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27. Electrochemical Hydrogen Production

Ting He, Mahaprasad Kar, Neal D. McDaniel, Bruce B. Randolph

The electrochemical–photoelectrochemical pro-
duction of hydrogen has been widely investigated
for decades, largely driven by the potential to re-
duce environmental impact, satisfy distributed
demand, and enhance public perception. As
an alternative to steam methane reforming for
hydrogen production, these approaches have
enjoyed renewed vigor over the last several
years. This chapter reviews recent progress in
low-temperature electrolysis, high-temperature
electrolysis, and photoelectrochemical techniques.
Perspectives are given on the electricity consump-
tion, carbon dioxide emission, costs of hydrogen
production, and competitive landscape in the fu-
ture hydrogen market.
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The modern hydrogen market is almost entirely satis-
fied by steam methane reforming (SMR). Originating
in the 1920s, hydrogen production by SMR involves the
well understood, thermally driven oxidation of methane
by steam, producing hydrogen gas and carbon dioxide.
Owing to the maturity of the field, the material and
energy efficiencies of SMR have been extensively op-
timized. In addition, SMR has a long track record of
reliable operation, which is of utmost importance to the
commodity industries that rely heavily on it for a steady
supply of hydrogen. The feedstock, methane, is cur-
rently in plentiful supply due in large part to recent
implementation of shale gas technology,making it diffi-
cult to envision competing with this inexpensive source
of both hydrogen and energy [27.1].

However, some key drawbacks must also be ac-
knowledged when considering SMR to supply hydro-
gen. Chief among these is the low cost-scaling factor
(� 0:7) of a conventional reformer [27.2]. Optimized
for refinery-scale production volumes, these reform-
ers scale up much more affordably than they scale
down. For distributed or small-scale applications, SMR
is a relatively expensive option. This problem is exac-
erbated by the necessity for operating at high temper-
atures (700�850 ıC) [27.3], requiring reliable material

performance and also significant fuel consumption for
process heat. Additionally, the hydrogen produced by
SMR is accompanied at� 20% volume by carbon diox-
ide and trace carbon monoxide. If the downstream,
hydrogen-consuming process requires pure hydrogen,
the product of an SMR must first be purified (con-
ventionally using a pressure-swing adsorber or amine-
based solvent) and cleaned up, and then delivered to
the consumer. Finally, SMR produces carbon diox-
ide both as part of the stoichiometric process and in
the generation of heat necessary to drive the reaction.
In a hypothetical economic environment that penal-
izes carbon dioxide emission, SMR-derived hydrogen
could be significantly disadvantaged relative to low-
carbon, competing technologies. Electrolysis of water
may prove to be a viable alternative to SMR in spe-
cific applications. First, most methods of electrochemi-
cal hydrogen production have cost-scaling factors that
are closer to unity (� 0:85) [27.4]. This may enable
them to compete fiscally against the conventional SMR
when production scale is small, for instance in neigh-
borhood or otherwise distributed production. Second,
electrolytic hydrogen production usually generates pure
hydrogen, requiring little or no downstream gas separa-
tion. The most anticipated impurity is water, which can
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be conveniently and inexpensively removed. Most elec-
trochemical hydrogen production methods are capable
of operating over a wide range of pressures, and water
can be removed from the products without necessitating
a pressure drop. Also, the oxygen byproduct of water
electrolysis, collected separately from the hydrogen, is
a useful co-product that can be sold for use in a variety
of industrial processes, such as welding, oxy-firing, and
chemical oxidation. Finally, electrolysis is not directly
accompanied by carbon dioxide. Because the vast ma-
jority of the power is being supplied electrically (a small
amount is thermal, but � 25% thermal energy in high-
temperature electrolysis (HTE)), electrolysis of water
potentially has a flexible carbon budget. It may be pow-
ered by conventional coal, emerging wind and/or solar,
or any intermediary power source. The carbon footprint
associated with hydrogen from electrolysis is due in
very large part to the carbon associated with electricity
generation.

The first instance of water electrolysis is credited
to an experiment performed by van Troostwijk and
Deiman in 1789, powered by an electrostatic genera-
tor [27.5, 6]. In 1800, Alessandro Volta invented the first
battery [27.7], allowing Nicholson and Carlisle to re-
peat the electrolysis of water 11 years after it was first
reported, this time powered by several batteries in se-
ries [27.8]. Michael Faraday, one of the founders of
electrochemistry, published in 1834 the laws of elec-
trolysis and popularized the terms anode, cathode, elec-
trode, and ion [27.9]. The first industrial electrolyzer
based on a filter-press design was presented in Zurich
in 1900 [27.10]. By 1902, there were more than 400 in-
dustrial water electrolyzers in operation. The increasing
demand for ammonia in the fertilizer industry contin-
ued to expand electrolyzer service into the 1920s and
1930s, at which time steam reforming was only just
starting to be commercialized. Norway and Canada
built numerous hydropower-based electrolysis plants
exceeding 100MW of installed power [27.11]. In 1939,
the first large-scale water electrolysis plant was built,
with a hydrogen generation capacity of 10 000Nm3=h.
Pressurized electrolysis was developed and patented by
Noeggerath in the early 1930s [27.12, 13]. In 1948,
Zdansky designed the first pressurized industrial elec-
trolyzer. Following Zdansky’s technology, a German
company called Lurgi produced and distributed high-
pressure electrolyzers (3 MPa) starting in 1951 [27.14].
Currently, there are five major commercial vendors
providing high-pressure alkaline electrolyzers: StatOil
(Norsk Hydro, Stavanger, Norway), Hydrogenics (Stu-
art, Mississauga, Canada), ELT, Teledyne (CA, USA),
and Avalence (CT, USA) [27.15].

A different methodology toward electrolysis was
unlocked in the development of solid electrolytes by

General Electric (CT, USA) as part of the space pro-
gram in 1966 [27.16]. This breakthrough gave birth to
the field of proton exchange membrane (PEM) or solid
polymer electrolysis. Sulfonated polystyrene and sub-
sequently Nafion, a sulfonated perfluorinated material
patented by DuPont [27.17], were developed for the
purpose with the latter prevailing in PEM research up
to the present day. Small-scale PEM water electrolyz-
ers were used for military and space applications in
the early 1970s. In 1987, the first 100 kW PEM elec-
trolyzer was built by BBC (now ABB). Currently, there
are a few manufacturers that offer commercial PEM
electrolyzers with hydrogen production rates as high as
30Nm3=h, namely Proton Energy Systems, StatOil, and
Hydrogenics.

HTE is most often accomplished by the use of
solid oxide-based electrolysis cells and stacks (SOEC).
SOEC technology emerged from the development of
solid oxide fuel cells (SOFC), with the idea that, rather
than utilizing a fuel to make electrical power, the re-
verse operation of using electrical power to produce
a fuel (H2) is possible. This process normally uses
steam as the feed, and performed at temperatures of
750�900 ıC. Pioneering work in this area dates back
to the late 1960s [27.18] in Germany and the United
States. In the 1980s, Doenitz and coworkers reported
results from the Hot Elly project [27.19] and Westing-
house researchers also published work with tubular cell
designs [27.20]. These early forays into SOEC technol-
ogy development waned due to a combination of lower
energy prices and technical challenges. However, in the
past decade, interest has renewed in this area, due to
significant technical progress using planar cells based
on SOFC technology [27.21].

HTE using SOECs provides several benefits over
low-temperature electrolysis technologies. high-tem-
perature operation requires decreased electricity con-
sumption. This lower electricity demand is offset by
higher heat demand required to maintain the high
temperature. However, when high-temperature heat is
available at low cost, HTE offers a favorable energy bal-
ance compared to low-temperature alternatives. Addi-
tionally, operating an electrolyzer at high temperatures
favors the reaction kinetics and therefore less noble
(less expensive) materials such as Ni and conductive
oxides can be used instead of Pt as electrocatalysts.

Recently, a new field of study has emerged in
which water electrolysis is powered by light. This is
a photoelectrochemical (PEC) process, originated from
Becquerel’s 1839 discovery that electrodes covered in
a layer of silver halide exhibit an electrical response to
illumination [27.22]. The first physical explanation for
this Becquerel effect is attributed to Brattain and Gar-
rett of Bell Labs, 1955. Studying germanium and silicon
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electrodes, Brattain and Garrett were able to elucidate
the underlying photovoltaic process behind the opera-
tion of PEC for the first time [27.23]. This work led into
the investigation of PEC for chemicals production and
power generation over the following decades [27.24].
Hydrogen production from the PEC decomposition of
water was first proposed in 1972 by Fujishima and
Honda who observed that the electrical component of
water electrolysis could be greatly reduced by the uti-
lization of ultraviolet light [27.25]. Since the time of
that finding, the pursuit of PEC hydrogen production
has grown into a vast body of research.

The water electrolysis technologies can be divided
into three distinct categories, based on commercial
availability. The first of these, referred to herein as low-
temperature electrolysis, is already commercial and is
the most mature of all the electrolysis categories. The
second, HTE, is approaching the crossroads of com-
mercialization, but challenges remain. The third of
these technologies, photoelectrolysis, is the youngest
and farthest from commercialization. This chapter re-
views the recent development of electrochemical hydro-
gen production technologies, particularly in these three
areas.

27.1 Theoretical Aspects of Electrochemical Hydrogen Production

Electrochemical energy conversion takes place from
electrical to chemical energy in electrolyzers, and from
chemical to electrical energy in power sources. The
consumption of electric power in the former case, and
the production of electric power in the latter, are pro-
portional to U � I, where U is the potential difference
(voltage) applied to or existing at the terminals of the
cell as current I flows across the cell. Generally, the
goal is to minimize U in electrolyzers and maximize U
in power sources, for a given I. The efficiency and rate
of energy conversion are governed by two controlling
factors: the first of these is the kinetics of chemical re-
actions occurring at the electrode–electrolyte interface,
and is subject to the activity of catalysts used. Situations
in which slow chemical reactions limit overall energy
conversion fall under the so-called Tafel regime. The
second controlling factor is the availability and mobility
of ionic species throughout the electrolyte. Scenarios in
which the slow transport of ions limits overall energy
conversion fall under the Ohmic regime. In the case
of photoelectrochemistry, overall energy conversion is
also affected by a third factor, namely the photovoltaic
efficiency of the electrode. The limitations and charac-
terization of these essential processes are discussed in
this section.

27.1.1 Thermodynamics
of Water Electrolyzers

Water electrolyzers convert electrical energy directly
into chemical fuels, namely hydrogen, by the decom-
position of water in acidic, basic, or neutral media.
An electric power source is connected to two elec-
trodes that are placed in water. Hydrogen evolves at
the cathode (the negatively charged electrode), and oxy-
gen is produced at the anode (the positively charged
electrode). The amount of hydrogen generated is pro-

portional to the total electrical charge conducted by
the solution, with two electrons yielding one molecule
of hydrogen in the ideal Faradaic case. The thermo-
dynamic efficiency of an electrolyzer depends on the
energy needed to overcome kinetic barriers, known as
overpotential, as well as the thermal energy required for
elevated temperature operations.

Every electrolyzer must contain two electrodes sep-
arated by an electrolyte and be connected to an external
power source (aside from photoelectrolysis). Ions flow
through the electrolyte from one electrode to the other,
and electrons travel through the external conducting
circuit, requiring electromotive force to drive the pro-
cess. For water electrolysis in acidic media (e.g., using
a PEM), a water oxidation reaction takes place at the
positively charged anode, generating oxygen gas and
giving electrons to the anode; whereas at the negatively
charged cathode, a reduction of protons occurs, forming
hydrogen gas and completing the external conducting
circuit. At the interface between the electrode and elec-
trolyte, the flow of current is continuous, but the identity
of the charge-carrying species changes from an electron
to a proton (HC). The half-cell reactions at anode and
cathode are

2H2O! O2 C 4HC C 4e� (anode) ; (27.1)

2HC C 2e� ! H2 (cathode) : (27.2)

Combining these half-cell reactions yields the overall
decomposition of water into oxygen and hydrogen

2H2O! 2H2 CO2 : (27.3)

For water electrolysis in alkaline media (either liquid
alkaline solution or a solid anion exchange membrane),
the corresponding half-cell reactions at the anode and



Part
E
|27.1

900 Part E Electrochemical Processes

cathode are

4OH� ! O2 C 2H2OC 4e� (anode) ; (27.4)

2H2OC 2e� ! H2 C 2OH� .cathode/ ; (27.5)

where hydroxide anions (OH�) are now the charge-
carrying species in the electrolyte. In the neutral case
where a solid oxide membrane is used as the electrolyte
(in HTE), the half-cell reactions at anode and cathode
can be described as

2O2� ! O2 C 4e� (anode) ; (27.6)

2H2OC 2e� ! H2 CO2� (cathode) : (27.7)

It should be noted that, in practice, the electrochemi-
cal reactions in water electrolysis are more complicated
than those described by the equations above. It is com-
monly agreed that each electrochemical reaction step
involves only one electron and each reaction above in-
volves multiple reaction steps and energy barriers.

The decomposition of water into hydrogen and oxy-
gen is not thermodynamically favorable at standard
temperature and pressure. The change of Gibbs free
energy for the reaction in (27.3) has an ideal standard
potential of �1:23V at 25 ıC, which means that the re-
actions cannot occur without providing the necessary
energy, usually supplied by an external electric power
source. The 1:23V is the minimum voltage needed to
perform the water electrolysis, with the hydrogen pro-
duction rates approaching zero. The actual cell voltage
is much higher than this equilibrium value due to var-
ious irreversible losses, known as overpotentials, and
depends on the hydrogen production rate as shown in
Fig. 27.1.

The efficiency of any energy conversion device is
defined as the ratio between useful energy output and
energy input. In the case of an electrolyzer, the use-
ful energy output is the enthalpy of hydrogen, that is,
hydrogen’s higher heating value (HHV) (WH2), and the
energy input is the electrical (Wel) and thermal energies
(Wth) used in electrolysis

�D �el�
1C �el

�th

� ; (27.8)

where �el DWH2=Wel is the electrical efficiency and
�th DWH2=Wth is the thermal contribution. If the
amount of thermal energy input is very small (low-
temperature electrolysis), the system efficiency is
equivalent to the electrical efficiency. However, for the
case of HTE, the thermal contribution term has to be
taken into account. If a Faradaic efficiency of 100%
is assumed for an electrolyzer operating at ambient

Electrolysis cell voltage

ESC ESA

ΔG° = 1.23 V

Electrode potential

log (I or ΔH2/Δt) 

Fig. 27.1 The relationship between the hydrogen produc-
tion rate and the overpotentials at the cathode and anode,
where ESC and ESA are the surface overpotentials on the
cathode and anode, respectively

conditions, the electrical efficiency can be defined as
1:482/U, where U is the voltage applied to the cell and
1:482 is the thermoneutral voltage of water electroly-
sis at ambient conditions. It is noted that the maximum
theoretical efficiency would be of no practical value,
since an electrolysis cell operating at theoretical effi-
ciency would generate negligible hydrogen.

Faraday’s law relates the rate of reaction to the ap-
plied current. It states that the rate of production of
a species is proportional to the current, and the to-
tal mass produced is proportional to the amount of
charge passed multiplied by the equivalent weight of
the species. For water electrolysis, Faraday’s law can
be written as

MH2.g=.As//D WI

nF
; (27.9)

where W is the formula weight of hydrogen
(2:0159 g=mol), I is total current (in A), n is the
number of electrons required to produce a molecule
of hydrogen (27.2), and F is the Faraday constant
(96 487C=mol). The behavior of electrochemical
systems is determined by the current density rather
than by the total current, which is the product of the
current density and the cross-sectional area (electrode
area). From (27.9), the hydrogen production rate will
be� 9 kg hydrogen per day for every ampere of current
(106Nm3 hydrogen (Nm2/Ad)).

The hydrogen production rate from water electroly-
sis (27.9) is based on the assumption that the Faradaic
efficiency for the cell is 100%. In the case of electrode
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or membrane corrosion, charges are consumed without
producing hydrogen, resulting in a lower Faradaic effi-
ciency (�F) and, hence, a lower system efficiency

�D �el�F�
1C �el

�th

� : (27.10)

Under high operating potential and in aqueous solution,
electrode corrosion can occur through a direct electri-
cal dissolution of the metals or by an oxide formation
and chemical dissolution of the oxide layers. The pref-
erence for one process over the others is a function
of cell voltage and solution pH. Due to the instabil-
ity of most metals and oxides at high electrochemical
potentials, electrode corrosion is a chief concern in low-
temperature electrolysis.

27.1.2 Chemical Kinetics at Electrodes

In electrochemical systems of practical importance,
including corrosion, it is critical to understand the pro-
cesses that occur at the electrode–electrolyte interface.
Electrochemical reactions at an electrode involve both
a transfer of electrical charge and a change in Gibbs free
energy. The rate of electrochemical reaction is deter-
mined by the speed at which the electrons are consumed
or released at the electrode surface, and is controlled by
an energy barrier that the charge must overcome in or-
der to transfer from a solid electrode to reactant species
or vice versa. The rate of reagent consumption is pro-
portional to their surface concentration. In the case of
hydrogen reduction, (27.2), the flux Jred (mol=.s cm2/)
for the forward reaction and the flux Jox for the back-
ward reaction can be described by

Jred D kred ŒHC�2 ; (27.11)

Jox D kox ŒH2� ; (27.12)

where kred and kox are the reduction and oxidation rate
coefficients that are functions of the Gibbs free en-
ergy, kD kBT=„ exp.��G=RT/, where kB and „ are
Boltzmann’s and Planck’s constants, and [HC] and [H2]
are the concentrations of the protons and hydrogen,
respectively. The net charge transferred q (C=mol) is
the difference between the electrons consumed and re-
leased

qD 2F
�
kredŒHC�2 � koxŒH2�

	
: (27.13)

At equilibrium, the net charge transferred is equal to
zero, although the reaction proceeds in both directions
simultaneously. Therefore, for water electrolysis, a po-
tential has to be applied to the hydrogen electrode
to force current to flow; and the potential difference

between the hydrogen and oxygen electrodes is the
driving force for the reactions shown in (27.1), (27.2),
and (27.4)–(27.7). This driving force is termed the sur-
face overpotential Es. The rate of the reaction can often
be related to the surface overpotential by

jD j0

�
exp

�
˛oxF

Es

RT

�
� exp

��˛redFEs

RT

��
;

(27.14)

where j0 is the exchange current density, analogous to
the rate constant used in chemical kinetics, and ˛ is
the transfer coefficient that is an additional parameter
relating to how an applied potential favors one direc-
tion of the reaction over the other. Equation 27.14 is
known as the Butler–Volmer equation, that is, a rela-
tionship between current and surface overpotential for
an electrode. From the Butler–Volmer equation, the sur-
face overpotential (Es) at a given current density can
be calculated, resulting in the overpotential plot shown
in Fig. 27.1. For small values of Es, the current den-
sity varies linearly with Es, whereas the current density
varies exponentially for large values of Es. By plotting
surface overpotential as a function of logarithm of cur-
rent density, the well-known Tafel plot can be created.

The Butler–Volmer equation (27.14) can also be
regarded as a result of cathodic and anodic reactions
taking place independently, each with an exponential
dependence on the corresponding surface overpoten-
tial. Generally speaking, the surface overpotential of
a particular electrode reaction is related to the elec-
trochemical potentials of reactants and products, for
example, the surface overpotential for the reaction in
(27.2) can be written as

Es D� .	ec;H2 � 2	ec;HC
� 2	ec;e�/

2F
; (27.15)

where 	ec;k is the electrochemical potential of the
species k consisting of chemical potential (	c;k) and
electrical potential (�) by 	ec;k D 	c;k C zkF�.

27.1.3 Transport in Electrolytes

The potential applied to an electrode creates a driving
force for reactions at the electrode. The potential differ-
ence across two electrodes also creates a driving force
for the flow of ionic species inside electrolyte. The driv-
ing force is the electric field (E), which is related to
the gradient of potential � by ED�r�. The current
density in electrolyte is the net flux of various charged
species

jD
X

zkFjk ; (27.16)
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where zk and jk are charge number and flux density
of the ionic species k, respectively. While electrons in
a conductor flow only in response to an electrical field,
ionic species in an electrolyte move in response to an
electric field (migration) and also in response to concen-
tration gradients (diffusion) as well as bulk fluid motion
(convection). The net flux of an ion is therefore the
sum of the migration, diffusion, and convection terms.
Very often, the transport of ionic species in electrolytes
and/or the removal of product gases from electrodes are
the rate-limiting processes.

The electric field, which creates a driving force for
the movement of ionic species, drives cations toward
the cathode and anions toward the anode, that is, cations
move in the direction opposite to the gradient in poten-
tial. The flux density of a species is given by

jk;mig D�zkukFŒck�r� ; (27.17)

where uk is the mobility and [ck] is the concentration
of the species k. Often, a transference number of an ion
is reported for ionic species in electrolyte, which is de-
fined as the fraction of the current that is carried by that
ion in a solution of uniform composition tk D zkFjk=J.
For the case that the transference number of the reacting

U

e–

O2

Sweep gas

H2

H2O

O2–

Fig. 27.2 Schematic of SOEC cell, with cathode on the left and an-
ode on the right

ion is less than unity, there will be fluxes of the other
ions in solution that will create a concentration gradi-
ent; this is particularly true for solution electrolytes.
These concentration gradients drive mass transport by
the process of diffusion, which occurs in addition to the
process of migration above. The diffusional transport is
a nonconvective flow that tends to equilibrate the con-
centrations in inhomogeneous nonequilibrium systems.
The flux density of the diffusion can be described by the
concentration gradient rŒck�

jk;dif D�DkrŒck� ; (27.18)

where Dk is the diffusion coefficient of the species k.
Equation (27.18) is incomplete for not specifying the
reference frame of transport and neglecting the cross
terms. The last one to be discussed is the convection
term. Convection is the bulk movement of a fluid. The
flux density of a species by convection is given by
(27.19), where v is the velocity of the bulk fluid

jk;con D Œck�v : (27.19)

Convection includes natural convection which is caused
by density gradient and forced convection caused by
mechanical stirring or a pressure gradient. The latter
is often used in practice to remove gases from elec-
trodes to avoid electrode poisoning and to serve as an
effective means to bring reactants to the electrode sur-
faces. However, in an electrically neutral solution, bulk
convection alone does not cause a net current except af-
fecting concentration profiles. Combining the migration
(in electrical units; (27.17)) and diffusion (in ther-
mal units; (27.18)) terms results in (27.20), where the
term 	c;kC zkF� is the electrochemical potential of the
species k (	ec;k)

jk D �DkŒck�

RT
r.	c;k C zkF�/ : (27.20)

Again, the interactions between ionic and electronic
fluxes have been neglected by assuming that the cross
coefficients in the matrix of the transport coefficients
take zero value. By using (27.20), one can calculate the
transport properties of charged species in electrolytes.

27.1.4 Temperature Effect

High-temperature steam electrolysis is most often ac-
complished with SOEC technology. At a very high
level, SOEC operation is simply the reverse of SOFC
operation. Instead of burning a fuel to provide electric-
ity, electricity is used to produce hydrogen and oxygen
from water splitting. A basic schematic of the process
is shown in Fig. 27.2.
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As in SOFC technology, there is a nonporous,
dense, gas-tight electrolyte, sandwiched between an an-
ode and a cathode. The electrolyte ideally has high
oxygen anion (O2�) conductivity, but low or no elec-
tronic conductivity. Both the anode and cathode are
usually porous and have mixed ionic and electronic con-
duction. This allows gas reactants into the reaction sites

and establish a triple-phase boundary (TPB), where gas
reactants, oxide ions, and electrons can react.

In SOEC mode, the cathode and anode reactions
for hydrogen and oxygen production, respectively, are
shown in (27.6) and (27.7). The overall water decompo-
sition reaction (27.3) is governed by the Nernst equation
(27.21), where �Go is the Gibbs energy at standard
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pressure and temperature, Px are partial pressures of the
gases, n is the number of electrons involved, and F is
Faraday’s constant

V D��Go

nF
�
�
RT

nF

�
ln

 �
P2
H2
PO2

	
P2
H2O

!
: (27.21)

At elevated temperatures, by taking into account the
thermal energy, the minimum energy input required for
water splitting is given by

�GD�H�T�S ; (27.22)

where �H and �S are the enthalpy and entropy for
the water splitting reaction, respectively. It can be seen
that the overall energy requirement decreases with in-
creasing temperature. There are three basic operating
regimes for SOEC: endothermic, exothermic, and ther-
moneutral [27.26] (Fig. 27.3). By virtue of electrical
current passing through the cell, heat is generated due
to internal resistances. When the electrical energy sup-
plied to the cell is equal to the reaction enthalpy, the
thermoneutral point is achieved, and this voltage is
termed the thermoneutral voltage (Utn)

Utn D �H

nF
: (27.23)

At the thermoneutral point, the gas outlet temperature is
equal to the steam inlet temperature, and the electricity-
to-hydrogen conversion efficiency is 100%. Entropy
required for water splitting matches the heat generated
by resistances and losses in the cell.

For the endothermic regime, the electrical potential
applied to the system is below Vtn. As a result, addi-
tional energy (in the form of heat) must be supplied to
maintain the desired temperature. Conversely, exother-
mic operations are those in which a potential greater
than Utn (energy input >�H) is supplied.

27.1.5 Photoelectrochemistry

Water electrolysis using solar energy occurs through
a PEC process, whereby a semiconductor–electrolyte
junction replaces the p–n junction of photovoltaic cell
for charge separation. When a neutral, doped semicon-

ductor is immersed in an electrolyte solution, its surface
becomes charged. For positively doped (p-type) materi-
als, equilibrium charge is reached when a small number
of electrons are injected from the electrolyte into the
easily accessible holes of the semiconductor’s valence
band, yielding a net negative charge in the solid. In con-
trast, the electrolyte removes a small number of easily
accessible electrons from the conduction band of nega-
tively doped (n-type) materials, leading to a net positive
charge in the solid.

Polarization of the electrolyte then occurs at the
surface of the electrode, resulting in band bend-
ing at the semiconductor–electrolyte interface in
Fig. 27.4 [27.27]. This Schottky barrier, generated by
bringing a doped semiconductor into contact with an
appropriate electrolyte, is capable of separating elec-
tron/hole exciton pairs as they are formed, and therefore
supplants the need for a solid-state p–n junction.

Under illumination, electrons begin to populate the
conduction band of p-type semiconductors; meanwhile
the number of holes in the valence band does not change
appreciably considering the large number of holes that
already existed under dark conditions. The converse is
true when photons are absorbed by an n-type mate-
rial: Accessible holes begin to appear in the valence
band, meanwhile the number of electrons in the con-
duction band is largely unaltered. For all these reasons,
p-type photoelectrodes thus exhibit a cathodic photore-
sponse (photocathodes) while n-type photoelectrodes
exhibit an anodic response (photoanodes), as depicted
in Fig. 27.4 [27.28].

For the water-splitting reaction, electrolyte pH is
a controlling parameter. The electron affinity of an
aqueous solution increases linearly with pH. For n-
type materials, the semiconductor–electrolyte Schottky
junction is therefore expected to be of greatest mag-
nitude under acidic conditions, and to diminish as
the pH increases. Meanwhile, the opposite behavior is
expected for p-type electrodes. For this reason, it is
important to note the reported conditions of operation
for each study; from a survey of the most outstanding
reports of PEC solar conversion efficiency for both pho-
tocathode [27.29] and photoanode [27.30], a minimal
Schottky barrier appears to be favored (alkaline condi-
tions are preferred for photoanodes, acidic conditions
for photocathodes).
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27.2 Electrochemical Hydrogen Production Methods

Three technologies define the scope of this chapter:
low temperature, high temperature, and photo-driven
electrolysis. Low-temperature electrolysis can be fur-
ther dissected into that which uses a liquid electrolyte
(usually referred to as alkaline electrolysis due to the
preferred use of strongly alkaline conditions) and that
which uses a solid, PEM electrolyte (usually referred
to as PEM or acidic electrolysis, due to the acidic na-
ture of the polymer membrane). HTE also operates
using a solid electrolyte membrane, though utilizing
very different materials for high-temperature compat-
ibility. Finally, in photoelectrolysis there is negligible
electrical power input, with the catch that the electrodes
must now be photoactive in addition to electrocatalytic.
Each of these practices faces a unique set of techni-
cal merits and challenges; the states of these fields are
herein discussed.

27.2.1 Low-Temperature Electrolysis

Alkaline Electrolysis
Industrial scale electrolyzers may be broadly classi-
fied into unipolar (tank type) electrolyzers and bipolar
(filter-press type) electrolyzers. In the tank-type elec-
trolyzers, each cell consists of anodes and cathodes that
are alternated and separated by diaphragms (Fig. 27.5).
The electrodes are electrically connected outside the
cell in parallel sets. This leads to a very simple design
that provides easy maintenance, even during opera-
tion [27.11].

In filter-press electrolyzers, the electrodes are bipo-
lar, with one face serving as an anode in one cell and
the other as a cathode in the next cell (Fig. 27.5). A sep-
arator (binder) is present between the two cells. Di-
aphragms are used to separate gas collection spaces. By
applying back pressure to the gas collection lines, filter-
press electrolyzers can be operated to generate hydrogen
and oxygen at pressures [27.14] For similar H2 produc-
tion rates, a filter-press electrolyzer is more compact and
lightweight than a tank type electrolyzer. Moreover, less
wiring is required as the current flows through the cells
that are connected in series, (Fig. 27.5) [27.31–34].

Table 27.1 Example operating parameters and performance data of different types of alkaline electrolyzers (after [27.31])

Tank type Filter press Advanced zero-gap
Operating temperature (ıC) 80�85 65�80 110
Operating pressure (atm) – 30 20
Current density (A/cm2) 0:04�0:06 0:07�0:3 0:85/1:7
Cell voltage (V) 1:90�2:40 – 1:78/1:99
Energy consumption (kWh=Nm3H2) 4:15�4:90 4:30�4:75 4:1
Efficiency (%) 60�70 63�70 73/83

Earlier designs exhibit the use of two separate elec-
trodes with a separator or diaphragm in between. The
ohmic loss associated with passing current through the
electrolyte was reduced by appending the electrodes
to the separator in the zero-gap electrode design intro-
duced byCosta andGrimes in 1967 [27.35]. The design
is a modified filter-press electrolyzer with porous nickel
electrodes attached directly to a diaphragm (Fig. 27.6).
For identical external dimensions, porous electrodes
provide a higher specific surface area than nonporous
electrodes for the electrochemical reactions. Further-
more, gas bubbles produced during electrolysis are
pressurized to traverse the porous electrodes; hence the
space between electrodes can be virtually kept free of
bubbles. The electrolyte conductance is also increased
as a result of the increase in operational temperature to
about 110 ıC. These operational features reduce various
types of overpotentials and thus allow the electrolyzers
to be operated at higher current density with improved
electrical efficiency (Table 27.1) [27.31].

Materials. To attain low ohmic overpotentials, 25�30
wt% KOH solution is typically used as the electrolyte
in alkaline electrolyzers. Hence, the materials used
require high corrosion resistance. Most of the elec-
trolyzers also operate at slightly elevated temperatures
(70�90 ıC). Under these conditions, nickel-plated steel
provides adequate corrosion resistance as a contain-
ment material. The electrodes are typically made of
a nickel or nickel-plated steel substrate with a catalyst
coating.

Diaphragms are required to perform multiple func-
tions: They keep hydrogen and oxygen from mixing,
allow the electrolyte to permeate through, and have
acceptable mechanical and electrochemical corrosion
stability. Before being banned in all European coun-
tries, asbestos was considered as the most suitable
candidate as a diaphragm. Recently, asbestos has been
substituted by polymer-reinforced ceramic oxide com-
posites. Zirfon is an example of a porous composite
separator material composed of a polysulfone matrix
and zirconia [27.37].
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Fig. 27.5 Illustration of tank-type
electrolyzer and filter-press type
electrolyzer

Cathodic catalysts are primarily nickel based.
Raney nickel has proven to be a good long-term sta-
ble catalyst at 80 ıC. High surface-area nickel catalysts
developed by Raney in 1925 are considered noteworthy

contributions to the field of catalysis [27.39, 40]. The
use of such catalysts in electrolyzers was patented by
Justi et al. in 1954 [27.41]. Raney nickel was later used
in a matrix of another metal (e.g., aluminum, zinc) to
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a) b)
Fig. 27.6 (a) Conventional
electrolyzer configurations
for gas-evolving electrodes,
(b) zero-gap configuration
with perforated plate elec-
trodes pressed to either side of
the diaphragm (after [27.36],
courtesy of Wiley)

Table 27.2 Hydrogen overpotentials of different electrode materials (after [27.38], courtesy of Elsevier)

Composition formula Method T (ıC) Electrolyte C (mol/dm3) j (A/m2) �hyd (mV)
Ni–Fe–Mo–Zn Codeposition 80 KOH 6 1350 83
Ni–S–Co Electrodeposition 80 NaOH 28wt% 1500 70
Ni50%-Zn Electrodeposition N/A NaOH 6:25 1000 168
MnNi3:6Co0:75Mn0:4Al0:27 Arc melting 70 KOH 30wt% 1000 39
Ti2Ni Arc melting 70 KOH 30wt% 1000 16
Ni50%Al Melting 25 NaOH 1 1000 114
Ni75%Mo25% Codeposition 80 KOH 6 3000 185
Ni80%Fe18% Codeposition 80 KOH 6 3000 270
Ni73%W25% Codeposition 80 KOH 6 3000 280
Ni60%Zn40% Codeposition 80 KOH 6 3000 225
Ni90%Cr10% Codeposition 80 KOH 6 3000 445

improve the mechanical stability and the electrical con-
ductivity of the electrode, consequently reducing the
overpotentials.

Raney-type catalysts are synthesized by first prepar-
ing an alloy of the catalytically active catalyst (Ni, Co,
Cu) with another support metal (Al, Zn). The support
metal is then leached out in an alkaline solution, leaving
behind a high surface area catalyst. Alternatively, high
surface area Ni foams [27.42] and whiskers [27.43]
have also been investigated as the cathode catalyst.
Other compounds studied thus far include iron molyb-
dates [27.44] and nickel molybdates [27.45], nickel
borides, nickel sulfides, and nickel–cobalt thio-spinels.
Adding 13% Mo to Ni improves the catalytic ac-
tivity, and when doped with ceramics such as TiO2

and ZrO2 exhibits enhanced stability [27.46]. Applying
these measures, the cathodic (hydrogen) overpotential
at 1000A=m2 and 90 ıC was reduced from 0:35V
down to 0:15�0:2V. Non-nickel-based cathode cata-

lysts such as PdTi, Hf2Fe, Hf2Co, PtMo3, NbPd, and
other transition metal alloys represent an important step
toward the development of novel water reduction cata-
lysts. Table 27.2 lists the hydrogen overpotentials (�hyd)
corresponding to various cathode catalysts.

Identifying efficient and stable anode catalysts has
proven to be more challenging than cathode cata-
lysts. The anode material has traditionally been made
from nickel or nickel-coated steel, as it is inexpensive
and corrosion resistant at positive potentials. However,
a wide variety of materials have been investigated, as
the overpotential associated with a Ni electrode can
be as high as 20% (300�400mV) of the overall cell
voltage. At the end of 1970s, overpotentials of 150mV
less than Ni were achieved with polytetrafluoroethylene
(PTFE)-bonded NiCo2O4; but the material exhibited
long-term stability issues. In the 1980s, mixed oxides
such as perovskites and spinels were examined. Nickel
anodes with 2�3mg=cm2 of cobalt spinel demonstrated
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Table 27.3 Oxygen overpotentials of different electrode materials

Composition formula Method T (ıC) Electrolyte C (mol/dm3) j (A/m2) �oxy (mV)
Ni C Spinel-type Co3O4 Thermodecomposition 25 KOH 1 1000 235˙ 7
Ni C La-doped Co3O4 Thermodecomposition 25 KOH 1 1000 224˙ 8
MnOx-modified Au Electrodeposition 25 KOH 0:5 100 300
Li10% doped CO3O4 Spray pyrolysis RTa KOH 1 10 550
Ni N/A 90 KOH 50wt% 1000 300
La0:5Sr0:5CoO3 Spray-stiner 90 KOH 50wt% 1000 250
Ni0:2Co0:8LaO3 Plasma jet projection 90 KOH 50wt% 1000 270

a Room temperature
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Feed water
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Fig. 27.7 Schematic of an alkaline water electrolysis plant (after [27.31–34])

80mV lower overvoltage compared to plain Ni. In the
mid 1980s, perovskites and spinels containing transi-
tion metals such as Ni2Co4, La0:2Sr0:8CoO3, and Co3O4

were identified as promising catalysts owing to their
activity, long-term stability, and affordability. To date,
these transition metals based oxides have proven to
be the most successful anode catalysts in operation.
Table 27.3 lists the oxygen overpotentials (�oxy) cor-
responding to various anode catalysts and electrolysis
conditions.

Process Flow and Operating Conditions. The elec-
trolyte, a 25�30wt% aqueous KOH solution, is
pumped into the electrolyzer. The transformer–rectifier
converts the AC high-voltage supply into DC current in-
put that is applied across the electrodes. Hydrogen and
oxygen are produced in the electrolyzer via water elec-
trolysis. The gases bubble up through the electrolyte to
be conveyed by internal ducts into separation tanks at
the front of the electrolyzer. This module consists of
two gas separators, one each for O2 and H2, and the
electrolyte recirculation system. In the separators, the
electrolyte is recovered and is then chilled in the heat
exchanger and recycled into the cell block.

The separated H2 gas is sent to the scrubber to
remove residual traces of the electrolyte and to re-

duce the temperature of the gas. The liquid from the
scrubber containing the electrolyte is recycled into the
electrolyzer. The hydrogen gas is compressed to the re-
quired level by one or more compressors. After the gas
scrubber, the hydrogen has a purity of 99:9%. If higher
purity is desired, the gas is further treated in the pu-
rification and drying system. The impurities primarily
consist of oxygen and water (in addition to nitrogen).
The oxygen is removed by a catalytic recombination
with hydrogen in a deoxidizer. The gas is dehydrated by
twin absorption towers packed with desiccant to absorb
the water. One tower is always in operation, while the
other one is being regenerated. The result is very high
purity hydrogen – up to 99:993%, depending on the
plant configuration. Optionally, a pressurized hydrogen
storage system can be installed. A generic schematic is
given in Fig. 27.7.

The applied voltage is a key parameter as it es-
tablishes the electrical efficiency and the power con-
sumption of the electrolyzer. Current density is another
important parameter that affects the efficiency directly.
A higher current density directly results in an increased
hydrogen generation rate. However, the rapid bubble
formation raises the overpotential owing to increased
bubble resistance, resulting in a lower efficiency. There-
fore, alkaline electrolyzers are typically operated be-
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tween 1000 and 3000A=m2 to compromise between
hydrogen generation rates and electrical efficiencies.
Most conventional alkaline water electrolyzers oper-
ate around 80�90 ıC. Increasing the temperature of
electrolysis decreases the equilibrium voltage, hence
reducing the electrical power input. However, operat-
ing at elevated temperatures also affects the structural
integrity of the materials and heat management is-
sues [27.47]. To sustain long-term service, operating
temperatures above 150 ıC have been abandoned.

Another key parameter is the working pressure of
the electrolyzer. Alkaline electrolyzers can be operated
either at atmospheric pressures or higher depending on
the end use of the hydrogen. High pressures are gen-
erated by controlling the exit valve of the evolving
product gases. Operating at elevated pressures reduces
the size and volume fraction of gas bubbles, mini-
mizing the overpotentials due to them. However, the
increase in efficiency at higher pressures is not signifi-
cant when compared to atmospheric cells [27.16]. Yet,
alkaline pressure electrolyzers save substantially on gas
compression costs in systems where gaseous storage is
applied.

Proton Exchange Membrane Electrolysis
PEM electrolyzers offer a number of advantages over
traditional alkaline electrolysis technologies, while still
avoiding the formation of explosive hydrogen–oxygen
gas mixtures. First, only pure water with no added elec-
trolyte is used in the electrolyzer. Second, a shorter
electron path through the electrolyte (< 250�m) re-
sults in reduced ohmic loss, allowing higher current

H2O
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Cathode

Bipolar plate Electrolyte
membrane

Electrolyte
polymer

Electrocatalytic
particles

O2 H2 O2 H2 O2 H2

e– H+ e– e– e–H+ H+

Fig. 27.8 Schematic of a PEM electrolysis cell (after [27.48], courtesy of ECS)

densities (> 1000mA=cm2) and hence a more com-
pact design [27.49, 50]. However, the high cost and
compromised longevity of polymer membranes make
the electrolyzers too expensive for general applica-
tions [27.51]. Further, the prerequisites to use noble
metal catalysts and special current collectors, due to the
acidic nature of the polymer electrolyte, are disadvan-
tages compared to alkaline electrolyzers [27.52].

The general design of a PEM electrolyzer is anal-
ogous to that of a PEM fuel cell. The electrolyzer
consists of an anode and a cathode separated by a mem-
brane as shown in Fig. 27.8. The catalysts are deposited
on either side of the membrane, forming the membrane
electrode assembly (MEA). Purified water is fed to the
anode structure of the cell. The membrane conducts
hydrated protons from the anode to the cathode side.
Individual cells are stacked into modules with bipolar
plates providing the manifolds for water feed and gas
evacuation. The bipolar plates include flow-field struc-
tures to enhance the transport of water to the electrodes,
and product gases out of the cell.

Anode. In PEM electrolyzers, the oxygen evolution
electrode, or anode, has a higher overpotential than
the cathode [27.53]. Oxygen evolution occurs on no-
ble metal catalysts such as Pt, Au, Ir, Rh, Ru, and Ag,
but oxides of noble metals such as IrO2 and RuO2 have
gained considerable interest over the last few decades.
Several factors influence the electrocatalytic evolution
of oxygen, namely the crystal-field stabilization energy,
mixed and doped oxides, dispersion, crystallinity, and
crystallite size [27.54]. Ruthenium oxide is known to be
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the most active oxide for the oxygen evolution reaction
(OER) [27.55]; however, it suffers from instability and
therefore needs to be stabilized with another oxide such
as IrO2. IrO2 exhibits better corrosion resistance but is
more expensive and has slightly lower electrocatalytic
activity than RuO2.

Addition of non-noble metal oxides has been re-
ported to improve the stability of the IrO2- and RuO2-
based electrodes in acidic media. Ir–Ta oxides have
been suggested as the most efficient electrocatalysts for
oxygen evolution in acidic electrolytes due to their high
activity and stability [27.56]. Industrial anodes have
been customarily based on a RuO2 and TiO2 mixture,
where RuO2 is the active component and TiO2 the stabi-
lizing agent. It has also been shown that SnO2 improves
the stability of IrO2–RuO2 anodes without reducing the
activity significantly [27.57]. CeO2 is also often added
in order to enhance the selectivity for the desired re-
action or to increase the anodic stability. Table 27.4
compares the performance (applied voltage) of PEM
electrolyzers with different anode catalysts and load-
ings.

Among the parameters affecting the anodic overpo-
tential are the catalytic activity and electrical conduc-
tivity of the electrocatalyst, which in turn relates to the
composition and loading of the active component. The
stability is related to the crystal growth and corrosion
properties. Also, it is known that the development of ef-
ficient and less expensive electrodes (by reducing the
loading of noble metal oxides or replacing them with
cheaper alternatives) for the OER will make the elec-
trolysis process more economical. The field is still open
to new developments and improvements because many
parameters must be optimized.

Cathode. Metallic platinum is typically used at the
cathode for the promotion of the hydrogen evolution
reaction (HER). The use of platinum is made neces-
sary due to the highly acidic environment encountered
in a solid polymer electrolyte, which promotes the cor-
rosion of non-noblemetal catalysts. Cost considerations
require a significant reduction of noble metal loadings,
at both the electrodes, from a fewmg=cm2 (current state
of the art) down to around 0:1mg=cm2. Low Pt con-
tents (0:3�0:5mg=cm2) have been used at cathodes by
depositing Pt nanoparticles onto high surface area car-
bons; for example, Vulcan XC 72 carbon black [27.58],
carbon nanofibers [27.59], and carbon nanotubes.

Pd is almost as active as Pt for the HER and sig-
nificantly less expensive. Using Pd–Pt mixtures, cell
efficiencies close to 85% (1:7V at 1000mA=cm2) have
been demonstrated at the lab-scale with 0:7mg=cm2

metal loadings. Efforts are still required to further re-
duce Pt loadings down to 0:1mg=cm2 range. However,

the cost of the noble metal is not only due to the metal
itself, but also due to the cost of the precursor salts used
in the synthesis. The chemistry required to produce the
most appropriate precursor may have a significant im-
pact. Thus, the overall cost can be significantly different
from one process to another, even with a similar final
metal loading.

However, the ultimate goal is to eliminate the
need for noble metals. Carbon-supported cobalt
clathrochelate catalysts [27.60] have been developed
for the HER. In these compounds, the metal ion is
locked in a close-knit structure, inhibiting ligand ex-
change in the more labile oxidation states of the encap-
sulated metal ion. This, in turn, explains the low chem-
ical activity of this family of stable complexes. A cell
efficiency of 80% at a current density of 500mA=cm2

was obtained at 90 ıC. Additional encouraging results
have been obtained with polyoxometallates [27.61].
Commercially available tungstosilicic acid hydrate (˛-
H4SiW12O40) adsorbed at the surface of the cathodic
titanium current collector yielded an efficiency of 70%
at a current density of 1000mA=cm2.

Membranes. Perfluorosulfonic acid (PFSA) mem-
branes have found use in modern PEM electrolyzers
and fuel cells [27.62]. These membranes have excellent
proton conductivity, mechanical strength, and chemical
stability. They serve three basic functions:

1. Conduct protons between the anode and the cathode
2. Provide electrical insulation
3. Provide a barrier that prevents the produced gases

from mixing.

Implicit in this list is the additional requirement that
the membranes have a suitably long lifetime for the
desired application. This usually means that the poly-
mers must have hydrolytic and oxidative stability and
have good mechanical integrity. In addition to these
basic requirements, modern PFSA membranes need to
be humidified in order to achieve maximum perfor-
mance (conductivity) and durability. This requirement
has several drawbacks such as the additional expense of
humidifiers and parasitic power losses from the opera-
tion. Hence, there is a need for membranes that depend
less on water for conductivity, allowing hotter and drier
operating conditions.

Up to now, proton-conducting perfluorinated sul-
fonic acid membranes, in the form of DuPont’s Nafion
or Dow Chemical’s materials, have been used as the
gas-separator and the electrolyte simultaneously. They
contain sulfonic acid groups (�SO3H) attached to
perfluorinated carbon backbones, which upon contact
with water produce polar hydrated sulfonic groups
(HCSO�

3 ). They allow the mass and charge transfer in
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Table 27.4 Summary of PEM water electrolyzer performance at an operating current density of 1000 mA=cm2 and tem-
perature of 80 ıC using Nafion 115 membrane

Anode Cathode Noble metal loading
(mg=cm2)

� Eapp

(V)
Ir 40% Pd/C 3:36 1:697
Ir–Ru oxide (70 W 30) 20% Pt/C 2:4 1:623
Ir-oxide 10% Pt/C 2:4 1:645
Ir–Ta oxide 10% Pt/C 2:4 1:572
Ru oxide Pt 8 1:675
Ir Pt 3�6 1:620
Ir-oxide Pt black 7 1:620
Pt–Ir Pt 1 1:750
Ir oxide Pt black 3 1:680

a PTFE insulator. The conductivity of the membranes
increases with the acid content of the polymer, which
is realized by lowering its equivalent weight (nonsul-
fonic group content). However, lowering the equivalent
weight increases the solubility of the polymer in water
making it mechanically unstable. Hence there is a com-
promise between performance and durability.

Recently, Ballard Power Systems developed low-
cost nonperfluorinated polymer-based electrolytes.
A series of sulfonated polyaromatic polymers were
synthesized, and fabricated into membranes via solu-
tion casting. A comparison of the performance of the
membranes in single solid polymer fuel cells showed
that sulfonated polyaromatic membranes performed
equally well or better than the standard Nafion mem-
brane [27.63]. Some other nonperfluorinated mem-
branes have been developed more widely for fuel cell
applications. It is expected that the development of this
new generation of low-cost solid polymer membranes
will have a beneficial impact on industrial acid elec-
trolyzers.

Bipolar Plates. Current collectors are porous struc-
tures located between the membrane–electrode assem-
bly and bipolar plates to allow a uniform distribution
of the electric current. Carbon-based materials such as
carbon paper or felts can be used on the cathode side of
PEM electrolyzers. However, carbon undergoes electro-
chemical oxidation on the anode side at voltages greater
than 0:9V [27.64]. Hence, porous structures made from
titanium are used on the anode side. The main draw-
backs of Ti are the formation of a resistive oxide layer
at the surface and the high cost of the material. The
performance of sintered Ti is superior to that of other
structures, but it is also the most expensive choice fol-
lowed by felt and expanded mesh.

A well-designed bipolar plate must have a high
electrical conductivity, high gas permeability, and per-
mit water flow to the electrode. In single electrolysis
cells, the MEA and current collectors are sandwiched

between two electrically conductive endplates. Several
single cells are connected electrically in series and
hydraulically in parallel as a stack. A bipolar plate sepa-
rates two adjacent cells so that it acts as an anode of one
and cathode of the adjacent cell simultaneously. As for
current collectors, bipolar plates have to be constructed
from corrosion-resistant materials, such as expensive ti-
tanium, stainless steel, or cheaper graphite composite
materials. In order to reduce the contact resistance be-
tween a bipolar plate and the adjacent current collector,
the plate is coated with precious metals such as gold or
platinum [27.65].

System and Operating Conditions. The system con-
figuration of a PEM electrolyzer is similar to that of
an alkaline unit (Fig. 27.9). However, the system is
simpler due to the absence of caustic as the liquid elec-
trolyte. The power is supplied through a transformer
and a rectifier to convert the AC voltage to the required
DC voltage. The feed water pump supplies water to
the circulation loop on the oxygen side of the elec-
trolyzer. The water is pumped through a heat exchanger,
ion-exchange resin, and gas–water separator. The cir-
culation pump in the loop is used to cool the stack.
On the hydrogen side, the product gas is separated by
a gas–water separator, followed by a demister to remove
droplets, heat exchanger and condensate trap to reduce
the dew point to room temperature.

PEM electrolysis stacks offer very high power den-
sities at similar voltage efficiencies compared to al-
kaline electrolysis stacks. At present, current densities
from 500 to 2000mA=cm2 and cell voltages from 1:7 to
2:1V are usual. In most cases, PEM electrolyzer stacks
operate at temperatures between 50 and 90 ıC, and at
pressures in the range of 0:8�20MPa [27.67]. In terms
of operating hours and lifetime, considerable progress
has been made over the years. Due to the endothermic
reaction, higher efficiencies, and efficient cooling by the
water recirculation, thermal management is facilitated
compared with PEM fuel cells. However, mechanical
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Fig. 27.9 Schematic of a PEM water electrolysis plant (after [27.66], courtesy of Wiley-VCH)

stress could be higher, as the stacks are operated under
high pressures, with fluctuations caused during startup
and shutdown. The most critical component of a PEM
electrolyzer is the membrane, with thinning and ul-
timately failure leading to the mixing of gases. The
lifetime of a well-designed and correctly operated PEM
electrolyzer stack can reach up to several tens of thou-
sands of hours. Water quality also has a strong effect
on the degradation of the MEA, and typically deion-
ized water with resistance values higher than 10M�cm
should be used.

27.2.2 High-Temperature Electrolysis

High-temperature electrolysis using SOEC is capable
of operation at extremely high electrical efficiency,
near 100%. Similar to SOFCs, high operating temper-
atures, typically 800�900 ıC, are required due to the
limited electrolyte conduction at low temperatures. As
the resistance decreases (and �G decreases, Fig. 27.3)
with increasing temperature, the current density will in-
crease if the cell voltage is at the thermoneutral voltage.
Since hydrogen production is stoichiometric with cur-
rent density (which is limited by the cell resistance), it
is apparent that optimum current density and cell resis-
tance values are critical variables for the most efficient
production of hydrogen.

Common Electrolytes and Electrodes
The most common electrolyte by far used in SOEC
application is YSZ or yttria-stabilized zirconia. Most
often, yttria is present in about 6�8% concentration.

Such materials have very good oxygen ion conduc-
tivities, but these conductivities are only achieved at
high temperatures (> 750 ıC). The maximum conduc-
tivity of YSZ is reported to occur at 7% loading, but
significant differences (factor of 1:5) in conductivity
measurements on samples with Y levels of 6�8% are
not due to dopant levels [27.68]. Yttria (and other
dopants) is used to stabilize the cubic fluorite phase
of zirconia as well as to increase the concentration of
oxygen vacancies [27.69]. Scandium is also reported
to be an effective dopant for scandia-stabilized zirconia
(ScSZ) and the conductivity of ScSZ is comparable to,
or slightly higher than, YSZ at temperatures of interest
for fuel cell or electrolysis cell applications.

Doped ceria also has a fluorite structure and is
a common electrolyte in fuel cells. It has a higher
conductivity than zirconia, especially at lower tem-
peratures, but possesses electronic conductivity at low
oxygen partial pressures [27.70]. Ceria is often doped
with gadolinium (GDC) or samarium (SDC) to gen-
erate oxygen vacancies, which increases ionic con-
ductivity [27.71–73]. Similar to the YSZ–ScSZ sys-
tem, the conductivity is maximized with dopant ions
that have the lowest size mismatch. Conductivity in-
creases with Gd content, reaching a reported maximum
at � 10mol% Gd, and then decreases [27.74]. Fer-
gus [27.69] summarizes comparative conductivity data
for YSZ, ScSZ, and GDC samples. The GDC samples
consistently show higher conductivity than the zirco-
nia species below 600 ıC, and the level of Gd has
a sensitive effect on stability toward low oxygen partial
pressures.
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A notably different approach is the use of strontium-
doped zirconate and cerate as proton conductors for
SOEC [27.75]. These materials, which are perovskite-
type oxides, exhibit proton conduction at intermediate
temperatures (� 400 ıC). However, the cell design is
such that protons, produced at the anode, are pumped
through the electrolyte to the cathode, where they are
reduced to form H2. This eliminates the need to sepa-
rate H2 from steam, which simplifies the process, and
lowers the overall costs for stacks and system. In addi-
tion, the intermediate temperature will potentially allow
a greater selection of materials for flow channels, in-
terconnects, etc. (i. e., balance of plant materials). The
ceria derivatives are reportedly hydrothermally unsta-
ble, reacting with water vapor to form Sr.OH/2 and
CeO2.

Electrodes. By far, the most common cathodic (pro-
duce hydrogen) materials are nickel cermets (ceramic–
metallic blends). Most commonly, this is nickel mixed
with zirconia [27.76] or YSZ [27.26, 77, 78]. It has
been reported that Ni–YSZ electrodes have lower ac-
tivity in electrolysis mode versus fuel-cell mode, and
a diffusion-limited process was proposed to account
for this behavior [27.79]. In addition, the aging of
Ni–YSZ electrodes in a steam-rich environment has
been reported, and ascribed primarily to coarsening of
Ni particles [27.80]. This effect can be overcome to
a large extent by ensuring that a reducing atmosphere
over the electrode is maintained. Maintaining some
hydrogen partial pressure with the steam feed can ac-
complish this. Kim-Lohsoontorn and coworkers have
reported the performance of gadolinium doped ceria
(GDC)-impregnated Ni–YSZ cathodes [27.81]. Addi-
tion of GDC to Ni–YSZ-enhanced performance, and the
addition of 0:5wt% Rh to the GDC led to significant
improvement in the performance of both electroly-
sis and fuel-cell mode as compared to Ni–YSZ and
Ni–GDC electrodes. The latter showed decreasing per-
formance as the steam–H2 ratio increased from 50/50
to 90/10, but the GDC-Ni YSZ analogue was relatively
insensitive to these changes.

Anodic materials for O2 generation (27.6) are com-
monly composites of YSZ and perovskites such as
lanthanum manganite (LaMnO3), ferrite (LaFeO3), and
cobaltite (LaCoO3) which have been partially sub-
stituted with strontium [27.82]. Very commonly the
strontium-substituted lanthanum manganite is used,
termed LSM. However, there is a very wide range of
oxidematerials used, usually in combination (i. e., LSM
with LSCF (lanthanum strontium cobalt ferrite). The
composites are referred to as YSZ–LSM, YSZ–LSCM,
YSZ–LSF, etc.

The use of LSM and LSM-derived anodes for
SOEC is common, due to cost (relative to noble met-
als), ease of anode preparation, and thermal expansion
characteristics [27.71, 76, 77]. It has been reported that
LSF–YSZ composite exhibited higher catalytic activ-
ity for the oxidation on O2� to O2 [27.76]. LSM can
be sintered together with YSZ at relatively high tem-
peratures without forming insulating layers comprised
of zirconates [27.83]. However, it is known that anodes
based on LSCo and LSF exhibit much lower polariza-
tion losses than LSM, but LSCo–YSZ electrodes are
reported to deactivate slowly due to solid-state reac-
tions [27.77].

Marina et al. have reported a study on electrode per-
formance in fuel cell and electrolysis modes; in both
half- and full-cell mode [27.84]. The authors report that
Ni-YSZ has higher losses than a La-substituted stron-
tium titanate–ceria composite in electrolysis mode, but
similar performance in fuel-cell mode. The titanate–
ceria electrode performance was diminished at high
steam partial pressure. Anode materials also showed
higher losses in electrolysis mode, particularly for
mixed conductor electrodes made from LSCuF and
LSCoF. With fuel cells using a thin electrolyte, polar-
ization losses were higher in electrolysis mode. The
anodic polarization arising from O2 evolution operation
is expected to decrease oxygen vacancy concentra-
tions, which would then give rise to higher polariza-
tion losses [27.84]. Singh and coworkers have reported
a study on the effect of O2 partial pressure on the stabil-
ity of LSM–YSZ composite [27.85]. They report that
the unit cell volume for LSM increases during expo-
sure to lower O2 partial pressures (1�10�7 MPa), but
YSZ unit cell volume is unchanged. Lower O2 partial
pressure also results in grain growth and formation of
La2Zr2O7 and MnOx compounds, which lower the sta-
bility, but the reaction was shown to be reversible upon
sintering at O2 partial pressure of 0:021MPa.

Cells and Stacks
Leung’s team has published a relatively recent re-
view on SOEC technology development [27.77]. Elec-
trolytes, electrodes, and cell–stack designs are covered.
Although the earlier work by Doenitz [27.19] and Isen-
berg [27.20] utilized tubular cells, planar cells have
received much more attention recently, due to better
manufacturability and also more uniform distribution of
gas species on the planar cells [27.71]. The latter char-
acteristic improved the performance relative to tubular
cells.

Mogensen and coworkers at the Riso National Lab-
oratory in Denmark have published a number of papers
over the last several years describing the develop-
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ment of planar SOEC cells [27.78, 86, 87]. Ceramatec,
Inc. and collaborators have also published a num-
ber of papers on stack production and testing [27.76,
88–90]. The work by Mogensen and coworkers de-
scribe planar, Ni–YSZ-supported cells (5� 5 cm) with
active electrode areas of 16 cm2, which are produced
at the Riso National Lab for Sustainable Energy at
the Technical University of Denmark. Typically, the
cells have a 300�m thick NiO–YSZ porous support
layer prepared by tape casting, a 10�15�m thick YSZ
electrolyte, spray painted onto the support tape. After
these half cells are stamped and sintered, a 10�15�m
thick LSM–YSZ (50 W 50) composite oxygen electrode
(anode) is spray painted onto the cells followed by re-
sintering. The cell construction consists of aluminum
housing, Ni foil current collector, gas sealing, and a gas
distributor based on Ni-YSZ. The air distributor is
based on LSM, and another current collector (gold foil)
and remaining alumina housing are placed on top to
prove a cross flow for the gases. Ceramatec also uses
a planar cell design. The cells are electrolyte-supported,
using ScSZ electrolytes (� 140�m thick), Ni-cermet
cathodes, and manganite-based anodes [27.70]. The
cells are slightly larger (10�10 cm) than those reported
by Mogensen, with an active area of 64 cm2 per cell. In-
terconnects are made from ferritic stainless steel. Stacks
are assembled from single cells, and for laboratory test-
ing commonly contain 10 or 25 individual cells [27.88,
89]. The Idaho National Laboratory (INL) in the United
States established a significant program on HTE cou-
pled with nuclear energy. Ceramatec was a partner in
this effort. As part of the scale up and demonstration
activities, INL commissioned a 15 kW HTE test facil-
ity, termed the integrated laboratory scale (ILS) HTE
test facility [27.91]. The ILS includes three electrolysis
modules, each consisting of four stacks with 60 cells,
yielding 240 cells per module and 720 cells total. The
cells are planar cells based on Ceramatec’s technology.
Each module has an independent support system, which
supplies electrical power, feedstock (steam with some
H2), sweep gas for removal of produced O2, and ex-
haust gas handling. Other equipment includes dewpoint
measurement for inlet and outlet feeds, steam genera-
tors, condensers for residual steam, and H2 vent. All
three modules were housed in a single hot zone.

Bo and coworkers at the Institute of Nuclear and
New Technology (INET), Tsinghua University, Beijing,
have also reported on their efforts for HTE process
development [27.92]. Again, a major thrust of the
work was the utilization of nuclear-based heat. This
group also uses planar cells and designs, using Ni–YSZ
cathodes, YSZ electrolyte, and both LSM and BSCF
(Ba0:5Sr0:5Co0:8Fe0:2O3�•) anodes. The BSCF gave

improved performance (lower cell resistance, higher H2

production) compared to LSM.
Kim and coworkers at the Korea Institute of Energy

Research recently reported a three-cell flat-tubular solid
oxide electrolysis stack [27.93, 94]. The NiO-YSZ cath-
ode supports were extruded in the shape of flat tubes
by a well-defined process. After heat treating the tubes
for 3 h at 1150 ıC, gas channels were formed by ma-
chining one side. The other side was used for a ceramic
interconnector. After dip coating into a YSZ slurry, the
ceramic interconnector was applied via spray coating of
perovskite-type ceramic powders. Tubes were then cal-
cined at 1400 ıC for 3 h. Lastly, the anode catalyst was
spray-coated onto the gas channel using a LSM slurry,
followed by heat treatment again at 1150 ıC for 3 h.
A Ba–Si-based glass ceramic sealant was used for gas
seals and stack manufacturing. The seals were cured via
a two-step process, first at 900 ıC for 1 h (spreading and
adhesion), then 800 ıC for 3 h for complete fixation and
sealing.

Other workers have also recently reported stud-
ies on microtubular electrolysis cells. Lagunna-Bercero
et al. [27.95] fabricated a cathode-supported Ni-
YSZ/YSZ/LSM cell, with a 20�m electrolyte thick-
ness. The Ni–YSZ tube was 2:4mm diameter and
10�15 cm in length, fabricated by cold isostatic press-
ing at 200MPa. The gas-tight electrolyte was applied
by wet powder spraying, then fired at 1400 ıC. After
firing, the LSM anode (LSM and 50/50 LSM–YSZ)
was applied via dip coating, then re-sintered at 1250 ıC.
Researchers from the Energy Research Center of The
Netherlands recently reported their progress on planar
SOEC technology [27.96]. These cells used Sc–Ce-
doped zirconia (ScCeZ) as electrolytes made by con-
ventional tape casting. The anode was a 5�m thick
layer of YDC (Y0:2,Ce0:8O2�•), applied via screen
printing. After firing at 1400 ıC for 1 h, the cathode
layer was applied. This cathode had three layers, 5�m
thick layer of GDC, then a � 15�m thick NiO–GDC
(65/35) layer was applied, followed by a 20�m thick
NiO layer. After firing the cathode at 1250 ıC for 1 h,
a final layer of LSCF was applied to the anode and the
assembly given a final heat treatment at 1100 ıC for an
hour.

Kerafol GmbH has also reported its efforts with
ScYZ electrolytes [27.97] These newer electrolyte-
supported cells, developed with HC Stark, utilize
a YSZ–LSM cathode and GDC–NiO anode. The elec-
trolyte thickness is� 150�m. Optimum cathode sinter-
ing temperature was determined to be 1100 ıC. Kerafol
also describes its efforts in developing ceramic glass
sealing tapes and processes to improve reliability and
lower costs.
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Fig. 27.10 Current–voltage curve from a planar cell (after [27.86])

Cell and Stack Performance. Current density ver-
sus cell voltage (I/V) curves are most often used to
demonstrate performance characteristics of cells and
stacks. Figure 27.10 shows cell voltage versus current
density from a planar cell produced at Riso Labora-
tory described above. The positive current density is
fuel-cell mode, and negative current density is elec-
trolysis mode. (Current densities in this section will
be reported without the negative sign, but it should be
understood where these lay with respect to fuel-cell
mode.) Note that the various curves (corresponding to
different temperatures and gas partial pressures) have
a similar y-intercept at zero current density. This is the
opens-circuit voltage (OCV) and is often around 0:9
to 1:0V for SOEC-type devices (the exact OCV can
be calculated with the Nernst equation for a given gas
composition and temperature). Note that very high cur-
rent density (� 3600mA=cm2) is achieved at 950 ıC
with 70% steam/30% H2 feed (and steam utilization of
37%). Typically, some fraction of the feed stream is
H2 to keep the Ni cathode from oxidizing and coars-
ening. Jensen et al. believed that this was the highest
current density reported at that time (2007) for SOEC
operation [27.86]. It is certainly much more common
to find current densities in the 200�600mA=cm2 range
especially for longer term testing. However, the mi-
crotubular cell reported by Lagunna-Bercero et al. is
claimed to withstand 6000mA=cm2 current density at
895 ıC without apparent cell damage [27.95].

A similar I–U curve has been published by Schiller
et al. and is shown in Fig. 27.11 [27.21]. Here, both

voltage (U) and power density (p) are plotted against
current density. In this case, a single cell was operated
in both electrolysis and fuel-cell modes at tempera-
tures between 750 ıC and 850 ıC. The negative current
density indicates electrolysis mode. A 70/30 steam–
hydrogen feed was used in these tests. Note here that
the OCV again is near 0:95V. The effect of tempera-
ture is readily apparent: At 750 ıC, a voltage of 1:2V
gives a current density of � 375mA=cm2, whereas at
850 ıC, the same voltage results in a current density of
800mA=cm2.

Another representation is shown in Fig. 27.12. This
graph (with calculated values) shows heat flux versus
voltage and current density for a planar-type stack. It
illustrates that the heat generation in the stack can be
negative, zero, or positive, depending on the voltage.
Again, the open-circuit voltage (or open cell potential)
is about 0:86V. The calculation assumed an operating
temperature of 927 ıC, H2 mole fractions of 0:1 and
0:95 at the inlet and outlet, respectively, and a RASR

(area-specific resistance) of 1:25�cm2. The ohmic heat
flux is given by

q
 D j2RASR D j.Vop �VN/ (27.24)

where j is the current density, VN is the mean Nernst
potential for the cell, and RASR is the area-specific re-
sistance. The reaction heat flux is given by

qrxn D j

2F
.T�Se/ ; (27.25)
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where �Se is the entropy change for the electrolysis
process, accounting for the reactant and product partial
pressures.

In fuel-cell mode, the net heat flux is always pos-
itive, and increases with operating voltage and current
density [27.91]. In electrolysis mode, the net heat flux is
negative at low current densities, increases to zero, then
is positive at the higher current densities. The point at
which the net heat flux is zero is the thermoneutral volt-
age (Sect. 27.1.4 and (27.23)) [27.91].

The thermoneutral voltage increases only slightly in
magnitude over the typical operating temperature range
for SOEC devices (1:287V at 800 ıC to 1:292V at
1000 ıC) [27.91]. At typical SOEC temperatures and
RASR values, operation at the thermoneutral voltage will
give rise to current densities in the 200�600mA=cm2

range [27.91]. The very high current density reported
by Mogensen et al. may result from very low internal
resistance associated with their cell (0:17�cm2). For
example, the Riso cell achieved the �3600mA=cm2

current density at 1:48V. With an OCV of 0:88, the in-
ternal resistance is

1:48�0:88V
3:6A=cm2

D 0:17� cm2 :

If the resistance were in the range of 1:0 to 1:5, the cur-
rent density would be 400�600mA=cm2.

In order to produce large volumes of hydrogen, indi-
vidual cells must be assembled into stacks. Figure 27.13
shows a schematic of a stack assembly.

Commonly, a lab scale stack will contain 10 identi-
cal electrolyte-supported cells (less frequently there are
25). A cell is defined as one anode–electrolyte–cathode
assembly. The individual cells have been described in
Sect. 27.2.2 and are also discussed in [27.76].

The stack is assembled by layering the cells with
metallic interconnect assemblies. The interconnects
comprise a metallic separator plate sandwiched be-
tween two metallic flow-field layers (Fig. 27.13). These
conductive metal layers provide electrical contact be-
tween the anode and cathode of adjacent cells, connect-
ing the cells in series. Interconnects can be fabricated
from low-Cr ferritic stainless steel. It includes an imper-
meable separator plate approximately 0:46mm thick,
with edge rails and two corrugated/perforated flow
fields. The flow-field layers provide channels for gas
flow to the anode and cathode with which they were in
contact (the cells were arranged in parallel with respect
to gas flow). The steam–H2 flow field is fabricated from
Ni foil; same for the air side is ferritic stainless steel.
To improve performance, the air-side separator plates
have the surface pretreated to form a rare-earth con-
ductive oxide scale. A perovskite rare-earth coating is
also applied to the separator-plate oxide scale by screen
printing or plasma spraying; a thin (� 10�m) nickel



Electrochemical Hydrogen Production 27.2 Electrochemical Hydrogen Production Methods 917
Part

E
|27.2

– 0.5 – 0.6 – 0.7 – 0.8 – 0.9 – 1.0 – 1.1 – 1.2 – 1.3 – 1.4

0.4

0.3

0.2

0.1

0

– 0.1

– 0.2

– 0.3

0.4 0.3 0.2 0.1 0 – 0.1 – 0.2 – 0.3 – 0.4 – 0.5

Operating voltage (V)

Current density (A/cm²)Heat flux (W/cm²)

Open cell potential

Thermoneutral voltage

Full cell electrolysis

Ohmic
Net
Reaction

Fig. 27.12 Ther-
mal contributions
in electroly-
sis and fuel
cell operations
(after [27.91],
courtesy of INL)

metal coating is applied to the steam–H2 side of the sep-
arator plate.

Gas inlet and outlet manifolds were added to the
sides of the stack assemblies. Two sets of manifolds
were used, one to provide steam–H2 to the stack cath-
odes and one to provide sweep gas (air) to the stack
anodes. The sweep gas is not a reactant; rather, it is used
to ensure a constant oxygen partial pressure at the stack
anodes. Stack operating voltages are measured by spot-
welding wires onto power lead attachment tabs that
were integral to the upper and lower interconnect sepa-
rator plates. Since the stack air outlet plane is open, the
small air-flow channels are accessible for small leads
to provide intermediate cell voltages. Additionally, four
miniature thermocouples were inserted into the air-flow
channels to monitor internal stack temperature. The en-
tire stack assembly is then placed into a stack holder
inside a large furnace or kiln.

The process test system included automated dew
point sensors on the steam–hydrogen inlet and pro-
cess outlet streams. Typical flow rates in the system
were 2000 sccm (standard cubic centimeters per min)
N2, 400 sccm H2, and 4000 sccm water (corresponds to
an inlet dew point temperature of 83 ıC). Air flow rate
was 3500 sccm. Figure 27.14 provides data from such
a stack test. In each of the tests shown in Fig. 27.14,
the furnace temperature and gas flows were held con-
stant, and the power supply programmed to vary the
applied stack voltage between 8 and 14V. The sweep
rate was � 8mV=s; thus each sweep in the figure was

approximately 25min in duration. The curves labeled
FLUENT were calculated with the FLUENT modeling
package. The OCV values were calculated values. The
simulation empirically adjusted gap contact resistances
to yield overall RASR values that matched experiment.
The area-specific contact resistance values for sweep 4
were reported to be 0:74�cm2 between the electrodes
and flow channels, and 0:18�cm2 between flow chan-
nels and the separator plate.

Sweep 1 was performed with low inlet steam con-
tent, and had a large ASR value as inferred from I–V
curves. This behavior is an example of a mass-transfer-
limited overpotential. Sweep 2 was an intermediate
steam content test, and is nearly linear over the range
of current densities tested. Sweeps 3 and 4 (inlet dew
point of � 83 ıC/ show linear behavior at lower cur-
rent densities, then become concave-down at the higher
values. Herring et al. suggested that the lower slope in
these sweeps is related to the mean electrolyte temper-
ature as the operating voltage increases (as the ionic
conductivity of the electrolyte increases with temper-
ature). Sweep 5 has a shallower slope than the others,
reflective of the higher furnace temperature.

The internal temperatures measured in the stack at
four different locations showed lower temperatures than
the stack inlet temperature. At voltages between OCV
and thermoneutral, the endothermic reaction heat re-
quirement is less than the ohmic heating and a net stack
cooling occurs. The thermal minimum was reached at
11:2V and full thermal recovery (internal stack temper-
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Fig. 27.13 SOEC stack diagram (courtesy of INL and Ceramatec)

atures near the inlet temperature) was realized near the
thermoneutral voltage of 12:9V.

Hydrogen production rates can be calculated from
the stack current according to

H2 molar flow rateD I

2F
.no. of cells/ ; (27.26)

where I is current (A) and F is the Faraday number. The
product of the electrical current and number of cells is
the total ionic current. In addition, the hydrogen produc-
tion rate can be calculated independently from the inlet
and outlet dewpoint temperatures. The production rates
from sweep 2 in Fig. 27.14 are shown in Fig. 27.15.

Note that both methods are in good agreement, al-
though there is a bit more noise in the values based on
dewpoint. The production rate of H2 is linear since it is
directly proportional to stack current. The authors indi-
cate that up to 0:09Nm3=h H2 production was achieved
with this stack.

Researchers at the Korea Institute of Energy Re-
search have published results from a three cell flat-

tubular solid oxide stack. The details of the cell as-
sembly were described above. Figure 27.16 shows the
gas flows, stack voltage, current, and H2 production rate
from an 80 h test at 750 ıC. The stack was operated at
3:9V (1:3V per cell), and stack current was monitored.
The average current flow was 3:23A, and the equivalent
H2 production rate was 0:004Nm3=h. The authors re-
port a total of 0:144Nm3 of H2 produced over 37:1 h of
operation. At an average 0:004Nm3=h, and the 30 cm2

cell area, a production rate of 2:95 kg H2/d per square
meter cell area can be calculated.

Lifetime and Degradation Testing. Operation at
higher current density offers the possibility of produc-
ing a given volume of H2 with less cell/stack area.
In turn, the expected overall stack investment will be
lower. These savings may be offset by more rapid
degradation at the higher current density. Invariably,
SOE cells and stacks will degrade with time. If this
degradation rate can be managed to an acceptably slow
rate (i. e., < 1%/1000h), a sufficient lifetime can be an-
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ticipated. Commonly, targets of 4:5�5 years stack life
are targeted in the literature as acceptable, based in part
on the relative insensitivity of H2 production price to
the lifetime longer than 3�4 years [27.98]. Operational
integrity and reliability (up-time) are always essential
characteristics.

However, while many researchers have reported
good initial performance over short periods of time,
demonstrating the maintenance of such performance
over thousands of hours is much more challenging.
There are multiple pathways for SOEC degradation,
both chemical (impurities, Cr, Mn poisoning, etc.) and
mechanical (bonding, sealing, electrode adhesion, met-
allurgy, etc.). In addition, long-term testing is not al-
ways possible due to resource and time constraints.
There is much less information available regarding
long-term (thousand’s of hours) operation of SOEC
cells and stacks than the short-term testing and perfor-
mance characterization data. Nevertheless, a few groups
have reported such studies.

Schiller et al. [27.21] reported the performance
characteristics of the metal-supported cell described
above. Over 2000 h, at 300mA=cm2, the voltage loss
was 3:2%/1000h. The Riso National Lab results show
a similar result, but initial periods (� 100 h) have volt-
age increases, then begins to decrease. They reported
tests of > 700 h.

One of the longest term test periods has been
reported by Schefold et al. in Germany [27.99].
This 9300h test (387 d) was performed on an

anode-supported SOEC (45 cm2 area) at 780 ıC and
1000mA=cm2 current density. The cell consisted of
a YSZ electrolyte, Ni–YSZ cathode, and LSCF anode.

This report also provides an excellent summary
of the degradation studies to date for both cells and
stacks. At current densities between 300 and less than
500mA=cm2 in SOEC mode, the lowest rates for volt-
age losses were in the range of 2�3%/1000h. These
authors also document studies where degradation rates
of up to 10%/1000h were noted. When the current
density was increased to � 1000mA=cm2, drastic ac-
celeration in degradation was documented, owing to an
increasing resistance of YSZ electrolyte as well as in-
creases in ohmic resistances.

Such long-term tests are not without process up-
sets. Such upsets are commonly encountered in most
labs, pilot plants, and operating facilities. Mechanical
shocks, unstable steam supply, impacts from evapora-
tor purging, blocked evaporator, and loss of gas flow
are all documented [27.93]. Nevertheless, the test dura-
tion represents about double the longest stack test and
about an order of magnitude longer than cell tests. In
addition, the high current density is significantly above
most long term test studies. Remarkably, the voltage
loss over the entire test was 3:8%/1000h, correspond-
ing to 40mV. During the initial 5600h, the loss was
lower (2:5%/1000 h) and, during an incident-free pe-
riod, it was even lower at 1:7%/1000h.

These authors also correctly point out that SOEC
degradation data are not based on standardized test-
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Fig. 27.17 Regression fit in stack with low degradation (after [27.100], courtesy of Ceramatec)

ing conditions. Steam content, current density, steam
utilization, constant current versus constant voltage op-
eration, etc., are all different in many of these studies.
Degradation could be defined as an increase in voltage
(if operating at constant current), a decrease in current
(if operating at constant voltage, as in this experiment),
or an increase in resistance. These quantities are all re-
lated as shown in (27.27)

RASR D U�U0

nj
; (27.27)

where RASR is the average ASR, U is the stack volt-
age, U0 is the stack open-circuit voltage, j is the current
density, and n is the number of cells. If U, U0, and n
are held constant, the ASR is simply proportional to the
reciprocal of current density (j). Essentially, lower cur-
rent density at a given operating voltage means a higher
resistance.

One challenge in using the 1000 h percent degrada-
tion metric is that it is sometimes difficult and some-
what arbitrary to choose an appropriate baseline or
initial value, particularly in a specific case where there
is a relatively high level of noise in the data. Cera-
matec [27.100] has reported that long-term degradation
follows a square root dependence with time, as shown

in

RASR D R0

 
1C

r
t

�

!
; (27.28)

where R0 is the initial resistance, t is time, and � is
a time constant, which is defined as the time required
to double the initial ASR. This represents another way
to quantify the long-term performance of a cell or stack
of cells. An example of Ceramatec’s approach is given
in Fig. 27.17. The resulting � value is 36 500 h, or just
over 4 years, for this stack to double the resistance.

Degradation Mechanisms. At present, a complete
understanding of, and complete agreement upon the
causes of degradation and the electrochemical mech-
anisms behind them does not exist. However, this has
been the focus of much work in the SOEC community,
and certain degradation routes are well-characterized.
O’Brien et al. [27.89] have suggested three main cate-
gories for degradation:

1. Progressive, constant rate degradation
2. Degradation corresponding to transients caused by

thermal or redox cycling phenomena
3. Degradation resulting from a sudden failure or mal-

function of a component.
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Degradation data is available for both individual
cells as well as stacks. Degradation routes in stacks
are not the same as those for individual cells [27.101].
Stack degradation is faster than cell degradation. Degra-
dation in SOECs is more rapid than the same cell run
in SOFC mode, as much as five times faster. Thus,
the body of work that exists for SOFC technology can
be used as a starting point and reference, but the de-
velopment of SOEC technology will require study of
SOEC components and stacks. In early work, Jensen
and Mogensen reported cells that showed lifetimes of
a hundred hours or so [27.102]. A second-generation
design showed limited degradation over a 1 year test.
The authors reported that the degradation in SOFC
mode was far less than in SOEC mode for the same
system. More recently, they have reported that degra-
dation (or passivation) of their cells occurs mainly over
the first 100 h, and can be partially reactivated by I–
U scanning in fuel-cell mode. Additionally, after the
initial degradation, some reactivation occurred by oper-
ation at constant galvanostatic electrolysis conditions.
Very recently, Mogensen and coworkers have reported
the degradative effect of very low levels of impurities in
the feed gases (� 5 ppb) on SOEC performance [27.87,
103, 104]. Treatment of the inlet gases to remove im-
purities fed to the Ni–YSZ electrode and LSM–YSZ
electrode led to essentially no degradation over 600 h,
at current densities up to �750mA=cm2. Presumably,
trace levels of sulfur compounds were responsible.

Sohal et al. have summarized degradation issues
in SOECs during HTE [27.105]. The total polariza-
tion loss (degradation) consists of three dominant parts:
Activation (or charge transfer) polarization (�act), con-
centration (or diffusion) polarization which includes
chemical reaction effects (�conc), and ohmic resistance
polarization (�ohm). At the same temperatures and cur-
rent densities, the �act and �ohm are likely to be very
similar. The �conc is different because the gas trans-
port mechanisms through the electrodes are different.
A nonexhaustive list of leading causes for SOEC degra-
dation is as follows:

� Microstructural changes in bond layer on the anode
(O2 electrode)� Cr poisoning and dissociation of the bond layer on
the anode� Resulting delamination of the anode� Loss of electrical–ionic conductivity of the elec-
trolyte� Generation of contaminants from the interconnects.

Delamination of the anode and the resulting degra-
dation has been a significant problem, especially re-
lated to LSM-type materials [27.79, 91]. Chen and

Jiang [27.106] recently reported the degradation of an
LSM anode in SOEC mode over 48 h (�500mA=cm2

current density, 800 ıC) [27.106]. Significant increases
in electrode polarization and ohmic resistances were
observed. In the delaminated cell, the formation of
nanoparticles at the electrode–electrolyte interface was
noted, caused by local disintegration of LSM grains at
the interface. One proposed mechanism for the delami-
nation is the incorporation of O2� ions from the YSZ
electrolyte into the LSM grain, leading to shrinkage
of the LSM lattice. This, in turn, creates local ten-
sile strains, resulting in microcracks and subsequent
nanoparticle formation. O’Brien et al. have also raised
the possibility that the high rate of O2 production can
exert high pressure at the electrolyte–electrode inter-
face, increasing chances for delamination.

Many authors make use of electrochemical im-
pedance spectroscopy (EIS) as a tool to characterize
the degradation [27.21, 26, 76, 77, 83, 96, 99, 104, 106].
Kong et al. noted that after thermal cycling, polarization
resistances increased on the anode, indicating degra-
dation of the TPB [27.82]. Ebbesen et al. [27.103]
reported extensive EIS data for Ni–YSZ–YSZ–LSM–
YSZ cells. At current densities up to –500mA=cm2

at 850 ıC, these researchers only observed polariza-
tion degradation (no ohmic degradation). They divide
the polarization degradation into two mechanisms, one
located at the Ni–YSZ electrode (100�200Hz in the
impedance spectra), and one minor mechanism lo-
cated either at the Ni–YSZ or LSM–YSZ electrodes
with a frequency of 1000�3000Hz. The low-frequency
mechanism is heavily influenced by feed impurities. An
additional detailed EIS study, with an equivalent circuit,
for SOEC is given by Ouweltjes et al. [27.96].

Impurities and Poisons. Chromium (Cr) and silica
(Si) have also been reported as poisons in SOEC sys-
tems [27.91, 103]. Silica can be present at low levels
in the steam, but can also be produced from glass
seals used in stack manufacturing. Cr can arise from
the materials used for interconnects and other balance
of plant components, which liberate Cr vapor at elec-
trolysis conditions [27.91, 103]. These contaminants
often migrate to grain boundaries, blocking the ac-
tive TPB, and increasing the polarization resistance.
Hauch and coworkers in Denmark reported the for-
mation of a glassy phase containing Si impurities de-
veloped at the TPB of the Ni–YSZ electrode in their
cells [27.107]. The majority of the increased polariza-
tion resistance was confirmed by EIS to be due to this
electrode.

Virkar has recently reported on the mechanism of
oxygen electrode delamination in SOEC [27.109]. An
electrochemical model was developed, which indicates
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Table 27.5 Solar conversion efficiencies and other related data for solar photolysis of water using global AM1.5 solar
radiation (after [27.108])

Scheme Conditions �P (%) �C (%) Threshold wavelengths (nm)Uloss per
photon (eV) 
0 or 
1 
2

S1 Ideal limit 5:3 – 0:49 420 –
S2 Ideal limit 30:7 – 0:37 775 –
S2 Chemical conversion – 23:5 0:60 680 –
S2 Chemical conversion – 17:4 0:80 610 –
S2 Chemical conversion – 12:7 1:00 555 –
S4 Ideal limit 30:6 – 0:31 1340 –
D2 Ideal limit 42:4 – 0:38a 655 930
D4 Ideal limit 41:0 – 0:31a 910 2610
D4 Chemical conversion – 32:3 0:60 785 1465
D4 Chemical conversion – 27:1 0:80 720 1120
D4 Chemical conversion – 21:6 1:00 655 925

In schemes D2 and D4, it is assumed that equal photon fluxes are used by the two photosystems
a Average Uloss per photon

oxygen electrode delamination arises via high inter-
nal oxygen pressure within the electrolyte. Particularly
noteworthy findings from this modeling are that mod-
est changes in the electronic conductance can cause
orders of magnitude changes in the oxygen pressure,
and a small amount of electronic conduction through
the electrolyte is actually preferred from a stability
standpoint. Thus, addition of ceria (or other metal ox-
ides comprised of metals with multiple valence states)
should decrease the delamination tendency [27.109].

27.2.3 Photoelectrolysis

There are two parts to the efficiency of photoelectroly-
sis: the photovoltaic (�pv) and Faradaic (�F) efficiencies.
The overall efficiency, often referred to as the solar-to-
hydrogen (STH) efficiency of a cell (�sth), is defined as
the product of these quantities

�sth D �pv � �F :

Challenges and Strategies in Cell Design
Even in the case of the most quickly degrading
photoelectrodes, the Faradaic efficiency is nearly
unity [27.110]. Implicit in this observation are the con-
clusions that (1) even the smallest measurable Faradaic
inefficiency is extremely important to the long-term
success of the PEC cell, and (2) discussion of the overall
STH efficiency is dominated by the photovoltaics half
of the problem.

Efficiency Limits. The photovoltaic efficiency limits
of PEC processes have been evaluated for various cell-
operating scenarios [27.108, 111].

Reproduced in Table 27.5 is a summary of the con-
clusions from Bolton et al. [27.108], who investigated
the photovoltaic-based efficiency limits of PEC cells
in both the 1-junction and 2-junction scenarios. In all
cases there is a necessary loss of energy, relative to
the band gap of the light harvester, which is required
to drive the charge separation and electrochemical pro-
cesses. Without knowing exactly what those losses will
be for a real system, the authors give efficiencies for
a realistic range of values in each case, either ignoring
(Uloss under ideal limit) or taking into account (Uloss

under chemical conversion) the overpotential for elec-
trolysis. The scheme abbreviations are defined as fol-
lows: S1 is a single junction cell that converts 1 photon
into 2 electron–hole pairs (requires 1 photon for each
molecule of hydrogen produced); S2 is a single junc-
tion cell that converts 2 photons into 2 electron–hole
pairs (requires 2 photons for each molecule of hydro-
gen produced); D2 is a stacked double junction cell that
converts 2 photons into 2 electron–hole pairs (requires
2 photons for each molecule of hydrogen produced);
and D4 is a stacked double junction cell that converts 4
photons into 2 electron–hole pairs (requires 4 photons
for each molecule of hydrogen produced). In the case
of a double junction (type D) cell, the efficiency lim-
its depend on the bandgaps of both junctions, as shown
in Fig. 27.18, and are maximized when the achiev-
able photocurrents of the two junctions are equivalent
(i. e., when the top junction absorbs the same number
of short-wavelength photons as the underlying junction
absorbs penetrating, longer wavelength photons). The
most physically realistic designs are S2 and D4, which
are reported to have theoretical efficiency maxima in the
ranges of 13�24% and 22�32%, respectively.
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Fig. 27.18 Con-
tour diagram
showing the
ideal limiting
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as required for
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halves in series
(after [27.108])

Electrochemical Stability. It has been recognized that
materials known to possess good photovoltaic prop-
erties, for example, transition metal chalcogenides
and pnictogenides, are poorly suited for use in PEC
due to electrochemical instability [27.112, 113]. Mean-
while, electrochemically stable materials typically ex-
hibit poor photovoltaic efficiency. The two strategies
that research has adopted in response to this signif-
icant challenge are (1) an attempt to imbue stable
semiconductors (metal oxides) with better photovoltaic
properties and (2) an effort to electrochemically stabi-
lize known photovoltaic materials. As a result, the main
thrust in this field has been in the direction of mate-
rial discovery [27.114, 115] and novel photoelectrode
design [27.116].

Photoelectrolysis presents a significant material
challenge. Conventional solar cells are typically encap-
sulated to prevent exposure to moisture and oxygen,
either of which can lead to photocorrosion problems
over time. When immersed in water and used to gen-
erate oxygen under high illumination, temperature, and
pressure, extreme electrochemical stability is required
from the light absorber. Typical materials used in pho-
tovoltaics, particularly group IV elements, III–V com-
pounds [27.114, 117–119], II–VI materials [27.120–
123], Cu(In,Ga)Se2 [27.124], and other metal chalco-
genides [27.125], are especially susceptible to PEC
degradation in aqueous environment. Because these
materials are more vulnerable to anodic rather than ca-

thodic degradation, it was universally found that their
stability is enhanced at low pH under cathodic protec-
tion.

The same is not always true for metal oxide semi-
conductors, where photodegradation is often caused by
cathodic stress. Unconventional in the field of photo-
voltaics due to their generally poor charge transport
and often large bandgaps compared to nonoxide semi-
conductors, metal oxide materials are often employed
as photoanodes for hydrogen production due to the
promise of enhanced stability. However, even the most
stable of these materials can have problems in the harsh
environments of photoelectrolysis. Strontium titanate,
for example, is known to be indefinitely stable in al-
kaline electrolyte, but photodegrades very quickly at
low and neutral pH [27.110]. Similarly, the stability of
most metal oxide semiconductors prefers a specific pH
range, the value of which can vary tremendously. In Ta-
ble 27.6 a survey of common metal oxides and mixed
oxides can be found, with stable pH range, reproduced
from a thorough review of metal oxide stabilities by
Scaife [27.126].

Peripheral Challenges. In addition to the chemical
challenges involved with achieving efficient PEC hy-
drogen evolution, there are also several engineering
obstacles to consider. The impracticality of storing or
transporting large amounts of near-atmospheric pres-
sure hydrogen gas necessitates its compression. Pres-
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Table 27.6 Thermodynamic stability of oxides toward photoanodic decomposition (after [27.126])

Oxides
stable
pH 0�14

Oxides
unstable
pH 0�14

Oxides stable over some pH rangewith pH range for stability

Fe2O2 MnO CoO (6:8�14) Al2O3 (2:9�14) MgTiO3 (4:7�14) CrNbO4 (0�4:3) MgNb2O6 (1:9�14)a

TiO2 SnO NiO (6:2�14) In2O3 (2:2�14) CaTiO3 (6:5�14) Co2TiO4 (4:4�14) FeNb2O6 (0:2�11:9)a

SnO2 PbO CuO (3:7�14) Ga2O3 (0:9�14) SrTiO3 (5:9�14) Zn2TiO4 (4:2�14) ZnNb2O6 (0:2�13:9)a

ZrO2 Cr2O3 ZnO (5:8�14) Bi2O3 (1:5�14) Sr0:5Ba0:5TiO3 (6:8�14) Cd2SnO4 (5:3�14) FeTa2O6 (3:2�10:7)
Ta2O5 La2O3 CdO (7:6�14) Y2O3 (8:5�14) Ca0:2Ba0:8TiO3 (7:3�14) Zn2SnO4 (3:5�14) CrTi2O7 (1:0�4:8)
NaNbO3 TinO2n�1

b HgO (1:2�14) Nb2O5 (0�12:2) BaTiO3 (7:4�14) CdFe2O4 (1:6�14) La2Ti2O7 (3:0�14)a

KNbO3 NbO2 WO3 (0�2:4) FeTiO3 (4:9�14) CdIn2O4 (3:4�14)a Sr2FeNbO6 (5:1�14)a

FeNbO4 U3O8 CoTiO3 (1:7�14) CdGa2O2 (2:4�14)
LaNbO4 MnTiO3 NiTiO3 (2:1�14) Al2TiO5 (2:0�14)
FeTaO4 CdTiO3 PbTiO3 (1:1�2:3) MgTi2O5 (3:5�14)
Fe2TiO5 Mn2TiO4 LiNbO3 (1:1�14)
CaNb2O5 Fe2TiO4 YFeO3 (4:2�14)
SrNb2O6

a CdSnO3 (0:4�14)a

BaNb2O6
a BaSnO3 (0:4�14)a

CoNb2O6
a

NiNb2O6
a

TiNb2O7

Hg2Nb2O7

Hg2Ta2O7

Pb4Ti3WO13
a

PbFe12O19

a Using estimated values of �Gf (298:15); b where n D 4�8

surization of hydrogen is more challenging than that of
other gases due to its small mass. While it contains the
largest energy density of any possible fuel, it also results
in the largest pressure density of any possible product
gas. A multiple stage hydrogen compressor is required
to affordably bring hydrogen to significant pressure.
While this equipment contributes significantly to the
one-time expense of a hydrogen-producing facility, its
energy requirement is also nonnegligible in the long
run. Figure 27.19 from the work of Bossel is a diagram
depicting the power requirement of hydrogen compres-
sion [27.127]. For viewing convenience, the energy axis
was herein normalized by the combustion energy of
the hydrogen product under standard conditions, rather
than reported in the originally publishedmegajoules per
kilogram.

This thermodynamic requirement of compression,
along with the large capital cost of the compressor,
both highlight the advantages possible in producing hy-
drogen electrochemically at already-elevated pressure.
However, such a task becomes very difficult when the
other requirements of PEC hydrogen production are put
into place:

1. Light is required to efficiently penetrate the pressur-
ized cell.

2. The compressed hydrogen and oxygen products
must be kept separate from each other, requiring ei-
ther a low-resistance membrane or laminar flow-cell
design.

3. In designs that rely on both a photocathode and
photoanode operating in series, the incoming light
must be distributed to both halves of the reaction,
or, in the ideal case the two electrodes would make
use of different spectral regions of sunlight, and be
situated on top of each other in a monolithic ar-
rangement.

Owing to the underdeveloped technical state of PEC
hydrogen production, these future issues surrounding
cell design are rarely discussed in detail.

Electrode Design. Module design plays a major role
in determining a conventional solar cell’s efficiency
limit [27.128]. Analogously PEC hydrogen generation,
which is strongly limited by the photovoltaics side of the
process, has been shown to benefit from the use of ad-
vanced cell designs [27.129]. Discussed in this section
are several common strategies that have been explored.

The most straightforward PEC cell design con-
sists of a single photoelectrode connected in series
with a counter electrode. This system possesses the
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advantage of simplicity; the study of individual photo-
electrodes is facilitated when only one light-sensitive
electrode is present. A voltage bias between the two
electrodes, from a power supply, is often used to mimic
the contribution from a second photoactive junction. In
this way, the study of single junctions enables the care-
ful study of photoelectrodes that are intended ultimately
for use in multiple-junction PEC cells. However, photo-
electrodes intended for self-sufficient (unbiased) use in
single-photoelectrode cells are not known to reach so-
lar-to-hydrogen efficiencies beyond 1% [27.130]. The
explanation is a deficit of photovoltage. In addition to
the 0:4V energy drop required to drive exciton sep-
aration [27.131], an additional 0:3V of overpotential
is necessary to drive each of the electrode processes
(anodic and cathodic) at reasonable current, on top of
the 1:23V thermodynamic requirement [27.132]. Each
photon usable by a single, unbiased photoelectrode
must therefore contain energy in excess of � 2:2 eV,
limiting the efficiency to 12:7% and narrowing the list
of usable semiconductors. In practice, it is observed that
closer to 3 eV band gaps are necessary to achieve mea-
surable performance, limiting �sth to 2% [27.108, 116,
130, 133, 134].

A photoanode–photocathode combination has the
capacity to be more efficient than a single photoelec-
trode. The critical difference lies in their respective
absorption of the solar spectrum. Two photoelectrodes
in series can have small band gaps, yet still be capable
of driving electrolysis using the sum of their photo-
voltages. This allows their absorption to extend much

further into the visible wavelengths of the solar spec-
trum, improving �pv. It should be noted, however, that
because the two junctions operate in series, their pho-
tocurrents are by definition identical. The implication
is that two photons are now absorbed to generate each
electron that is ultimately passed around the external
circuit, limiting the external quantum efficiency (EQE)
to 50% of what can be expected from a single junction.
Overall, the improved light absorption outweighs this
limitation in the theoretical efficiency limit. The first
tandem PEC cell was reported in 1975 by Yoneyama
et al. [27.113]. Similar to the single photoelectrode
cell demonstrated by Fujishima and Honda [27.25],
the Yoneyama cell used a p-GaP photocathode in se-
ries with n-TiO2 to provide the additional photovolt-
age needed to split water, with a rapidly degrading
�STH starting at 1:2%. Similar cells were described
shortly thereafter by Nozik [27.135] and then later
more efficiently by Bockris and Kainthla (8:2% solar-
to-hydrogen efficiency) [27.136] and others.

The concept of biasing photoelectrodes with stan-
dard p–n junctions has also been explored. When the
p–n junction lies monolithically beneath (i. e., absorb-
ing from the same pool of light as) the photoelectrode,
the device is referred to as a buried junction. Khaselev
and Turner reported 12:4% solar-to-hydrogen efficiency
under 11 suns illumination from a platinum-catalyzed
p-GaInP2 photocathode biased with a GaAs p–n buried
junction. It was stated to be essential for device per-
formance that the absorption of light by the underlying
GaAs layer limit the overall photocurrent generated
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Fig. 27.20 Solar spectrum utilization from the photocathode reported by Khaselev and Turner, broken down by layer
(after [27.29]). The photocurrent generated by the GaAs layer limits that of the overall device

by the device. The spectral utilization of each layer is
shown in Fig. 27.20. As with many examples of III–
V light harvesters, this efficient photocathode suffered
from electrochemical instability.

Notable Photoelectrode Materials
Most of the photoactive materials common to photo-
voltaics have been studied as cathodes in PEC cells.

Conventional for PV. There are examples demonstrat-
ing appreciable and sometimes extraordinary perfor-
mance from photocathodes based on silicon [27.137],
group III–V materials [27.29, 113, 138], group II–VI
materials [27.139, 140], Cu(In,Ga)Se2 [27.141], and
Cu2ZnSnS4 [27.142].

The use of these semiconductors as photoanodes,
however, is less common due to problems with elec-
trochemical corrosion under oxidative stress. There are
nevertheless a few examples in which researchers have
enhanced the stability of these materials, generally by
coating the photoactive layer with a very thin film of
stable metal oxides [27.143–146].

Unconventional for PV. A wide variety of mixed
metal oxide semiconductors have been explored for
favorable electrochemical and photovoltaic properties,
namely a reasonably small band gap, good charge mo-
bility in both the conduction and valence band, appro-
priate band edge potentials, electrochemical stability,
and photochemical stability. No single material, oxide
or otherwise, has yet been reported to embody all these

qualities. A noncomprehensive survey of nonconven-
tional (oxide) semiconductors studied for PEC, repro-
duced from the work of Scaife [27.126], is presented in
Fig. 27.21. The most commonly studied classes of ma-
terial include zinc oxides [27.147], tantalates [27.148,
149], tungstates [27.150], chromates [27.151], ferrites,
and titanates [27.152–154].

One of the key challenges when working with
metal oxides is the movement of charge throughout the
solid. Hematite, Fe2O3, has been widely recognized as
an interesting PEC challenge [27.155]. Despite being
abundant, stable, and good at absorbing light [27.156],
hematite has poor electron and hole conductivity, ram-
pant charge recombination (as a consequence), nonideal
band-edge potentials, and poor catalytic activity to-
ward water decomposition [27.157, 158]. Much work
has been done by the Grätzel group to compensate for
the drawbacks of Fe2O3 by doping it with other el-
ements [27.159], as well as reducing the dimensions
of the photoactive layer [27.160, 161]. Photovoltages
achieved by hematite-based photoanodes are on the or-
der of 0:8V, with photocurrents reaching a maximum
of� 3mA=cm2 when biased externally [27.162].

It is far rarer to find reports of metal oxide photo-
cathodes. There have been a handful of studies related
to photocathodes based on cuprates [27.163] and fer-
rites [27.164], though with stability issues in each case.
The cathodic degradation mechanism is different than
anodic. Instead of material dissolution from the pho-
toactive layer, the metal atoms in the cathodes tend to
reduce, forming splinters of conductive metal within
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the oxide semiconductor. When this happens, the elec-
trolyte interface can short circuit with the underlying
conductive support, rendering charge separation inef-
fective.

Performance-Enhancing Surface Modification. It
has become more widely recognized in recent years
that electrode surfaces can be modified with submi-
cron features, or with performance-enhancing additives,
to enable unexpected photo- or electrocatalytic prop-
erties [27.165]. As an illustrative example, the surface
modification of TiO2 to achieve ordered nanotube ar-
rays has received much recent attention [27.166–173].
It was found by the Bard and Misra groups that an-
odically prepared TiO2 nanotube arrays exhibit dra-
matically enhanced photovoltaic characteristics over

typical TiO2 wafers. The Bard group reported more
than a factor of 10 improvement in photocurrent from
carbon-doped TiO2 nanotubes as compared to a 15�m,
featureless film of the same material [27.174]. Us-
ing catalyst-enhanced TiO2 nanotube arrays for both
the photoanode (carbon doped) and cathode, the Misra
group reports a PEC cell efficiency for water splitting
of 8:5% [27.175, 176].

Addition of submicron catalyst particles to the sur-
face of photoelectrodes is also known to strongly af-
fect performance. An example of the powerful effect
that electrochemical catalysis can have on the activity
and stability of a photoelectrode is presented by the
Domen group [27.177]. In their study of a tantalum
oxynitride photoelectrode (TaON), it was discovered
that� 1mA=cm2 photocurrent diminished to zero very
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quickly during operation (on the order of seconds), due
to the photocorrosion of the electrode to form Ta2O5.
It was found that addition of an IrO2 oxygen evolution
catalyst to the surface of the TaON electrode had a pro-
found effect on the electrode’s performance. First, the
photocurrent generated by the electrode was improved
by a factor of 3 over uncatalyzed TaON. In addition,
incorporation of IrO2 as a charge collector prevented
anodic leaching of nitrogen out of the electrode surface.
The result was an electrode that sustained its photocur-
rent on the order of hours instead of seconds.

A final way in which surface additives can aid solar-
to-hydrogen efficiency is by enhancing the absorption
of light by the semiconductor. An area of growing in-
terest is the addition of plasmonic metal nanostructures

to the surface of semiconductors [27.178]. Surface plas-
mon resonance describes the storage of photonic energy
in the form of a standing wave within a metal body. It
has been shown by Ingram and Linic that photovoltaic
enhancement of a PEC cell can be achieved with visi-
ble wavelengths by the addition of silver nanostructures
to a n-TiO2 photoanode [27.179]. The authors saw sig-
nificant, sustained photocurrent enhancement (roughly
an order of magnitude) over the silver-free control
electrode. They attribute this effect to an enhanced
probability of photonic absorption at the semiconduc-
tor’s surface, due to the presence of the silver, as
opposed to more general absorption within the bulk of
the TiO2 (where the charge-separating electric field is
much weaker).

27.3 Development Perspectives

Findings from a technoeconomic analysis of today’s
commercial electrolyzers suggest that electricity costs
are a major contributor to the cost of hydrogen, re-
gardless of the system size [27.15]. It was also found
that capital cost reduction is needed for smaller scale
electrolyzers to reduce H2 costs. Figure 27.22 shows
the status of current-day commercial electrolyzers in
terms of the electricity consumption as a function of
the electrolyzer capacity. The HHV of hydrogen is
3:5 kWh=Nm3 and the system efficiency is defined as
the ratio of the HHV and the electricity consumption
(y-axis of Fig. 27.22).

System efficiencies of large-scale alkaline elec-
trolyzers (> 100Nm3=h) such as those made by
StatOil (previously Norsk Hydro) and ELT are in
the range of 75�80%. Medium-sized electrolyzers
(10�100Nm3=h) by Teledyne (PEM) and Hydrogen-
ics (alkaline) have lower system efficiencies (60�70%).
Small-scale electrolyzers (< 10Nm3=h) manufactured
by Proton Energy Systems and PIEL (ILT Technolo-
gies) have system efficiencies in the range of 50�60%.
Electrolyzers with high production capacities achieve
lower power consumption or higher efficiency. This
can be mainly attributed to the improved efficiency
of ancillary components with increasing size. Existing
commercial alkaline electrolyzers spans three orders of
magnitude in capacity. All these electrolysis units are
sized to meet the demands of current nonrefinery hy-
drogen markets. Only electrolyzers 10�100 times the
size of today’s largest units could meet the minimum
capacity requirement of a typical refinery.

The cost of the electricity will have a dominant ef-
fect on the H2 price, accounting for > 75% of the total
cost in SOEC-based systems. Researchers at the Na-

tional Renewable Energy Laboratory reported in 2007
the boundary electricity cost effect on H2 costs. The
electricity price would have to be less than $0:01/kWh
for H2 to be produced at $2/kg ($0:18/Nm3). This is less
than the cost to produce electricity from coal. For a pro-
duction target of $3/kg, electricity costs were estimated
to be $0:04 to $0:055/kWh for electrolyzer efficiencies
of 72�58%, respectively. In another estimate, the elec-
tricity cost of $0:075 was needed to meet the $3/kg H2

target even at 100% efficiency [27.180].
Floch et al. [27.181] reported a study on using off-

peak grid power for an alkaline electrolyzer. Various
production capacities up to � 7200Nm3 H2/h were
modeled. Their results show a minimum in production
cost of 2:56�=kg at 48 C=MWh electricity cost (2005
basis). This corresponded to a 64:3% uptime, mainly
operation at nights and on weekends. Savings by using
the off-peak power were said to be significant, but var-
ied enormously in different markets.

In addition to the efficiency limitation and cost of
grid electricity, the associated CO2 emission (a rea-
sonable US value is � 0:59 kg CO2/kWh) [27.182]
is a significant barrier to the adoption of electrolysis
as a low-carbon hydrogen production technology. The
only meaningful choice for comparison of carbon in-
tensity is the SMR technology. Praxair has published
a white paper indicating that historical SMR units pro-
duce � 10:8 kg CO2/kg H2 [27.183]. Modern units are
closer to 9:5 kg CO2/kg H2. With credits for the high-
quality steam that is typically exported in refineries,
a 22% reduction is found for historical units (� 8:7 kg
CO2/kg H2). This CO2 is produced during water gas
shift (process related) and from burning natural gas/fuel
to provide heat (combustion-related).
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For the purpose of comparison, a CO2 production
rate of 10:8 kg CO2/kg H2 can be used as a reasonable
upper boundary for SMR technology. If one assumes an
electricity demand of 33 kWh=kg H2 (thermodynamic
limit, VN for low-temperature electrolysis), a CO2 in-
tensity of 19 kg CO2/kg H2 is easily calculated based
on the assumed grid power CO2 footprint given above
(Fig. 27.23). This ignores any other source of CO2

emissions for SOEC operations. At $0:07/kWh, the
electricity costs are seven times as expensive as natu-
ral gas on an energy basis, using a natural gas price
of $3 per gigajoule. Thus, using the lowest reason-
able expected power consumption for electrolytic H2

production, grid-powered electrolysis has double the
amount of CO2 relative to SMR.

Renewable and low-carbon electricity sources, such
as solar, wind, and nuclear power, also play a critical
role in the development of renewable H2 production.
Spanish researchers [27.184] have published a study on
the performance of an alkaline electrolyzer (1Nm3=h
rated H2 production) working under emulated wind
conditions. Wind speed data from a wind farm were
used to establish a power profile for a wind turbine
of some rated power that was emulated by a power
supply designed and built in house. Their results indi-
cated a narrow range of specific energy consumption

of 3:60�4:05 kWh=Nm3 H2 (40�45 kWh=kg H2) over
variable emulated wind energy input. The stack volt-
age matched the electric current–time profile, which the
authors suggest is essentially ohmic behavior governed
by internal resistances of the electrolyte (30% KOH)
and cell components. No costs were provided, but good
electrolyzer performance was noted.

In a recent report, researchers fromNational Renew-
able Energy Laboratory (NREL) the Colorado School
of Mines and Xcel Energy in Colorado offered a tech-
nical report on opportunities for electrolysis for electric
power utilities [27.185]. Hydrogen delivered costs as
a function of electricity price were modeled where the
electrolyzer farm was sized to the maximum wind farm
capacity. With a capacity factor of 41% (an intermedi-
ate factor in their study), costs were about $12/kg H2

(2005 basis) at an electricity cost of $0:10/kWh, using
given economic assumptions. Some benefits (in addition
to storage of intermittent wind energy) were to use elec-
trolyzers in off-peak periods to run the power system
closer to rated capacity (and raise its overall efficiency).
Additionally, when off-peak power is inexpensive, H2

can be produced and stored for later use via fuel cell or
H2-engine generator to produce power.

The NREL authors concluded that ample resources
of solar and wind-derived power exist in the US for
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electrolysis of H2. Currently, electricity from these
sources typically commands a premium price, although
efforts are showing progress for grid parity of these
clean power technologies. To produce H2 electrolyti-
cally with a CO2 footprint less than SMR, then using
the hypothetical electrolysis system above the supply of
electricity should have a carbon intensity of � 0:32 kg
CO2/kWh or less. Natural gas supplied power plants ap-
proach this value, but still exceed it. A mix of wind,
hydroelectric, nuclear, and/or solar, with natural gas,
could conceivably produce a power supply with the
appropriate CO2 footprint. However, the power costs
can prove challenging. Abbasi and Abbasi recently
published estimates for renewable H2 costs [27.186].
They report SMR costs at $1:03/kg, coal gasification
at $0:96/kg, but wind electrolysis at $6:64/kg. Both
biomass pyrolysis ($3:8/kg) and biomass gasification
($4:63) are less than the wind-powered case. For ref-
erence, the authors report gasoline production cost of
$0:93/gallon refined.

For a solar-powered electrolysis process, the PV
module costs must be reduced by one-third over the
present cost. The National Research Council (NRC)
in the United States estimated that the H2 produced
from a solar-powered electrolysis process would exceed
$28/kg at $3:28/WPeak (installed) and electricity cost of
$0:32/kWh [27.187]. The NRC projected that H2 costs
could be reduced to $6:18/kg (assuming improvements
in PV technology and electricity costs of $0:098/kWh).

HTE of steam requires less electricity than conven-
tional low-temperature electrolysis. However, there are
still significant barriers to large-scale implementation.

The largest factors impacting the potential economics
of HTE are:

1. The cost of electricity
2. Capital expense (CAPEX)
3. Cell degradation
4. Uncertainties with scale up of new technology.

INL has been involved with a detailed program on
HTE for large-scale H2 and syngas production from nu-
clear energy. A report on the simulation and economics
in 2010 showed the potential for a 2:2 million Nm3/d
(� 200 t H2/d) plant with a 600MW reactor [27.188].
Production cost using the H2A Analysis Methodology
developed by Department of Energy H2 program was
estimated to be $3:23/kg (leaving the plant gate at 5
MPa pressure). The estimated price was shown to be
most sensitive to the assumed after-tax internal rate
of return (typically 10%) and unplanned replacement
costs. In this case, 70% of the H2 price was due to
capital costs (high costs for nuclear reactors). The au-
thors report a commodity price of $2:50/kg for H2 from
SMR technology for comparison, but this is probably
too high at current natural gas prices. Nevertheless,
these transparent and documented procedures likely re-
sult in a reasonable estimate of H2 production cost from
a world scale SOEC plant.

A dated but informative life cycle analysis (LCA)
by NREL on wind-powered electrolysis shows a re-
markably low 0:97 kg CO2/kg of net produced
H2 [27.190]. The bulk of the CO2 was associated with
turbine production and operation (78%) with a lesser
fraction for compression and storage (17:6%) and very
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low emissions for electrolysis production and opera-
tions (4:4%). In addition, the energy balance was very
favorable, with considerably more energy in the H2 pro-
duced relative to the amount of fossil energy consumed.

Koroneos and coworkers [27.191] have published
the results of an LCA for electrolysis powered by
various renewable sources (PV, solar thermal, wind, hy-
droelectric, biomass) along with SMR from methane
as a comparison. Impacts in addition to CO2 (i. e.,
smog, acidification, eutrophication, carcinogens, ozone
depletion, solid waste, and heavy metals) were con-
sidered in their analysis following generally accepted
LCA methodology. Their conclusion was that wind,
solar-thermal, and hydroelectric-based power for elec-
trolysis were the most environmentally friendly options.
Ewan and Allen assigned figures of merit for several
different routes to H2, and electrolysis was a common
step in several approaches [27.189]. SMR, SMR C
CO2 capture, coal and other integrated nonelectrolysis
processes were included (Fig. 27.24). Four feasibility
criteria used in their analysis were CO2 reduction, land
use impacts, power limitations with the primary energy
source, and production costs. A figure of merit (FOM)
for each criteria was calculated. In turn, an overall FOM
was then calculated from the individual FOM values.
The results (not unexpectedly) showed processes based
on SMR and coal had the best economics, but nu-
clear/thermocycle and coal C CO2 capture scored rea-
sonably high. The best score for an electrolysis-related
process was the combination with nuclear energy. So-
lar PV, wind, and hydroelectric sources for electrolysis
all had relatively low overall scores, primarily due to
higher production costs. Interestingly, the hydroelectric
case had the lowest overall score.

Lemus and Duart have provided a detailed cost
analysis study for various H2 production methods
that include both electrolytic and bio-based technolo-
gies [27.192]. These authors have taken literature data
for production costs, accounted for inflation, and pro-
vided some estimates for future costs. Their results
for renewable energy/electrolysis processes show esti-
mated H2 production costs of $5�15/kg, in reasonable
agreement with Fig. 27.24.

A recent LCA on various hydrogen production
strategies found that, among SMR, coal gasification,
water electrolysis via wind and solar power, and a Cu–
Cl thermochemical water-splitting cycle, the wind and
solar powered electrolysis had the lowest global warm-
ing potentials [27.193]. In terms of CO2 equivalent
emissions, the wind/electrolysis route was the lowest, at
< 1 kg CO2 e/kg of net produced H2, in agreement with
Spath andMann [27.188]. However, the authors pointed
that out the production capacities for these processes
were 4 orders of magnitude lower than the coal gasifi-
cation example used in their study. The thermochemical
Cu–Cl cycle also had very low reported CO2 equiva-
lent emissions, and was advantaged over the electrolysis
options in view of greater production capacity opportu-
nity. This study has a detailed and comprehensive set of
economic inflows, emissions, and global warming po-
tential (GWP).

A high-level review of water electrolysis technolo-
gies for hydrogen production has appeared recently,
which includes possible configurations for coupling
renewable energy systems to electrolysis in both au-
tonomous and grid-connected systems [27.194]. The
autonomous systems are separate from the grid and the
hydrogen is completely renewable. Two types of au-
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tonomous, or off-grid, systemswere identified byUrsua
et al. [27.194]. In one, the wind or solar PV system is
coupled to the electrolyzer and H2 (as well as O2) is the
only product. Such systems are subject to variable pro-
duction, since the availability of wind and solar power
fluctuates. The second off-line system incorporates H2

storage and fuel cells, such that surplus renewable en-
ergy is stored as H2, then converted to power in areas
where the main grid is not accessible.

In grid-connected systems, three configurations
were identified. In one, all electricity generated by the
wind or solar system is continuously injected onto the
grid. The electrolyzer is driven by a constant operat-
ing profile derived from the average of the renewable
energy system, but does not include the variations.
A second type uses the renewable energy directly, and
excess renewable energy is supplied to the grid. In
this case, the electrolyzer is subject to renewable en-
ergy variability. Under most circumstances, such an
electrolyzer would be underutilized. The third configu-
ration for grid-connected system allows the electrolyzer
to participate in the instantaneous adjustment between
the renewable energy generated by wind or solar units
and the energy demanded by loads connected to the
grid.

Demonstration projects integrating renewable en-
ergy and electrolysis were also noted for the United
States, Canada, Germany, Italy, Norway, Finland, UK,
Japan, and Spain [27.192]. Most were autonomous sys-
tems, isolated from the grid or microgrids. The use of
solar PV energy is more common than wind, but some
consider both options. Alkaline electrolyzers are typi-

cally employed but PEM-based systems are utilized as
well.

The Wind2H2 project, led by NREL and Xcel En-
ergy, integrates wind turbines and photovoltaic (PV) ar-
rays with electrolyzer stacks to produce hydrogen (and
oxygen) with renewably generated electricity [27.195].
The system uses two variable speed wind turbines
with 100 and 10 kW capacity. Two PEM electrolyz-
ers (1:05Nm3=h each) and one alkaline electrolyzer
(5:6Nm3=h) produce the hydrogen. Integration of these
technologies as well as the operation of electrolyz-
ers with different gas output pressures are part of the
study. The H2 is compressed and stored for later use in
a hydrogen internal combustion engine where it is con-
verted to electricity and fed into the utility grid during
peak demand hours. Refueling of a passenger car was
demonstrated in 2009. Base-line production price for
the hydrogen was 6:25/kg.

Another demonstration project in Spain has been
described recently [27.196]. In this project, excess en-
ergy from the large Sotovento wind farm (17:56MW)
is used to power an alkaline electrolyzer to produce
hydrogen at a rate of 60Nm3=h. The hydrogen is com-
pressed to 200 bar, then used as fuel for a 55 kW engine
to supplement power when wind energy falls below tar-
geted levels.

The demonstration projects described here and else-
where [27.134, 197] clearly show that renewable hy-
drogen via electrolysis is feasible, but cost challenges
remain. Technical improvements in all system compo-
nents are documented, and cost reduction targets are
identified.

27.4 Conclusions

As discussed in this chapter, the use of electrolysis for
large scale, centralized hydrogen production is chal-
lenged by component costs and high electricity costs
without assuming an unrealistic regulatory incentive.
These technologies are unlikely to replace the mature
and low-cost SMR in the foreseeable future, due largely
to the contemporary expansion in the supply of natural
gas in the United States (and Eurasia/Middle East) that
has suppressed the costs of SMR-derived hydrogen.

However, the electrochemical hydrogen production
technologies do offer potential advantages in a dis-
tributed hydrogen market, especially when the tech-
nologies are combined with renewable or low-carbon

electricity sources. At smaller production capacities, the
cost of H2 from SMR increases due to the unfavor-
able economy of scale down. In anticipation of demand
for renewable hydrogen (i. e., for greenhouse gas re-
duction and renewable fuels production), the coupling
of low-carbon power sources to different electroly-
sis technologies has been demonstrated. In addition,
electrochemical hydrogen production offers an oppor-
tunity to store energy from intermittent power sources
such as wind and solar. As improvements and cost
reductions in system components are realized, truly
renewable hydrogen may emerge as a cost-effective
commodity.
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