crystal structure can influence the catalytic behavior. As a
matter of fact, in the case of Pt-Ru, an improvement in the apparent activity is
recorded by employing a core shell structure due to the weak binding of hydrogen
and optimal interaction with the hydroxyl species during the reaction. So, further
developments led to the design of nanoparticles immersed in cheaper matrixes. An



3 Catalytic Reactions 219

extreme solution is represented by single atom dispersion leading to the maximum
efficiency. As a matter of fact, atomic layer deposition allows to increase by more
that 30 times the catalytic activity of platinum. It is clear how other precious metals
can be employed as catalysts even if their stability represents a core problem.

Carbon-based structures are very electrolytically active in many conversion
reactions such as HER, OER and ORR (Dai 2017). As a main difference with respect
to metals we should underline carbon resistance to corrosion attacks in all the
employed media. The main employed structures are in activated nanotubes,
graphene and fullerene. Heteroatom doping is demonstrated to be the most efficient
way to increase the catalytic activity of carbon. For alkaline electrolysis, N, S, P and
B are considered the best dopant materials. With heteroatoms incorporated into the
carbon lattice, the surface-state-density (DOS) peak of the adjacent C atoms would
shift toward the Fermi level, resulting in promoted bonding between the valence
band of the hybrid orbital of adjacent C atoms and the orbital of H, and thus reduce
the free energy of the reaction process. In general, co-doping with more than one
specie results more efficient. As a matter of fact, the doped N and P species could
coactivate the adjacent C atom in the graphene matrix by affecting its valence orbital
energy levels to synergistically induce enhanced reactivity toward the HER. As a
result, the dual-doped graphene shows higher electrocatalytic HER activity than the
single-doped ones. As a summary, a lot of research works are focused on the
improvement of the electrocatalytic performance of metal-free carbon-based mate-
rials (Hu and Dai 2016). However, although the heteroatom-doped carbon or
defected carbon exhibits higher activity than the conventional carbon materials,
most of the reported ones are inferior to the metal-based ones due to the relatively
low catalytic activity of carbon. Therefore, to take full advantage of the heteroatom-
doped carbon materials, the development of stable non-precious metal/carbon-based
composite electrocatalysts should be a rewarding research direction for achieving
efficient HER.

Transition metals as well as their oxides, carbides and sulfides are very effective
to substitute precious metals as catalysts due to low cost and high availability. The
chemical basic is represented by the fact that metal sulfide clusters with five
permanent ligands in a distorted octahedral ligation shell have been proven to be
the active sites for the HER. The integration of metal sulfides with conductive
substrates is a promising method to obtain HER electrocatalysts with high activity
and excellent conductivity, that could ensure mass as well as electron transfer at the
same time during the HER process. A relevant tendency is represented by the
constructions of hybrid electrocatalysts coupling the action of carbon doped mate-
rials and transition metals compounds. Furthermore, it is demonstrated that the
introduction of more than one type of transition metals compounds has much better
electrochemical performance than of the pure ones, possibly due to synergistic
effects.
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Fig. 12 General OER mechanism in alkaline media
3.2 OER Catalysts

As the main difference with HER, much higher overpotentials are required to drive
the OER because of the sluggish four electron-proton-coupled path which leads to
greater energy loss. To obtain a high-performance OER catalyst, great efforts have
been devoted to evaluating the OER activity of various kinds of materials, including
metal oxides (e.g., noble metal oxides, perovskite oxides, spinel oxides), metal
hydroxides, metal chalcogenides (sulfides, selenides, or tellurides), metal pnictides
(phosphides and nitrides), organometallics (metal coordination complexes), and
non-metal materials. And also in this case, transition metals employment is shown
up as an efficient and cheap solution for anode electrocatalysts design.

On the other hand, metal sulfides, phosphides, selenides, and nitrides also have
been demonstrated as promising electrocatalytic materials for the OER in terms of
high activity and long-term durability. However, when these materials are applied in
the OER, there could be phase transformations.

Due to the complexity of the 4¢~ OER process and the gradual evolution of active
sites, it is difficult to propose an explicit mechanism. Nonetheless, based on research
works, a general OER mechanism has been proposed as displayed in Fig. 12.

First, a hydroxyl radical is adsorbed on the active center (M) to generate M—OH
through le™ oxidation. Then, the coupling of proton and electron between M—OH
and hydroxyl anion (OH ") gives the M—O intermediate. There are two possibilities
that could follow: one is the combination of two M—O to produce O, directly; the
other is M—O being attacked by OH ™, and with le™ oxidation, there is the formation
of M—OOH that reacts with OH™ to give O, and the regeneration of the active center.
Although there is no consensus on the OER mechanism, it is reckoned that the
bonding between the M—O and the active center has substantial effect on the activity
of catalysts.
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Fig. 13 Perovskite
structure

Iridium and Rutile oxides are usually considered as state-of-the-art OER
electrocatalysts because of their high initial activity, but the deactivation and high
cost severely hinder actual commercial application. Therefore, some smart strate-
gies, such as alloying treatment, surface structure regulation, and stress strain
engineering, are deployed to enhance their intrinsic activity and durability. When
an Ir crystal lattice is doped with a transition metal such as Cu, Fe, Co, or Ni, the
electronic structure of Ir may be distorted, leading to the optimization of bonding
strength between the intermediate(s) and the alloy catalyst.

Perovskite oxides have a general formula of ABOj;. The transition metal
(b) occupies the center of the octahedron, and the adjacent octahedrons connect
with one another by sharing the corner, and the alkaline metal and/or rare-earth metal
(a) gains access to the free space to complete the whole framework (Fig. 13).

OER activity of perovskite materials is related to the strength of B-OH bonding,
which is regulated by the electron population of 6* band. The research results led to
suggestions made for the design of high-performance electrocatalysts: eg electrons
should have access to unity, i.e., a near-unity occupancy of the eg orbital of surface
transition metal ions and robust covalent interaction between transition metals and O
atoms is beneficial for the OER.

A’B’,04 is the generalized formula of spinel oxides whose structure is illustrated
in Fig. 14.

There are two kinds of units in the spinel framework, namely, octahedral (Oh) and
tetrahedral (Td), that define the (A, + Td)(B; + Oh),0,4 and (A, + Oh)(B; + Td)
(B3 + Oh)O, configurations. Looking into the perovskites, there is a different d-band
splitting model (Td: egt2g; Oh: t2geg) because of the two different coordination
environments in the spinel oxides. With low-cost, moderate conductivity, and
stability in electrolytes, spinel oxides are considered as promising catalysts for the
OER.

Unique layered and electronic structure of metal hydroxides has important impact
in the OER field. However, the inferior intrinsic activity of active sites and the poor
conductivity induce a sluggish OER process.
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Fig. 14 Spinel oxides
crystal structure

Metal chalcogenides and pnictides are emerging OER catalysts which have
attracted vast attention. Usually there is transformation from the initial phase to
metal oxyhydroxide on the surfaces of these materials upon the OER. These
materials (metal sulfides, phosphides, selenides, and nitrides) also show excellent
HER activity, indicating they are promising bifunctional electrocatalysts to catalyze
overall water splitting. It has been verified that the properties of an electrocatalyst
can be improved by combining the electrocatalytically active material with a con-
ductive substrate.

The organometallics with defined geometric and electronic structures are usually
identified as ideal molecular compounds to investigate the active sites and mecha-
nisms of the OER.

As low-cost OER catalysts, non-metal materials have received considerable
attention. Carbon-based materials with good electroconductivity and chemical sta-
bility in acid and alkaline electrolytes have also been identified as promising OER
electrocatalysts. As a matter of fact, the oxidized carbon nanotubes showed the OER
activity comparable to those of certain metal-based materials.

3.3 Cell Components

A cell for alkaline water electrolysis is composed of an external power source, an
anode, a cathode, a conductor (current collector), a separator, and an electrolyte. The
energy required for the overall process is provide by an external power source. The
conductor, also called current collector, is used to support the catalyst and to ensure
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Fig. 15 Alkaline water electrolysis cell schematic

electrical contact of the supported catalysts to the electrodes and to compensate their
weak in-plane conductivity. Various porous and electron conducting materials, such
as carbon or metal foams, fleeces, or sintered bodies can be used as current
collectors. The prime requirement for a current collector is conductivity (Fig. 15).

Typically, the electric conductivities of metals are above 10* Scm ™', which are
more than four orders of magnitude higher than the ionic conductivities of electro-
Iytes. In other words, the Ohmic drops in the current collectors have minor contri-
butions to the overall Ohmic drop in electrolysis cells. The electrolyte provides the
ionic conductivity between the electrodes as well as within the porous structures of
the electrodes. The main function of the separator is to separate the generated oxygen
and hydrogen evolved in the anodic and cathodic compartments. Besides the anode/
cathode catalysts, electrolytes and separators are also critical components for water
splitting. Ionic conductivity between the electrodes and within the porous structures
of catalysts is provided by the electrolytes. Hence, the criteria of a suitable electro-
lyte are high ionic conductivity and non-corrosive to electrodes. In this regard, alkali
(potassium or sodium hydroxide) solutions are the common commercial electrolytes
for alkaline water electrolysis systems because they are more conductive than the
other alkali metal bases (with respect to equal molarities) and unreactive to elec-
trodes, hence, avoiding large corrosion loss.
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During the process, hydrogen ions are forced toward the cathode and here
reduced to molecular hydrogen. On the other hand, hydroxide ions move toward
the anode and here oxidized to molecular oxygen. The porous separator is employed
to avoid H,-O, mixing. The adopted porous separator should be filled with the liquid
electrolyte to enable ionic conduction between the electrodes, simultaneously pro-
viding ionic conductivity and ensuring the separation of the gases. The main
properties of the alkaline water electrolysis separators are: high porosity and wetta-
bility; small dimensions of the pores in order to avoid the bubbles penetration that
leads to a permeability reduction; high pores volume in order to improve ionic
conductivity; high electrical resistance in order to avoid parasitic currents between
the electrodes; thin dimensions in order to reduce the Ohmic losses; good ductility
and good mechanical stability; electrical stability and corrosion resistance in the
alkaline solution.

Now Zirfon is the most prominent material for separators (Lavorante et al. 2015).
It is a composite material of zirconia and polysulfone. Endowed with the flexibility
of the polymer together with the stiffness and wettability of ceramic zirconia, Zirfon
is high performing and stable for alkaline water electrolysis. So, the separator made
of Zirfon is highly stable in concentrated KOH solutions even at elevated
temperatures.

As before mentioned, overpotential significantly affects the output performance
of a water electrolysis cell system. To obtain high-energy conversion efficiency, one
of the most critical issues is to effectively reduce the overpotential.

To increase the cell efficiency, some crucial factors must be taken into account
like the working voltage, that is directly related to the energy consumption. As the
voltage increases at the same current level, hydrogen production efficiency
increases; the current density, that is directly related to the hydrogen production
rate. High current density means higher production efficiency even if an increase in
bubbles production contributes to overpotential. So, a compromise between hydro-
gen production rate and bubbles formation must be reached (Zhou et al. 2018).

The temperature for alkaline water electrolysis is below 90 °C. High temperature
leads to fast water consumption even if is accompanied by faster separator
damaging.

The pressure increasing leads to a reduction of bubbles dimensions with the result
of reduction of Ohmic losses.

The type and concentration of the electrolyte is fundamental because it is directly
related to the cell resistance. The conductivity can be improved with appropriate
additives.
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4 Ni-Based Alloys Catalytic Performances

As mentioned above, in alkaline media the HER can evolve through the Volmer step
water dissociation:

H,O+M+e” << M—H, +OH™
followed by either the formation of the reactive intermediate Had, Heyrovsky step:

H,O+M+e <~ MH,4 +OH"™
H,O+MH 4s+e¢” < Hy+M-+OH™

or the Tafel recombination step:

H,O+M+e™ < MH. 4+ OH™
MH—CldS—f—MHadS — H2 +2M

Ni-based materials show high catalytic performances in alkaline media (Zeng and
Zhang 2014). Obviously, many combinations such as NiCo,0, have been explored
to improve the electrodes reactivity. Basically, with high cobalt contents (over 40%)
the Volmer reaction is the controlling step of the hydrogen evolution reaction,
promoting the Ni-H,q4, species formation. Co-Ni-Fe electrodes show that the con-
trolling reaction mechanism is via Volmer and then Tafel paths, where a Heyrosky
stages was favored. The electrocatalytic activity depends on operating temperature
and on the iron percentage. NiCoZn alloys show excellent corrosion resistance, but
the formation of a passive layer leads to a decrease in the catalytic activity for the
hydrogen evolution reaction. This problem can be solved by adding small quantities
of noble metals during the electrodes production (mainly via electrodeposition).

The stability of electrodes is improved in the case of Ni-Mo alloys. This stability
is due to the formation of an intermetallic compound (NizMo).

Ni-Ti alloys show that the catalytic activity increases as the titanium content
increases. For this system, it was found that the HER takes place via the Volmer-
Heyrowsky mechanism.

Ni-Cu alloys present good stability, good oxidation resistance and good electrical
conductivity.

The formation of amorphous alloys contributes to develop larger specific area
materials compared to nickel alloys. For example, Ni-S-Mn based alloy showed an
improved performance and better stability for the Hydrogen evolution reaction. The
catalytic activity of Ni-S compound decays due to leaching induced by the presence
of sulfur.
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5 Influence of Process Conditions on Gas Purity in Alkaline
Water Electrolysis

Gas purity is an important criterion of alkaline water electrolysis (Jang et al. 2021).
The produced hydrogen typically has a purity higher than 99.9 vol.% (without
additional purification), at the contrary the gas purity of oxygen is in the range of
99.0-99.5 vol.%. As both product gases can form explosive mixtures in the range of
approximately 4-96 vol.% of foreign gas contamination, technical safety limits for
an emergency shutdown of the whole electrolyzer system are at a level of 2 vol.%.
Therefore, the product gas impurity needs to be below this limit during operation to
ensure continuous production. The current densities are in the range from 0.05 to
0.7 Acm 2 and the system pressures range from 1 to 20 bar.

While the gas impurities with separated electrolyte cycles are below 0.7 vol.% for
all tested current densities and pressure levels, mixing of the electrolyte cycles
increases the gas impurity significantly. In addition, two similarities can be seen:
the gas impurity lowers with increasing current density and increases at higher
pressure levels. Both effects are physically explainable: while the contamination
flux stays constant with varying current densities, the amount of produced gas
becomes lower in a linear relationship. Hence, at a higher current density, the
contamination is more diluted than at a lower current density. Therefore, the
operation in the part-load range is more critical due to the higher gas impurity.

The amount of dissolved product gas increases with pressure; thus, high concen-
tration gradients for the diffusion through the separator material are available, and
more dissolved foreign gas reaches the other half-cell when mixing. However,
operation at slightly elevated pressures is favorable, as the costly first mechanical
compression level can be avoided by the direct compression inside the electrolyzer
system. With mixed electrolyte cycles, the gas impurity reaches critical values even
at higher current densities during pressurized operation. While at atmospheric
pressure, the gas impurity is only at a current density of 0.05 Acm 2 slightly
above the safety limit of 2 vol.% H, in O,, this limit is already reached at
0.5 Acm™? for a system pressure of 10 bar. At 20 bar, no sufficient gas purity
could be measured, as even a current density of 0.7 Acm ™2 results in a gas impurity
of 2.5 vol.%.

Precise knowledge of the resulting gas purity is important to prevent safety
shutdown when the electrolyzer is dynamically operated using a renewable energy
source. Not only the cell voltage of an electrolyzer but also the purity of the gaseous
products is of major interest as limits of operation range of the plant. In literature the
acceptable part-load operation of an industrial alkaline water electrolyzer is typically
given with 10-40% of the nominal load.

Below this working range the oxygen quality is significantly reduced through
contamination of hydrogen and vice versa. One source of this contamination is the
diffusion of the product gases through the separator. This led to a gas quality
degradation, but also to an electrolyzer’s electrical efficiency decrease due to the
reaction between oxygen and hydrogen (at the cathode) forming back the water. The
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second source of contamination is the dissolution of gas in the electrolyte. After
saturation with corresponding gas, dissolved gas is able to outgas in the opposite gas
separator because the anolyte and catholyte cycle are continuously mixed to com-
pensate the difference in electrolyte concentration caused by the electrode reactions.

This operation mode may lead to safety issues as the lower (LEL) and upper
explosion limits (UEL) of H,/O, mixtures are given with 3.8 mol % and 95.4 mol %
H, at atmospheric pressure and 80 °C. Consequently, industrial electrolyzers must be
shut down as soon as a content of 2 vol% foreign gas is measured in the exhaust,
which is about 50% of LEL or UEL. The contamination of the product gases is
important when the electrolyzer is operated at low current densities and therefore
low gas production rates because the mentioned phenomena are mostly independent
of the electrolyzer load. When the electrolyzer is part of a power-to-gas plant and
coupled with a renewable energy source an operation in the part-load region is
conceivable.

It was reported that the daily operation of an alkaline electrolyzer powered with
solar energy was mainly restricted by the oxygen purity at low global insolation and
the resulting low current density. To reduce the anodic hydrogen content a possibil-
ity is represented by a Pt-catalyzed combustion of hydrogen and oxygen back to
water by a gas recombiner. Another option is an optimized lye circulation control to
keep the gas impurities low. Unfortunately, only the qualitative description of this
effect was described; the quantitative influence of the electrolyte flow rate on the gas
purity was not published. Further work was done to measure the anodic hydrogen
content at specific electrolyte temperatures and flow rates with different separators.

The gas crossover in alkaline water electrolysis is mainly caused by two phe-
nomena: gas dissolution in the electrolyte and diffusion through the separator.

The solubility of gases in electrolyte solutions needs to be known for gas-liquid
transfer estimations. Unfortunately, data for the solubility of hydrogen and oxygen in
concentrated potassium hydroxide solution under electrolysis conditions is scarce.
Most published papers only provide values for the solubility at room temperature or
slightly above.

To estimate the amounts of dissolved gases under electrolysis conditions we
propose a method for calculation. It is well known that gas solubility mostly
decreases with increasing salt concentration. This behavior can be described by
applying the Setchenov relation, which is suitable for electrolyte concentrations of
about cs = 2 mol L™' — 5 mol L™'. At even higher salt concentrations the gas
solubility may be underestimated:

log (?) =Kc;

The variables c;, ¢;s and cy describe the gas solubility in pure water, in the salt
solution and the molar concentration of the salt solution, respectively. The parameter
K is the so called Setchenov constant. It is specific to the dissolved gas and the salt
and slightly dependent on temperature:
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Table 2 Model parameters. The hT,i value for H2 and O2 is valid from 273 to 353 K, while the
value for N2 is valid from 278 to 345 K

Ton h; (m*kmol 1) Gas hg.i.o (m’kmol 1) hr; (m*kmol )
Na* 0.1143 H, —0.0218 —0.000299
K* 0.0922 0, 0 —0.000334
OH™ 0.0838 N, —0.001 —0.000605

Table 3 Model parameters for Henry coefficients of H2, O2 and N2 in pure H20

Gas A B C D E

H, —0.1233 —0.1366 0.02155 —0.2368 0.8249

0O, —0.0005943 —0.1470 —0.0512 —0.1076 0.8447

N, —0.1021 —0.1482 —0.019 —0.03741 0.8510
K=" (hi+hg)ni

The parameter h; is a salt specific constant; hg ; takes into account the dissolved gas;
n; denotes the index of the ion in the formula of the salt, which is simply multiplied
with the sum of the salt and gas specific constant. For K* and OH ™ n; is unity for
both ions. The temperature dependence of the gas-specific constant hg ; is assumed
to be a linear function of the temperature in the range from 273 to 363 K:

hgi=hgio + hri(T —298.15K)

The necessary parameter values for the calculation of O,, H, and N, solubility in
concentrated NaOH or KOH are given in Table 2.

For calculation of the solubility in pure water c; o the empirical relationship by is
proposed, which relates the Henry coefficient of the gases H; (in atm) with the
temperature T (in K) of the solvent. Its validity is given in the temperature range
from 273 to 647 K:

AlogH,)? +B<%>2 + C(logHy) (%) + D(log(H)))E + (%) —1=0

This equation is only applicable if H; is inserted as H; = H;-10~* and 1/T = 1/T-10°.
The needed constants are given in Table 3

The calculation of the gas solubility in pure water is then performed with the
following equation which considers the solvent density p, the molar mass M and the
partial pressure of the gas p; above the solvent:

o= b
= M 101325 PaH;
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The usually applied electrolyte in alkaline water electrolysis is a 30 wt% KOH
solution, which corresponds to a molar concentration of about 6.9 mol L™". If a
typical electrolysis temperature of about 80 °C and atmospheric pressure
Pabs = puz = 101,325 Pa is assumed we provide a H2 concentration of
cH2,0 = 0.753 mol m~? in pure water and cyrxon = 0.155 mol m~> in 6.9
mol L™! KOH, respectively.

Figure 16 shows a comparison of measured and modelled gas solubilities as a
function of the potassium hydroxide concentration.

As already mentioned, the hydrogen concentration is overestimated by the model
and reveals a solubility increase with growing temperature although a decreasing
saturation concentration was measured. The oxygen concentration is underestimated
in the low temperature region but can be predicted with good accuracy, especially at
higher temperature.

The separator in an electrochemical cell has two main functions: it is necessary to
prevent any short circuits between the electrodes and to avoid the mixing of
hydrogen and oxygen. Therefore, the separator needs to be stable in the highly
alkaline conditions of an alkaline electrolyzer. Furthermore, the separator should be
very conductive for the transport of OH™ ions between anode and cathode, so that
low voltage drops are caused.

The conductivity of a separator depends on its porosity and tortuosity as the
current passes through the liquid electrolyte present in the pores. The gases dissolved
in the electrolyte can diffuse through the pores of the separator and contaminate the
evolved gas of the opposite half-cell. A small reduction of the diffusion through the
separator can be achieved by higher electrolyte flow rates, which increase the
nucleation growth rate of the gas bubbles. It’s largely demonstrated that the electro-
Iyte is supersaturated with either oxygen or hydrogen in the vicinity of the electrode.

In case of a zero-gap cell setup this supersaturation should be responsible for the
concentration gradient for gas diffusion across the separator. The gas crossover
through separator is commonly described using Fick’s law:
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DiJ,eﬁ ( cat ano
G —¢
dSep

J icross —

If the assumption is made that only dissolved gas can crossover and no pressure
gradient is present, J; .o describes the overall molar flux density through the
separator. In Equation c; denotes the cathodic and anodic concentration of dissolved
gas i, whereas dse, is the separator thickness and D; j .¢ the effective gas diffusion
coefficient in the separator. As the separator is filled with electrolyte the diffusion
coefficients D; ; of the gases in the lye need to be known for the calculation of the
effective diffusion coefficient.

These diffusion coefficients make it possible to estimate the effective diffusion
coefficient in the separator in analogy to the diffusion in porous media or mem-
branes. The formula is commonly given as:

€D,‘J‘
T

Dijey =

Here, € and T describe the separator porosity and tortuosity, respectively.

6 Conclusions

Alkaline water electrolysis combined with renewable energy can be integrated into
the distributed energy system by producing hydrogen for end use and as an energy
storage media. Compared to the other major methods for hydrogen production,
alkaline water electrolysis is simple but currently less efficient. The challenges for
widespread use of water electrolysis are also the durability and safety.

These disadvantages require further research and development effort.

This chapter has examined the fundamentals of the water electrolysis and com-
pared the performance of various water electrolysis designs as well as introduced
several emergent water electrolysis technologies.

Based on the thermodynamic and kinetic analyses of the alkaline water electrol-
ysis, several resistances hindering the efficiency of the alkaline water electrolysis
process have been identified. These include resistances due to bubbles, reaction
activation energy, ionic transfer, and electrical resistances in the circuit. The bubble
resistance is suggested to be reduced by electrode modification and electrolyte
additives. Reaction overpotential can be optimized by electrode material selection
and preparation. Also, transport-related resistances such as bubble resistance and
electrolyte resistance can be reduced by improving mass transport such as bubble
elimination by electrolyte circulation. By identifying the resistances causing extra
energy losses, this study opens the opportunities to minimize the energy input
especially at high current density.
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Practical considerations of industrial electrochemical engineering and
electrolyser development led to the conclusion that the alkaline water electrolysis
is still a better means for hydrogen production. Further R&D efforts to improve the
efficiency are needed to widespread the application of the alkaline water electrolysis
like developing electrocatalysts to significantly reduce electrochemical reaction
resistance, electrolyte additives to facilitate the electron transfer and ionic transfer
and to reduce electrode surface tension, electrode surface profile modifications and
surface coatings, and more importantly, managing the gas bubble resistances.
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Proton Exchange Membrane Water ®)
Electrolysis sy

1 Introduction

The polymer electrolyte membrane, also known as proton exchange membrane or
solid polymer electrolyte (SPE) membrane electrolysis uses a perfluoro-sulfonic acid
polymer which selectively allows the conduction of protons through it, while
separating the produced gasses and electrically insulating the electrodes (Bessarabov
et al. 2015).

The reactant liquid water is fed to the anode catalyst with an applied voltage over
the cell. The supplied water is oxidized to oxygen, protons and electrons. This anode
half reaction is called the oxygen evolution reaction (OER).

The protons are transported through the proton exchange membrane to the
cathode side, while the electrons are transported through the external circuit to the
cathode, where they recombine with the protons to produce gaseous hydrogen
(Millet et al. 2011).

The PEM electrolysis process is a low temperature technology as it operates best
at temperature between 20 °C and below the boiling point of water, typically at 80 °
C. The kinetics of the electrode reaction is enhanced by increasing the temperature,
but at temperatures close to the boiling point of water, the components of the PEM
electrolysis cell become unstable (Grigoriev et al. 2010). Nafion® which is com-
monly used as the polymer electrolyte for example starts to lose its mechanical
stability at such temperatures and the metal components become susceptible to
electrochemical corrosion. State-of-the-art PEM electrolysis cells operate typically
at current densities of 0.5-2.5 Acm >, achieving corresponding cell voltage of
1.7-2.1 V.

Typical operating pressures range from atmospheric up to 5 MPa, with dry
hydrogen production efficiency of up to 99.99%. Higher pressure operating systems
up to 20 MPa are however, being considered to reduce the balance of plant cost,
especially in applications where the hydrogen is stored under pressure (Grigoriev
et al. 2011).
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Although the alkaline water electrolysis is the more established technology, PEM
water electrolysis has some distinct advantages over its older counterpart, such as:

* PEM electrolysis cells can operate at much higher current densities, thereby,
reducing

* the hydrogen production costs.

» The cell design is much simpler and compact, since only pure water is fed into
the cell.

* Because of its low thermal mass, PEM electrolysis cells can respond much
quickly to power in-put, which makes it more suitable for use with a wide
range of power sources.

* The thin polymer electrolyte membrane allows for shorter pathway for proton
transport, thus lowering the ohmic losses.

* Gas purity from the PEM electrolysis is much higher because of low gas
crossover and no mixture of gasses with liquid electrolyte, as is with the
alkaline cell.

» The compactness of the PEM cell makes it suitable for high pressure operations,
to reduce system and hydrogen production costs.

Despite these advantages, there are as well certain drawbacks facing PEM water
electrolysis, compared with other water electrolysis technologies.

The membrane electrode assembly (MEA) consisting of the membrane and
electrodes is at the center of the cell, symmetrically separating it into two equal
compartments; the anode (oxygen production) and the cathode (hydrogen produc-
tion) compartments (Ito et al. 2011).

The MEA is made up of the proton conducting membrane, PEM, sandwiched
between the anode and the cathode electrodes. The membrane is only proton
conducting while the electrodes are electron conducting. The MEA has three
major functions:

1. enable the transfer of protons from the anode to the cathode side;

2. prevent the crossover of produced gasses from one compartment to the other,
hence ensuring the production of high purity gases;

3. provide electrical isolation.

Typically, Perfluoro-sulfonic acid (PFSA) such as Nafion® from DuPont is the
proton conducting membrane used in PEM water electrolysis. A good membrane
must have high proton conductivity and low gas permeability.

The electrodes consist of a mixture of porous catalysts and ionomer of the
membrane and it is where the electrochemical reactions occur. Precious metals are
typically used as catalysts to give to electrodes the ability to conduct both electrons
and protons. In state-of-the-art MEAs, the electrodes are directly coated on the
membrane and they have catalyst loading of 1-2 mg/cm? on the anode and ~1 mg/
cm? on the cathode (Burdzik et al. 2018).

In a PEM water electrolysis cell or stack, the bipolar plate is an electrically
conducting sheet that physically separates adjacent cells while at the same time
electrically connecting them. It is called a “bipolar” plate because it serves as the
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anode in the one cell and as the cathode of the adjacent cell (Langemann et al. 2015).
Hence, the use of the term “bipolar plate” becomes ambiguous in a single cell since
its bipolar function becomes redundant. In a single cell the plate serves only the
function of water distribution and gas removal, so it is usually referred to as the end
plate (not to be confused with the component, end plate described below which in
this case is traditionally called the pressure plate). To reliably serve the functions for
which it is designed, the bipolar plates have to demonstrate high electrical conduc-
tivity, high mechanical and electrochemical stability and impermeability to gasses.
For this reason, the use of stable metals such as titanium is common in PEM water
electrolysis (Bystron et al. 2018).

The end plate is one of the main components of a PEM electrolyzer. Conven-
tionally, stack (cell) components are assembled between two end plates, which serve
as a supporting structure for the unit cells. Therefore, the end plate bears the entire
mechanical load applied on the stack (cell) through clamping bolts and provides
passage for reactant water and product gasses in and out of the stack (cell) respec-
tively. The major role of the end plate is to provide a uniform and optimal pressure
distribution between various components of the stack (cell). Through the distribution
of pressure between sealing rings and relevant stack (cell) components (external
stack), water and gas tightness of the stack is achieved. By the distribution of contact
pressure between the bipolar plates and current collectors, as well as between the
current collectors and the MEA (internal stack), contact resistance between them can
be reduced, and as a result improved performance and efficiency of the electrolyser
stack (cell).

Non-uniformly distributed contact pressure in the internal stack (cell) may result
in a non-uniform current density and heat distribution which may cause hot spots
formation and ultimately lead to the failure of the MEA. Therefore, the end plate
design also has a direct effect on the lifetime of an electrolysis stack (cell). While
large mechanical pressure through the end plates is necessary for tightness and
contact resistance minimization of the stack, over-compressing of the stack may
result in the damage of stack components. Excess compression affects the porosity
and permeability of the porous transport layer (PTL), and consequently, mass
transport in the PTL and the catalyst layer (Nouri-Khorasani et al. 2017). Excess
compression may also lead to failure of the sealing rings or fracture of other stack
components if their design tolerances were not tightly chosen. As a result, the
clamping pressure applied on the end plates and the design of the end plate must
be optimized to achieve the requirement for low contact resistance while avoiding
mass transport limitation and failure or fracture of some major components.

The porous transport layer is also sometimes referred to as current collector. In the
PEM electrolysis cell, it is placed between the bipolar (end) plate and the MEA in
both the anode and the cathode half cells. The function of the porous transport layer
is two-fold:

1. To transport electrical current from the bipolar (end) plate and uniformly distrib-
ute it to the active layer (electrode surface) where the water splitting reaction
occurs;
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2. Transport of produced gasses from the electrodes to the flow channels of the
bipolar (end plates) to be evacuated from the cell at the manifolds.

It is therefore, primordial that the PTL has a high electrical conductivity and gas
permeability, high mechanical and electrochemical stability (corrosion), good sur-
face smoothness, as well as optimal porosity and microstructure to be able to perform
its functions. Although large pores will facilitate the transport of water to and
removal of gases away from the active area, this will also lead to an increase in
the resistance of electrical current transport through the PTL and compromise the
interfacial contact between the PTL and the electrode and the PTL and the bipolar
plate. An optimization of the surface property, porosity, and microstructure of the
PTL is therefore critical.

Despite the many advantages that the PEM water electrolysis technology enjoys
over other water electrolysis technologies, it still has to overcome certain challenges
in order for the technology to be commercially viable. The current trend in research
and development efforts in PEM water electrolysis is geared towards attaining
targets that are set to address these challenges.

The lifetime issues of a PEM water electrolyzer can be categorized under
durability and reliability concerns. Durability issues may lead to: reduction in cell
performance, which can be caused by many factors such as, increase in ohmic
resistance when cations released from a corroded metal component blocks the
electrochemical active area; low purity of produced gasses which can be a result
of gas crossover due to membrane thinning. These two effects reduce the energetic
and faradaic efficiency of PEM water electrolysis. While these durability issues may
not immediately cause the shut-down of the electrolyzer, continuous degradation
may eventually lead to reliability concerns (Frensch et al. 2019).

Unlike durability issues, reliability issues of a PEM electrolyzer are those that will
lead to the immediate shut down of the plant, such as safety and component failure.
Safety issues typically arise when the gas-cross permeation is so high that the
hydrogen content in the anode half-cell surpasses the tolerable 5% threshold to
form explosive hydrogen — oxygen gas mixture.

Component failures are mostly mechanical and the cell component most vulner-
able to failure is the thin MEA, as it can easily get punctured. The metal components
such as the bipolar plate and the PTLs (current collectors) are also susceptible to
mechanical failure due to embrittlement when exposed to hydrogen for long periods
and at high pressures.

The voltage efficiency is the ratio of the thermo-neutral voltage to the actual cell
polarization at given operating conditions. Hence, the efficiency is compromised
because of the buildup of irreversible degradation effects within the cell, viz;
activation and ohmic overvoltage, as well as overpotentials due to mass transport.
Therefore, to improve the voltage efficiency, research trend is focused on:

1. Highly reactive electrocatalysts with high exchange current densities;
2. Thinner membranes with high proton conductivities;
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3. Metallic bipolar plates and PTLs with low resistivity (sometimes, coated with
inert metals);

4. Mitigating the mass transport overpotential by optimizing the PTL (Schmidt et al.
2020).

2 Proton Exchange Membrane Water Electrolysis

PEMEL water electrolyzers are categorized into acidic PEMELs and alkaline
PEMELs, but only the acidic PEM variant is widely commercially available
(Schalenbach et al. 2016). From this point on, the designation ‘PEMEL water
electrolysis’ refers to the commercial, traditional acidic PEMEL variant, and the
alkaline PEMEL is referred to as anion exchange membrane (AEM) water
electrolysis.

Given the overall water electrolysis reaction:

2H,0 —2H, + O,
The reactions at the two electrodes in acidic media are:

2H" +2¢~ — H, Qcathode

H,O—2H" + %02 +2¢~  @anode

while in alkaline or neutral media:
2H,0 +2¢~ —H, +20H~ Qcathode

20H  — H,0 + %02 +2e¢~ @Qanode

The PEMEL water electrolysis employs a solid polymer (sulphonated
fluoropolymers) electrolyte that is a thin (250 pm thickness) proton-exchange
membrane. The schematic of the process is given in Fig. 1

Water is supplied to the anode, where water is first decomposed with a sufficient
electric potential to oxygen gas. H* protons pass through the polymer membrane,
and at the cathode combine with electrons to form hydrogen gas. Iridium and
platinum are employed as catalyst at anode and cathode respectively. The current
collector is made of titanium to increase the lifetime of the cell (Carmo et al. 2013).

Even though the thermodynamic potential for water electrolysis is 1.23 V, the
kinetics of the reaction restricts the reaction to happen at this potential. An extra
potential called over potential must be applied for the reaction to occur (Fig. 2).
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Fig. 2 Schematic of redox reaction of water
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The over potential depends on the catalytic material used. i.e. electrocatalyst has
to be chosen in such a way to give low over potential. Both hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) requires catalyst for the
respective reaction to occur.

Since HER is faster than OER, most of the over-potential loss in PEM
electrolyzer occurs on the anode side.

2.1 Hydrogen Evolution Reaction

Hydrogen evolution/oxidation is one of the most studied electrochemical reactions.
Hydrogen evolution reaction is kinetically feasible reaction compared to OER.
The suitable catalyst for HER is also derived based on the bond strength between the
catalyst and chemisorbed H (S-H).
HER takes place at the cathode, in acidic media the evolution follows the
equations:

H" +x+e” —Huy (Volmer reaction)
H' + Hyys +e~ —Hy +% (Heyrovsky reaction)
2H 4 — H, (Tafel reaction)

Here, H,4 designates the hydrogen atoms adsorbed on the electrode surface; H': the
hydrated proton; H,: the hydrogen molecule; e™: the electron.

HER is a classical two electrons process and can evolve through the Volmer-
Heyrovsky or the Volmer-Tafel path. The HER reaction only has one catalytic
intermediate H* (where H* denotes a hydrogen atom adsorbed at the electrode
surface). Consequently, the rate of the overall reaction is largely determined by the
free energy of hydrogen adsorption. Volmer reaction is the limiting step in the case
of weak hydrogen binding on the surface. In the case of strong binding, Heyrovsky-
Tafel reaction is the limiting step. As a matter of fact, there is an optimum in the
hydrogen adsorption energy. It is possible to calculate the three reactions rates as a
function of the electrode potential Egyg:

v = KE)(1 - 0) exp(_ o Bsir _ﬂ“G”)

RT

(1 *a)FESHE + (1 7/3)AGH
RT

va=K3[H)(6n) exp (aFESHE + (1-9)aGy )

V—lzkofl(gH)exp

1 —a)FEsyg — PAG
V2k02pH2(19H)eXp(( ) I?;E 4 H>
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o2

2BAG
V_3 :k()73(1 70H)2p1"12 exp< ﬂRT H>

where Oy is the coverage of the adsorbed hydrogen; AGy is the free energy of
adsorbed hydrogen atoms.

k% k% k.°, k ,° the positive and inverse rate constants of the equilibrium
potentials for reactions 1 and 2; F: Faraday constant; R: Boltzmann constant; T:
temperature; o: the corresponding transfer coefficient of a Butler-Volmer-type
kinetic for the electrochemical steps and p: variations in the rate constant of the
Brgnsted-Evans-Polanyi coefficient.

The total current density of a Volmer-Heyrovsky (VH) mechanism can be
calculated as:

RT

14+ (kO[H+]) exp (FEsHL+AGH) + i% CXp(

. 2FkO[H+] exp ( — aFEsup+(1 *ﬁ)AGH)

j=

#)

and Volmer-Tafel (VT) mechanism is calculated as:

exp ((1 —I/;;AGH)

- 72Fkg K FEsue+AG
1+ gy exp (Lt A0)

2

When the rates for these reactions are expressed as a function of the reversible
hydrogen electrode (Egyg), the following shows the expression for the VH mecha-
nism and VT mechanism:

ZFkg [H] l—a exp ( — aFERHEIJer](_l 7/3)4(;”)

1+ k| exp(EErctan) 4

i exp(4%)

exo (04

(FERHE+AGH)

2

= —2Fk]

1+ *‘exp

These relationships describe a volcano behavior of the current as a function of the
binding energy of hydrogen (Fig. 3).

If AGy is too positive, the H,y45 bonds strongly with the electrode surface, making
the initial Volmer step easy, but the subsequent Tafel/Heyrovsky reaction cannot
proceed. In reverse, if AGy is too negative, H,qs has a weak interaction with the
electrode surface, resulting in an inhibited Volmer reaction. The expressions for the
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Fig. 4 Potential free energy surfaces for the two-step reactions

VT mechanism and VH mechanism show that: the rate-determining step is indepen-
dent on AGy; AGy is a constant independent of coverage; and the acid/base feature
(the charged nature) of the intermediates featuring in so many pathways relevant to
molecular catalysts is what makes these pathways so sensitive to solution pH (Liu
et al. 2022).

So, it is necessary to optimize the free energy to increase the catalysis potential;
anyway, this issue is complex because of the different steps through which the
reaction can evolve.

By considering Fig. 4, this is the case in which AGy > 0.

In all the cases, the rate-determining step (RDS) needs to overcome the highest
reaction energy. Considering the VH mechanism, we have two energy landscapes:
(a) ko >> k; and (b) k; >> k». So, v; is as the rate-determining step in the former
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case, and v, is the RDS in the latter. Following the classical chemical kinetics, it is
necessary to work on step one for the latter and on step 2 for the former. Anyway, the
best way is to decrease the energy of the intermediate state (green arrow); but, this is
thermodynamically unfavorable and is known as “thermodynamic bottleneck.” The
rate-determining step is the “kinetic bottleneck”.

The “model” can be simplified when the strategy is applied to decrease the
thermodynamic bottleneck rather than the kinetic bottleneck. The classic way is to
obtain the equilibrium potentials or, equivalently, the equilibrium constants,
corresponding to each reaction step. For the Volmer-Heyrovsky mechanism, the
suitably defined “standard” equilibrium potentials are showed in:

e AGH
= =1
e AGH
E2q

If the free energy is positive, reaction 1 is thermodynamically unfavorable. So, a
minimum potential corresponding to E;°d must be applied to allow the occurring of
the reaction.

Now, to estimate the HER catalytic performance, it is fundamental to evaluate the
total electrode activity. A general formula to evaluate the catalytic current density is
given by:

Where j is the catalytic current density L%} ; Lis the catalytic current [A]; 1) is the

electrode

overpotential [V]; A is the electrode active area cmfleclmde; S is the number of active
surface sites; n is the number of transferred electrons (2); F: Faraday constant; N is
Avogadro’s number; TOF, in the turnover frequency of the sites; TOF is the average

turnover frequency of all sites.

2.2 Oxygen Evolution Reaction

The oxygen evolution reaction (OER) is a counter electrode reaction occurring in
electrolyzers (Mayousse et al. 2011). The OER is more challenging because the OER
is a four electron-proton reaction way, while the HER is a two electron-transfer
reaction, and, consequently, the OER requires a higher energy (higher overpotential)
to overcome the kinetic barrier of the OER to occur. In the OER reaction process, it
requires the distribution of four redox processes over a narrow potential range, the
coupling of multiple protons and electron transfers, and the formation of two
oxygen-oxygen bonds.
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Electrocatalytic kinetics are fundamentally related to the charge transfer during
the reactions, in a general way:

O+ne <R

So, the reactions kinetics are favored by catalysts that easily allow the adsorption of
reactant on the electrode surface. Generally, the OER activity of the catalysts are
measured through overpotential, exchange current density, and Tafel slope. Their
analysis provides information about the mechanisms of electrochemical reactions
(Kaya and Demir 2017).

First of all, the overpotential is the crucial factor describing the OER perfor-
mances of the electrocatalysts. As previously mentioned, the overpotential is higher
with respect to the equilibrium one because of the electrode kinetic barrier, so,
following the Nerst equation:

_po  RT Cp
E EO+nFInCR

E is the applied potential for driving a reaction carried out, E” is the formal potential
of the overall reaction, T refers to absolute temperature, R is the universal gas
constant, F is the Faraday constant, n is the number of transferred electrons in the
reaction, and Cq and Cy are the concentrations of oxidized and reduced reagents.
The overpotential will be:

n=E—E,

The other crucial factor is represented by the current density, for an electrocatalytic
reaction the total current is the sum of the anodic current:

. a,nFE
Ja =nFk,[CR] exp( aRT )
where k, and a, represent the rate constant of the anodic-half reaction and anodic
transfer coefficient and the cathodic current:

Jo =nFkc[C.]exp (a“nFE)

RT

where k. and o represents the rate constant of the cathodic-half reaction and
cathodic transfer coefficient. At equilibrium:

n=0—-E=E,
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the two currents are equal. The corresponding current is the exchange current (jo) at
an overpotential of 0 V. Then the exchange current density can be obtained by the
area of the electrode (A) and the exchange current:

jo exactly represents the intrinsic activity/charge transferring interactions between
the electrocatalyst and reactant. A high exchange current density is usually a good
parameter of being a good electrocatalyst for the OER reaction.

The main properties to be gained by catalysts are stability and good conductivity.
The electrical conductivity can be calculated as:

L
AR

o=

where 1 is the catalyst layer thickness, R is the catalyst electrical resistance and A is
the surface area of the electrode covered with catalyst. Now, OER is a four-electron
transformation, so, many intermediate species can form during the oxygen evolution.
In acidic media, given M as the active site, the first step will be:

M+ Hy,O—M—OHy +H 4+ ¢
The second step acts through a second electron transfer:
M—OH—>M—0u4+H" +e”
Then it is followed by a recombination step:
M—-OH+M—-0OH—-MO+M+ H,O
Then, the formation of oxygen on two active sites takes place:
2M — Oyqs —2M + O,

Depending on the employed catalyst and the electrical conditions, step one can
evolve through two sub-reactions:
M+H,0O—>M—-OH,, +H" + ¢~
M — OH,,, — M — OH 44,
M-OH, 4" and M-OH, 4 have the same chemical structure but different energy states.

This kind of evolution depends on the strength of adsorption of the intermediates and
on the composition of the oxide layer.
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Fig. 5 Elements employed as HER catalysts

2.3 Cell Components

The elements normally employed as electrocatalysts are underlined in Fig. 5.

Mainly catalysts can be divided into two main groups: those based on precious
metals, those based on non-noble elements (Ayers 2021). The main problems related
to the employment of non-noble metals compounds is the lower activity and
stability. The best performances are achieved through Pt-based electrocatalysts.
One way to reduce the Pt usage is its embedding in a matrix with nanoparticles
shapes. This reduces the Pt volume in the electrode and increases the activity of the
catalyst. Recently, an evolution of this design led to the employment of Pt-Ru
nanoparticles. Sometimes nanoparticles are doped with non-noble elements such
as Cu. In other solutions, Pt single atoms are embedded in different structures with
other elements to improve the overall activity (Fig. 6).

Iridium and Ruthenium are catalysts considered among the noble metals. They
have some advantages such as overpotential and reduced costs. By coupling with
other elements such as Si and by nano structuring, high hydrogen production
efficiency can be obtained. The schematic of HER in this solution is schematized
in Fig. 7.

Transition metal dichalcogenides (TMDs) with delamination properties have
extremely strong catalytic properties for electrochemical HER when diluted into a
separate sheet structure (Li et al. 2018). The layer is built with a transition metal atom
plus two chalcogens atoms. By varying the metal and the chalcogens, different
catalytic activities can be obtained.
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The transition metal phosphide (TMP) has proven to be effective for the hydro-
electric analysis of hydrogen and is a catalyst with high activity, high stability, and
near 100% Faraday efficiency for use in strong acids, strong bases, and neutral
electrolytes. Transition metal phosphide can be considered to dope P atoms into the
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crystal lattice of the transition metal. So far, only six different transition metals (Fe,
Co, Ni, Cu, Mo, W) have been found to be useful for the electrochemical hydrogen
evolution of TMP.

Metal carbides have platinum-like catalytic properties, which have greatly
encouraged researchers (Karimi and Peppley 2017). The catalytic performance of
metal carbides for the hydroelectric analysis of hydrogen depends on its surface
composition, which is directly related to the synthesis of the catalyst. Transition
metal nitrides have excellent physic-chemical properties. On the one hand, the
introduction of N atoms can modify the d-band of the metal and cause the d-band
shrinkage of the metal, which makes the transition metal nitride have a Pd-like,
Pt-like electronic structure; on the other hand, the atomic radius of the N atom is
small. It can be attached to the lattice gap, so that the metal atoms in the metal nitride
can be closely packed, which makes the metal nitride have excellent electronic
conductivity. The above good characteristics and high corrosion resistance make
metal nitride materials have wider application prospects than metals or metal alloys
(Bi et al. 2021).

About the oxygen evolution reaction, the precious metals are the most active
catalysts with an activity following this behavior:

Ru > Ir > Pd > Rh > Pt > Au

Since RuO, is not stable enough in acidic OER, it tends to cause a decrease in
activity, while IrO, has high stability in an acidic medium. Ir-Ru oxides show better
stability with respect to the simple oxides. Catalytic performance can be improved
by adding Ta, Mo, Nb, and Ti.

At present, the research on Cu metal alloys is also extensive, the addition of Cu
not only reduces the amount of noble metal, but also enhances the catalytic activity
by forming a uniform distribution of the nanocage structure and electronic structure.

The most used support materials are metal oxides, and most reported in the SnO,
groups and TiO,-based compounds. The oxides doping leads to improvements in the
conductivity. The combined morphology and porous structure together enhance the
OER performance of the catalyst. In addition to metal oxides, metal carbides have
also been reported as the OER carriers due to their high electrical conductivity and
stability.

Unlike conventional alkaline electrolyte water electrolysis, proton electrolyte
membrane (PEM) water electrolysis systems using high strength perfluoro-sulfonic
acid membranes as the electrolyte have greater energy efficiency, no pollution,
higher hydrogen production rate, and simpler design (Siracusano et al. 2017).

The water uptake by a Nafion membrane is exhibited in terms of weight percent
of water (w) and water content (A). The water uptake delivered as o is obtained via
the weight of the wet sample wy, and dry sample gyy:

Wyper — Wyry
w[%] _ wetwdry dry
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The amount of water molecules per sulfonic acid site can be represented by A. The
relationship between A and o is expressed as:

A=w

My,o

where EW is the equivalent weight and My, is the molar weight of water.

There are typically two proton conduction mechanisms in PEM: the vehicle
mechanism and the Grotthuss-type mechanism, which is also known as tectonic
diffusion. The foundation of the vehicle mechanism is the production of ionic
compounds consisting of the diffusion of protons and carrier molecules. Many
reports have shown that it occurs in acidic aqueous solutions and acidic polymer
environments. The mechanism of Grotthuss is that protons are transported from one
site to another in an environment without carriers; the activation energy of which
depends on the hydrogen bond discrete energy and the spacing between the sites.
These two proton conduction mechanisms are not independent and occur to some
extent at the same time. An experimental relationship allows for the calculation of
proton conductivity (x):

S 1 1
x L—m} — (0.0051391 — 0.00326) exp [1268 (% - Tﬂ
The relationship between the proton conductivity and temperature of Nafion mem-
branes is presented below:

Ey
K =Ko eXp (— ﬁ)

The membrane pre-treatment on the water absorption (A) and conductivity (k) of the
membrane is important for the application of fuel cells and electrolytes. The mem-
brane electrode assembly (MEA) of the PEM electrolyzers can be constructed in a
variety of forms.

Under an applied electric field, a proton and water molecules may traverse across
a PEM, and this can be called electro-osmosis. The number of water molecules
dragged by per H" is defined as the electro-osmotic drag coefficient, marked as ngyy,,
which depends on the water content in the membrane. When the membrane is fully
hydrated, the membrane temperature will become the only limiting condition for
Ngrae during its preparation process of chemical plating. The correlation can be
expressed as follows:

Ndrag =0.0134 - T 4 0.03

The MEA is key device for proton exchange membrane water electrolysis
(PEMWE), which is of a sandwich structure containing a solid electrolyte mem-
brane, catalyst layer (CL), and gas diffusion layer (GDL). As the place that the
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electrode reaction occurs, the structure of CL and GDL strongly affects reactant and
product transfer (gas-water two-phase flow), resistance, motion of proton and elec-
tron, as well as other relative processes involved in the electrode reaction. Conse-
quently, optimizing the structure of the MEA is always a key issue in enhancing the
performance of the MEA.

A single cell of PEMWE commonly consists of a MEA, GDL, current collector
(in some cases, GDL is also used as the current collector), sealant, bipolar plate,
endplate as well as other accessories, such as an insulator, compression plate, and so
on (Fig. 8).

Numerous materials are employed for manufacturing those sub-elements. For
example, carbon paper, titanium mesh, porous titanium, as well as porous nickel are
usually employed as the GDL and current collector. Graphite, stainless steel, and
titanium are used as the bipolar plate. Aluminum, stainless steel, titanium, and Delrin
are usually used as the endplate. The geometry of flow field strongly affects the
hydrodynamics inside the stack and insures distribution of water in each individual
cell. Homogeneous water distribution is important to obtain an equal lifetime of each
cell and stack performance. The stack must be compressed with an appropriate
pressure to make sure the cell sealed and to avoid gas leak, or MEA crack resulted
by lower or higher torque, as well as Ohmic losses due contact resistance decreases
the stack efficiency. The performance of the PEMWE is not only determined by the
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cell structure, but also depends on operating conditions. Many efforts confirmed that
efficiency increases with temperature mainly because of an enhanced electrochem-
ical reaction at higher temperature. In fact, the water flow rate does not play a
significant role in the performance of the PEMWE. However, if the flow rate of
water is too low, the stack temperature rises uncontrollably, and the appropriate
water flow rate is chosen for cooling purposes at an operating current density. A
high-pressure operation is potentially interesting for the direct storage of hydrogen in
pressurized vessels. Some applications require storage pressures up to several
hundred bars.

3 Gas Crossover

For both electrolysis technologies several possibilities exist, which cause hydrogen
crossover (Klose et al. 2020).

In general, these permeation routes can be divided into diffusive and convective
mass transfer mechanisms.

One of the possible crossover mechanisms is the diffusion of electrolysis products
across the membrane or separator into the opposite half-cell compartment for both
technologies. Usually, the products may diffuse through the solid and aqueous phase
of the separating unit. However, it is reported that diffusion through the solid phase
of a fully hydrated Nafion membrane is roughly one order of magnitude smaller
compared to its liquid phase. Similar information can be found for Zirfon™ as the
diffusion through the separator’s solid phase is also assumed to be negligible.
Additionally, the separator is further presumed to be impermeable for gas bubbles
at atmospheric pressure. Thus, it is comprehensible for both technologies that only
species that are dissolved in water or KOH solution are considered for diffusion
across the separating unit. This is done by application of Fick’s law in PEM and
alkaline water electrolysis:

Vil =D
sep

Here, Acy, represents the dissolved hydrogen concentration gradient across the
separating unit with the thickness 6.p, whereas Df,’j; denotes the effective diffusion
coefficient of hydrogen in the membrane or separator. The estimation of the effective
diffusion coefficient in polymer electrolyte membranes or porous media is typically
done by correction of the molecular diffusion coefficient in the aqueous solvent Dy,
with the porosity € and tortuosity t of the separating unit:
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In PEM electrolysis the concentration gradient across the membrane Acy, can be
estimated with the cathodic concentration of dissolved hydrogen ¢ as the anodic
hydrogen concentration ¢\’ is approximately zero. However, this assumption
becomes also applicable for AEL if the electrolyzer is operated with separated
electrolyte cycles:

~ cat ano
Acy, = ¢y, — ¢y,

Henry’s law states that a species’ dissolved concentration is directly proportional to
its partial pressure in the gas phase. Therefore, this approach can be applied for the
calculation of the cathodic dissolved hydrogen concentration. Within the following
Equation Sy, denotes the hydrogen solubility in the solvent, whereas the cathodic
hydrogen partial pressure is represented by pf!:

cat __ cat
i, = Su,P,

Data of the hydrogen solubility in pure water was published for atmospheric pressure
conditions. Further data for pressures ranging from 25 to 1000 atm can be found.
However, literature for the hydrogen solubility in concentrated potassium hydroxide
solution is scarce.

The cathodic hydrogen partial pressure can be obtained if it is assumed that the
cathodic oxygen partial pressure is negligible and that the hydrogen is saturated with
water vapor. Then the following Equation applies, where p* denotes the total
cathodic pressure:

cat __ cat __ cat
Py, =D Ph,0

The calculation of the water vapor pressure may be performed by application of the
Antoine equation with parameters for pure water.

Finally, the diffusional hydrogen flux across the separating unit can be described
with the following Equation:

cat

PH,
6sep

NiT =D Sy,

2

The product of the effective diffusion and solubility coefficient Df{,‘iS;q2 is frequently
provided in form of the permeability coefficient Ky, which is a classical material
property for separating units.

Convection represents another general cause of crossover, which can be divided
into several further mechanisms. Generally, convective mass transport is mathemat-
ically expressed by the following equation. There, vy, describes the velocity of
solvent (PEM: water, AEL: KOH solution) moving perpendicular to the separating
unit, whereas cH2 denotes the concentration of dissolved gas within the solvent:
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N;_;)znv = VsolvCH,

One possible reason for convective permeation is the transport of electrolyte and
dissolved species across the separating unit due to the presence of total pressure
gradients. For the mathematical description of this transport mechanism commonly
Darcy’s law is applied:

K A
Here, K., denotes the permeability of the separating unit, 1 is the dynamic viscosity
of the solvent, whereas Ap describes the absolute pressure difference between the
cathodic and anodic compartment. The concentration of dissolved hydrogen is again
estimated by the insertion of Henry’s law. The hydraulic permeability K., of porous
media such as membranes can be estimated by the Hagen-Poiseuille or Kozeny-
Carman equations:

ed”
32t

&3

Kina?(1—¢)

Ksep =

Ksep =

Here, € represents the porosity, d the pore diameter, T the tortuosity and a the specific
surface area of the separating unit, while Ky, denotes the Kozeny constant, which
depends on the porous media. For a rough estimation of the hydraulic permeability
Kep in this work the Hagen-Poiseuille equation is used. The necessary porosities and
pore diameters of both applied separating units are given within the setup section.

To make a worst case estimate the tortuosity is chosen to be T = 1.5 for both
systems. Considering that the permeability for the Nafion membrane and Zirfon™
separator are approximated to be 5 - 1072° m? and 2 - 10~ '® m?, respectively. These
estimates match literature data of both separating units quite well. For that reason,
AEL with a porous separator is theoretically more prone to convective permeation.
But it has to be noted that it is also more convenient to mix the electrolyte cycles at
identical pressure levels, which is also an important reason for balanced pressure
operation. However, if it is assumed that commonly applied back pressure control
valves can control the anodic and cathodic pressures with an accuracy of roughly
1%, it becomes comprehensible that a differential pressure across the separator may
be formed. Thus, it is conceivable that either dissolved hydrogen or oxygen could
convectively be transported into the opposite half-cell.

Despite that, literature suggests that no pressure-driven permeation is evident for
Nafion membranes. This allows the operation of PEM electrolyzers under asymmet-
rical pressure conditions. Here, the cathode is typically pressurized, whereas the
anodic cycle stays at atmospheric pressure, which can be favorable in terms of
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energy demand. However, if alternative membrane materials are applied, this oper-
ation mode may also promote a permeation flux as the resulting pressure-driven
water flow carries dissolved hydrogen into the anodic compartment.

A further possibility to cause convective permeation is the electro-osmotic drag.
Due to the electric field and the associated movement of ions, the electroneutral
solvent can be dragged with them across the separating unit. Hence, dissolved gas
may also be transported throug