
CHAPTER 33
Hydrogen Production From Water Electrolysis

The global reaction occurring in a water electrolysis system consists in
the decomposition of water molecules into dihydrogen and dioxygen
molecules (Eq. 20):

H2O-O2 1H2 (20)

The water electrolysis reaction takes place in an electrochemical
system that is composed of two electrodes (an anode and a cathode
where oxidation and reduction of water occur, respectively) and an elec-
trolyte (ionic conductor). The two electrodes are connected to an electric
energy generator (Fig. 7). The global reaction of water electrolysis can
occur under different conditions: aqueous alkaline or aqueous acidic
conditions at temperatures lower than 100�C, or using solid oxide
electrolytes at temperatures higher than 700�C. Depending of the elec-
trolytes, and on the electrolysis cell working temperature, water-
electrolysis cells are classified into three main categories:

• Alkaline electrolysis cell (AEC): working cell temperature ,80�C,
ionic species are hydroxyl ions (OH2), aqueous KOH or NaOH as
electrolytic media;

• Proton exchange membrane electrolysis cell (PEMEC): working
temperature ,80�C, ionic species are hydronium ions (H1),
perfluorosulfonic acid (PFSA) membranes as solid electrolytes;

• Solid oxides electrolysis cell (SOEC): working cell temperature
.700�C, ionic species are oxide ions (O22), yttrium-stabilized zirco-
nia as solid electrolytes.

Each system involves different reactions at both electrodes according
to the ionic species transported through the electrolyte. Eqs. (21)�(26)
give the different reactions occurring in the different electrolysis systems:

In an AEC:

Anodic reaction: 4OH2-2H2O1 4e21O2 (21)
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Cathodic reaction: 2H2O1 4e2-4OH21 2H2 (22)

In a PEMEC:

Anodic reaction: 2H2O-4H11 4e21O2 (23)

Cathodic reaction: 4H11 4e2-2H2 (24)

In a SOEC:

Anodic reaction: 2O22-4e21O2 (25)

Cathodic reaction: 2H2O1 4e2-2O221 2H2 (26)

Independently on the electrolytic media, the standard anode poten-
tial E0ðO2=H2OÞ

� �
for the anodic reaction of water oxidation into dioxy-

gen is

E0
O2=H2Oð Þ5 1:23 V vs SHE (27)

while the standard cathode potential E0ðH2O=H2Þ
� �

for all cathodic reac-
tions of water reduction into dihydrogen is

E0
H2O=H2ð Þ5 0:0 V vs SHE (28)

The standard cell voltage for the global reaction of water dissocia-
tion presented in Eq. (20) is 1.23 V independently on the electrolysis
system. Fig. 7 gives the working principle of the three main systems.
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Figure 7 Working principle of the different water electrolysis cell systems.
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3.1 THERMODYNAMICS OF WATER ELECTROLYSIS

The standard molar enthalpy of water decomposition, ΔrH, is the total
energy required to split 1 mole of water molecule into 0.5 mole of
dioxygen and 1 mole of dihydrogen. A part of this energy corresponds
to the thermal energy necessary for the reaction to take place; increas-
ing the thermal energy provided to the system allows reducing the
electrical energy required for the reaction of water splitting.
Thermodynamic relation is given in Eq. (29):

ΔrH5ΔrG2TΔrS (29)

with ΔrG the molar Gibbs energy of water decomposition and ΔrS the
molar entropy of the water splitting reaction.

The Gibbs energy represents the minimum electric energy and
TΔrS the minimum heat required for the reaction of water splitting to
take place. The electric energy (ΔrG) will be provided by an external
electric generator, and the heat energy (TΔrS) will be provided by the
working temperature conditions. From Eq. (29), two electrolysis vol-
tages can be defined. The first one, from the Gibbs energy, is to the
thermodynamic voltage (URev) also called the reversible voltage; the
second voltage is the enthalpic voltage (UTherm) more commonly called
thermoneutral voltage of the water decomposition reaction. This last
voltage represents the global energy requires for the reaction to occur.
The reversible and thermoneutral voltages for the water splitting reac-
tion are calculated from Eqs. (30) and (31), respectively:

URev5
ΔrG

nF
(30)

UTherm 5
ΔrH

nF
(31)

where F is the Faraday constant (96,485 C mol21), and n is the number
of electrons exchanged (n5 2). ΔrG and ΔrH values are dependent on
the pressure and the temperature of the system. Under standard condi-
tions (T5 298 K and p5 1 bar5 105 Pa), water is under liquid phase,
whereas oxygen and hydrogen are under gaseous phases. These condi-
tions are often employed for alkaline and acidic electrolysis systems. In
these cases, the standard energy values are

ΔrG
�
5237:22 kJ mol21-URev5

ΔrG
�

2F
� 1:23 V (32)
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ΔrH
�
5285:8 kJ mol21-UTherm5

ΔrH
�

2F
� 1:48 V (33)

A supplementary voltage (UEnt5 0.25 V) could be defined, derived
from the entropy ΔrS (163.15 J mol21 K21) change, i.e., the heat
demand for the reaction to occur. It corresponds to the minimum
overvoltage with respect to the reversible voltage to be applied to the
electrolysis cell in order to start the water decomposition reaction.

All thermodynamic values (ΔrG, ΔrH, ΔrG, URev, and UTherm) are
dependent on the temperature. The changes of the values of the state
functions, as well as in the heat energy demand (ΔrS), as a function of
the temperature at constant standard pressure are shown in Fig. 8A,
whereas those of both reversible and thermoneutral voltage values are
shown in Fig. 8B.

The sudden drops or dramatic changes in the slopes occurring at
100�C for all state functions and voltages are related to the change of
state of water, i.e., to the vaporization energy. Over both temperature
ranges, below and above 100�C, the total energy demand ΔrH and
consequently the thermoneutral voltage variations are small. On the
other hand, the electricity demand and the reversible voltage decrease
with increasing the temperature. At last, the heat demand increases.

When the electrolysis cell is running, i.e., when a current flow
crosses the cell, an internal resistance appears, which generates a signif-
icant quantity of heat due to electrode reactions and energy dispersion
by “Joule effect.” The heat generated by “Joule effect” helps to pro-
mote the water splitting reaction. According to Fig. 8, increasing the
working temperature of electrolysis should favor the reaction of water
splitting since the electrical demand decreases. At room temperature,
the reversible voltage represents 85% of the total energy required for
the reaction, whereas at 500�C the rate decreases to 75%. The thermo-
dynamic data for the water splitting reaction and the relationships of
thermodynamic state function values with the reversible and thermo-
neutral voltages lead to three configurations according to the electroly-
sis cell voltage (Ucell):

• UCell,URev: the reaction does not occur;
• URev,UCell,UTherm: extra heat is required to operate the reaction;
• UTherm,UCell: the reaction occurs and evolves heat.
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Figure 8 Temperature dependence of (A) enthalpy, Gibbs energy and heat requirement; (B) thermoneutral and
reversible voltages for the water splitting reaction in liquid and gaseous phase at a pressure of 1 atm. From
A. Goñi-Urtiaga, D. Presvytes, K. Scott, Solid acids as electrolyte materials for proton exchange membrane
(PEM) electrolysis: review, Int. J. Hydrogen Energy 37 (2012) 3358�3372 [35].
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The reversible potentials of both electrodes, anode and cathode, can
be determined using the Nernst equation, which depends on the stan-
dard potential, the temperature and the activity of the different chemi-
cal species involved in the semielectrochemical reactions. In alkaline
media (AEC), the thermodynamic potentials are expressed as follows:

Anode reaction: EAnodic 5E O2=H2Oð Þ

5E0
O2=H2Oð Þ1

RT
nF

ln
aH2O
� �2

aO2

� �
aOH2ð Þ4

 !
(34)

Cathode reaction: ECathodic 5E H2O=H2ð Þ5E0
H2O=H2ð Þ

1
RT
nF

ln
aH2O
� �4

aOH2ð Þ4 aH2

� �2
 !

(35)

where R is the perfect gas constant (8.314 J mol21 K21), T is the tem-
perature in Kelvin, F is the Faraday constant (96,485 C mol21), ax are
the activities of the chemical species, and n is the number of electrons
involved in the redox reactions. In this case, n5 4 since two water
molecules are involved.

In acidic media (PEMEC), the thermodynamic potentials are
expressed as follows:

Anode: EAnodic 5E O2=H2Oð Þ5E0
O2=H2Oð Þ1

RT
nF

ln
aH1

� �4
aO2

� �
aH2O
� �2

 !
(36)

Cathode: ECathodic 5E H2O=H2ð Þ5E0
H2O=H2ð Þ1

RT
nF

ln
aH1

� �4
aH2

� �2
 !

(37)

In solid oxides media (SOEC), the thermodynamic potentials are
expressed as follows:

Anode: EAnodic 5E O2=H2Oð Þ5E0
O2=H2Oð Þ1

RT
nF

ln
aO2

� �
aO22

� �2
 !

(38)

Cathode: ECathodic 5E H2O=H2ð Þ5E0
H2O=H2ð Þ1

RT
nF

ln
aH2O
� �2

aO22

� �2
aH2

� �2
 !

(39)
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The thermodynamic voltage is defined as the potential difference
(ΔE) between the anode and the cathode when no current is flowing
through the electrolysis cell, i.e., when no reaction occurs at the macro-
scopic level and is therefore also called the equilibrium cell voltage

(UEq
Cell). As it corresponds to the open circuit voltage, it is also referred

to as to the “electromotive force.” The value of UEq:
Cell can be calculated

using Eq. (40):

U
Eq
Cell 5ΔE5EAnodic 2ECathodic

5E0
O2=H2Oð Þ2E0

H2O=H2ð Þ1
RT
4F

ln
aH2

� �2
aO2

� �
aH2O
� �2

 !
(40)

3.2 KINETIC ASPECTS OF WATER ELECTROLYSIS

The thermodynamic treatment leads to determine the minimum cell
voltage to be applied to an electrolysis cell to initiate the water split-
ting reaction, as a function of temperature and activity of species. But
the objective is to produce hydrogen (and oxygen), i.e., to flow an elec-
tric current through the electrolysis cell. The reaction kinetics at the
electrodes are not infinite, and these limitations involves the appear-
ance of oxidation and reduction overpotentials, ηAnodic(i) and
ηCathodic(i), respectively, leading to an overvoltage, i.e., a difference
between the voltage applied to the cell during operation and the value
of the reversible potential for hydrogen and oxygen production.
Moreover, the different elements constituting an electrolysis cell and
the interfaces between them (current collectors, connections, interfaces,
electrolyte materials, anodic and cathodic catalytic layers) are respon-
sible of the appearance of an ohmic resistance (RCell). As a conse-
quence, the cell voltage (UCell) has to be higher than the reversible one
for the significant production of hydrogen at the cathode. Taking into
account these limitations, the overall cell voltage can be expressed as
follows:

UCell5U
Eq
Cell1 ηAnodicðiÞ1 ηCathodicðiÞ1 iRCell (41)

iRCell being called the ohmic drop.

Both the overpotentials and the ohmic drop vary with the current
density applied to the electrolysis cell, as shown in Fig. 9.
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In electrochemistry, the rate of a redox reaction is generally con-
trolled by the electron transfer process.

Ox1 ne22Red (42)

with Ox the oxidizing species, Red the reducing species and n the num-
ber of electrons transferred for the redox reaction. The Butler�Volmer
relationship allows determining the theoretical currents density (j) for a
specific reaction and is written as follows (the current density being the
current divided by the electrode surface):

j5 j0
Red½ �El
Red½ �Sol

exp
αnF
RT

ηAnodic

� �
2

Ox½ �El
Ox½ �Sol

exp
βnF
RT

ηCathodic

� �� �
(43)

where Red½ �El, Red½ �Sol, Ox½ �El, and Ox½ �Sol are the reducing and oxidiz-
ing species at the electrode interfaces and in the bulk solution, respec-
tively, j0 is the exchange current density, α and β are the anodic and
cathodic transfer coefficients (α1β5 1). In a first approximation,
considering that there is no concentration gradient between the bulk
solution and the electrode surfaces (no diffusion limitation), the
Butler�Volmer relationship can be simplified as follows:

j5 j0 exp
αnF
RT

ηAnodic

� �
2 exp

βnF
RT

ηCathodic

� �� �
(44)

In a second approximation, considering that the anodic overvoltage
is large enough (e.g., in the case of water oxidation), the cathodic

Figure 9 Change in the cell voltage as a function of the applied current in the case of water electrolysis in acidic
media at 25�C and atmospheric pressure. From P. Millet, Électrolyseurs de l’eau à membrane acide, Techniques
de l’ingénieur, 2007 [36].
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component becomes negligible with respect to the anodic one and the
relationship becomes

j5 j0exp
αnF
RT

ηAnodic

� �
(45)

while for the study of an electrochemical cathodic process, if ηCathodic is
large enough, then the anodic component becomes negligible. The rela-
tionship is simplified as

j52j0exp
βnF
RT

ηCathodic

� �
(46)

From both these equations, the Tafel equations can be expressed as
the over-voltages as a function of the current density:

ηAnodic5 a1 b log j; with a5
22:3RT
αnF

log j0
� �

and b5
2:3RT
αnF

(47)

and:

ηCathodic5a01b
0
log j; with a05

2:3RT
βnF

log j0
� �

and b05
22:3RT
βnF

(48)

Based on these equations, the exchange current density (j0), the
transfer coefficients (α and β), and the Tafel slope values (a and a0)
can be determined from experimental polarization curves. These
kinetic data allow proposing the rate determining step (rds) of the reac-
tions at the electrode material. They are dependent on the electrocata-
lytic material, and they can serve to compare the catalytic activities
and efficiencies of the catalysts.

As previously explained, the cell voltage (UCell) under working con-
ditions (when current density is applied to the electrolysis cell) is higher
than the equilibrium value (UEq

Cell) due to both the irreversibility of the
electrochemical reactions (presence of overpotentials) and the cell resis-
tance. So the overall energy efficiency εCell (neglecting the energy con-
sumed in the auxiliary equipment) can be calculated as follows [37]:

εCell 5
ΔrH

Rev

ΔrGRev1TΔrSRev1 nF ðjηAnodicj1 jηCathodicj1 jRCellÞ
(49)

where ΔrH
Rev, ΔrG

Rev, and ΔrS
Rev are the enthalpy, the Gibbs

energy, and the entropy at the equilibrium (j5 0).
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Under low-temperature working conditions (PEM and alkaline
electrolyzer), a simplified equation can be used assuming that the
heat demand is small compared to the global energy of the reaction.
The energy efficiency can be expressed as a function of U

Eq
Cell and

UCell:

εCell5
ΔrG

Rev1TΔrS
Rev

ΔrGRev1TΔrSRev1 nF ðjηAnodicj1 jηCathodicj1 jRCellÞ
(50)

with ΔrG
rev 5 nFUEq

Cell and UCell 5U
Eq
Cell1 ηAnodic

�� ��1 ηCathodic
�� ��1 jRCell

then,

εCell5
URev

Cell 1 TΔrS
Rev=nF

� �
UCell1 TΔrSRev=nF

� �
5
URev

Cell

UCell

11TΔrS
Rev=ΔrG

Rev

11TΔrSRev=ðΔrGRev1nF ðjηAnodicj1jηCathodicj1 jRCellÞÞ

 !

(51)

and εCell�
URev

Cell

UCell
since it is considered that

TΔrS
Rev

ΔrGRev

� �
{1:

3.3 ACIDIC WATER ELECTROLYSIS

Water electrolysis processes are essentially constrained by the thermo-
dynamically unfavorable oxygen evolution reaction (OER). Therefore,
this section will mainly focus on electrocatalytic anodic materials.

3.3.1 Electrodes Materials
From voltammetric measurements, Miles et al. [38,39] determined the
over-potential of the OER and hydrogen evolution reaction (HER) for
different pure and nonsupported metals in acidic medium (Fig. 10A). The
order of activity for the OER was Ru� Ir.Pd.Rh.Pt.Au.Nb,
while for the HER it was Pd.Pt�Rh. Ir.Re.Os�Ru.Ni. Many
catalytic materials were then developed on the basis of these metallic ele-
ments for the elaboration of anodic and cathodic electrodes.

However, for the OER, it is well known that metal oxides are more
stable than pure metals. Trasatti has then compared the activity in
terms of overpotential of different metal oxides for the OER and found
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Figure 10 (A) Onset potential for the OER and HER for different metallic elements (potentials determined at
2 mA cm22 by cyclic voltammetry measurements at 50 mV s21 in 0.1 mol L21 H2SO4 at 80�C) [38]; (B) electro-
catalytic activity towards the OER of various oxides as a function of the enthalpy of the lower - higher oxide
transition, in acid (•) and alkaline (•) solutions [40].
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that the most active were RuO2 and IrO2, in both alkaline and acidic
electrolytes (Fig. 10B).

3.3.1.1 Anodic Electrode Materials
Trasatti and coworkers [40�42] enounced three main reasons explain-
ing the difficulty to understand the OER mechanism occurring on cat-
alytic materials: (1) the high activation energies of intermediates
formed during the reaction involve complex reaction pathways that are
sensitive to electrode surface properties, (2) high anode potentials are
required for the OER reaction that may lead to change in the structure
of the electrode surface, and (3) the surface changes of the electrodes
under potential control lead to modify the kinetic of the reaction with
time. The composition and structure of the electrocatalysts play an
important role for the OER and particularly determine the mechanism
occurring on their surface. Hence, the synthesis methods should confer
the most favorable structure to the electrocatalysts for achieving the
highest OER efficiency as possible. Trasatti et al. [40] have summa-
rized the main requirements for technological applications of electro-
des or electrocatalysts and the main structural parameters influencing
the OER efficiency (Table 2).

In the OER potential range, metal corrosion and passivation were
observed. Taking into account the high anode potentials for OER, the
anodic materials will be under oxide forms, at least on their surface.
These oxide species have to display good electrical conductivity and to
be stable to avoid further oxidation processes. The OER reaction

Table 2 Main Requirements for Electrocatalytic Materials and Factors Influencing
the OER Reaction [40,43]
Main Requirements Influencing Factors

High surface area Chemical nature of the catalyst

High electrical conduction Morphology and microstructure

Good electrocatalytic properties Nonstoichiometry (ionic and electronic defects, etc.)

Long-term mechanical and chemical stabilities Magnetic properties

Low gas bubble problems Band structure of the oxide/Bond strength of M�O

Enhanced selectivity Number of electrons in d band

Availability and low cost of materials Effective Bohr magneton

Health safety Surface electronic structure

Crystal-field stabilization energy

Synergetic effects (mixed or doped oxides)
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involves formation and rupture of bonds between the metal oxide, the
water molecules, and the oxygen atoms. The main steps of the reaction
are the adsorption of water molecules forming intermediate species,
reaction between adsorbed species and oxygen desorption, involving
changes in metal oxidation state. Trasatti et al. [40] showed that materi-
als with intermediate values of the enthalpy for the transition of a metal
oxide to higher oxidation state, ΔH0

t , such as RuO2 and IrO2, led to
higher activity in terms of lower overpotentials for the OER (Fig. 10B).

In addition, according to Matsumoto et al. [43], the rate of desorp-
tion and/or adsorption of the reactive species is depending on the
strength of the metal�oxygen bond of the intermediate reaction spe-
cies; the stronger is the bond strength, the lower is the reaction kinet-
ics. At last, the electron-transfer kinetics, which are dependent on the
Fermi level, also play an important role in the catalytic activity of
oxide materials. Moreover, Rogers et al. [44] have shown that the elec-
tronic transport in the oxide lattice is correlated to the crystallographic
structure. For example, the rutile structures of RuO2 and IrO2 are
semiconductive.

Based on these previous works, many studies were performed on
ruthenium and iridium oxides owing to their high activities towards
the OER. RuO2 is the most efficient material for the OER but presents
a poor stability and can be further oxidized into RuO4 [45�48],
whereas IrO2 is slightly less active but is more stable [49]. Thereby,
mixed oxides were elaborated with the hope to combine the properties
of each pure oxide material:

• Bimetallic oxides composed of RuO2 and IrO2 with different ratios,
• Mixed oxides composed of RuO2 or IrO2 and other non-noble metal

oxides (MO2 with M5 Sn, Ti, Mn, Ce, Ta, Nb).

In all cases, RuO2 and IrO2 are the materials conferring the electroca-
talytic properties for the OER, whereas the non-noble oxides help to
increase the stability of the electrodes and to decrease the amount of
noble metals (Ru and Ir). In order to decrease the metal amount in elec-
trodes, recent works were devoted to the synthesis of nanoscopic cata-
lysts on a high surface area electron conductive support with high
corrosion resistance, such as Sb-doped SnO2 (ATO for antimony tin
oxide) [50,51], titanium suboxides (TiOx) [52], titanium carbides (TiC)
[53], titanium nitrides (TiN) [54], titanium carbonitrides (TiCN) [55], etc.
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3.3.1.1.1 Physicochemical Analysis
As the high efficiency of catalysts towards the OER is dependent on
their physicochemical properties (composition, nature, mean size of
the particles and crystallites, etc.), many physicochemical methods
were used for their characterization. Trasatti et al. [56] have summa-
rized the main physicochemical methods of characterization and the
important information they provide concerning the catalytic materi-
als (Table 3).

The contribution of some characterization to the understanding of
the properties of catalytic materials will be succinctly presented, as
examples. Transmission electron microscopy (TEM)/electron dispersive
spectroscopy (EDS) measurements allow determining the morphology
of the oxide materials, the particle size, their size distribution, the for-
mation of agglomerates, and the bulk composition (Fig. 11A). The
activity towards OER being dependent on the metal oxide structure,
X-ray diffraction (XRD) analyses were realized to determine the crys-
tal size, the crystallinity, and the crystal lattice parameters of the mate-
rials. Characteristic diffractograms of rutile Ru(12x)IrxO2 materials are
presented in Fig. 11B. The narrower are the diffraction peaks, the
higher is the crystallinity of the materials, giving information on the
crystallite size. Raman spectroscopy can also be used to complete or
confirm the nature and structure of the synthesized particles
(Fig. 11C). X-ray photoelectron spectroscopy (XPS) analysis is useful
to determine the surface elemental composition of the oxide materials,
their oxidation level, and their electronic interactions (Fig. 11D). In

Table 3 Most Common Characterization Methods for Electrocatalytic Oxides and
Information Provided
Method Property/Information Obtained

Temperature programed analysis (TPA) Temperature of decomposition,
precursor/intermediate interactions

X-ray diffraction (XRD) Crystal structure, crystallinity, crystal size

BET surface area Real surface area

Electrical resistance Electronic structure

X-ray photoelectron spectroscopy (XPS) Surface composition electronic interactions

X-ray absorption spectroscopy (XANES, EXAFS) Valance, atomic structure
structure-potential relationship

Transmission electron microscopy (TEM) coupled with
electron dispersive spectroscopy (EDS)

Morphological structure, particle size and
bulk atomic composition
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the case of mixed oxides, these methods can allow evidencing a surface
enrichment or impoverishment of a given metal.

Cruz et al. [57] have synthesized RuO2 oxide material by a colloidal
method followed by a calcination step between 200 and 350�C. At low
calcination temperatures, hydrated ruthenium oxides are obtained,
whereas for high calcination temperatures the crystallinity of RuO2

particles increased. Same behaviors were reported by Zheng et al. [58]
from a sol�gel synthesis method and by Devadas et al. [59] from the

Figure 11 (A) TEM images of mono and bimetallic oxides electrocatalysts (modified from [74]), (B) XRD pat-
terns of mono and bimetallic oxides electrocatalysts (modified from [74]), (C) Raman spectra of RuxIr(12x)O2/C
catalysts obtained at 4 mW (modified from [75]), (D) XPS spectra of the Ru 3d (left) and Ir 4f (right)
for IrO2@RuO2 catalyst. Modified from T. Audichon, T.W. Napporn, C. Canaff, C. Morais, C. Comminges,
K.B. Kokoh, IrO2 coated on RuO2 as efficient and stable electroactive nanocatalysts for electrochemical water
splitting, J. Phys. Chem. C. 120 (2016) 2562�2573 [76].
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“Instant Method” assisted by microwave irradiation. Tsuji et al. [60]
demonstrated that for temperatures below 200�C, materials were amor-
phous during their elaboration by electrodeposition or by sputtering.
The materials become crystalline only for calcination temperatures
above 300�C. These results were confirmed by Sassoye et al. [61] for
metal oxides prepared by a colloidal synthesis method in aqueous
phase. However, according to Kim et al. [62], the presence of crystal-
line RuO2 has been detected by Raman spectra from 100�C although
the XRD patterns did not present any diffraction peak for material
calcined at low temperature (below 200�C). The high level of RuO2

hydration at low calcination temperatures was proposed to explain the
absence of XRD diffraction peaks. Audichon et al. [75] obtained same
results for Ru(12x)IrxO2 mixed oxides. In addition, Murakami et al. [63]
showed that the crystallite size of metal oxides increased with the
calcination temperature, whereas in parallel the specific surface area of
the oxide materials decreased. As a general trend, the oxides become
crystalline for calcination temperatures between 300�C and 400�C, and
the particle sizes reach a few tens of nanometers [64], although the metal
oxide microstructure and the particle shape can slightly differ as a func-
tion of the synthesis route.

For mixed oxide materials such as IrxRu(12x)O2, IrxSn(12x)O2,
RuxSn(12x)O2, RuxMn(12x)O2, and IrO2�Ta2O5 [65�69], with x vary-
ing from 0 to 1, the determination of the atomic ratio from XRD mea-
surements is made difficult because all oxides lead the rutile
crystallographic structure, and all metals have very close atomic radii.
Therefore, the locations of the different diffraction peaks are very close
and can hardly be separated. But Owe et al. [70] performed high-
resolution XRD measurements on Ir(12x)RuxO2 materials and
observed a gradual shift of the high Miller index diffraction peaks with
the oxide composition, confirming the formation of a single-phase
solid solution. Audichon et al. [74] also observed a peak shift and con-
cluded that a homogeneous mixed oxide phase was obtained (Fig. 6B).
On the other hand, using a “Pechini” method and a direct, dry,
jet-flame-based process, Mamaca et al. [71] and Roller et al. [72],
respectively, have observed the presence of two phases on their XRD
patterns—the first one being attributed to the oxide materials with the
rutile structure and the second one to a metallic phase. But most of the
syntheses allowed obtaining a homogeneous mixed oxide phase [67,73],
as often confirmed by TEM�EDS measurements [52,74].
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TEM measurements have been performed to determine the
morphology of mixed oxides. No important change was observed
when comparing the materials obtained by different synthesis
methods;, the particle sizes were always comprised between 20 and
100 nm, they always displayed cuboic shapes and they were generally
agglomerated. [67,77,78]. Corona-Guinto et al. [79] used an EDS map-
ping method to verify the homogeneity in the repartition of the metals
in a RuIrCoOx electrocatalyst. The effect of the addition of a second
metal oxide in the catalyst composition was studied by XRD. As for
pure oxides, Baglio et al. [80] showed that for the same oxide composi-
tion, increasing the calcination temperature led to an increase of the
mean crystallite size; these authors used X-ray fluorescence spectros-
copy to quantify the oxides present in the catalytic materials.
Brunauer, Emmett and Teller theory (BET) analyses were also used to
determinate the effect of the addition of a second metal oxide on the
specific surface area [81]. Dependently on the crystallization tempera-
ture of both oxides, the BET specific surface area values tend to
increase or to decrease with the addition of the second metal oxide: if
the added metal oxide had a lower crystallization temperature than the
catalytic metal oxide, the surface area increased; and if the added
metal oxide had a higher crystallization temperature, the surface area
decreased [74]. XPS has mainly been used to determine the nature of
the oxides, the metal oxidation states and the surface composition as a
function of the synthesis method, but this characterization method has
also allowed observing the evolution of these parameters during elec-
trochemical measurements [46]. RuO2 and IrO2 metal oxides give XPS
core level spectra with characteristic shapes presenting a doublet of
asymmetric peaks for Ru 3d and Ir 4f [82,83] that are attributed to the
1 IV oxidation level of ruthenium and iridium. The fitting of XPS
experimental spectra takes generally two components into account
[82,84,85]. The first predominant peak doublet attributed to the pri-
mary spin�orbit components is correlated to the oxide structure. The
second component, accompanied by two satellite peaks close to the
first components, is attributed to the final state screening effects.
However, the reason and the nature of these screening effects are not
clearly established; the satellite peaks are also related to Ru41 and
Ir41 but with slightly different environments, likely hydroxyl or oxohy-
droxyl groups [82]. The O 1s core level spectra do not allow determining
clearly the nature of the oxygenated groups due to sample contamination
[75]. Sometimes, the fitting procedure is applied on the Ru 3p core level
spectrum because the C 1s contribution linked to surface sample
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contamination appears in the same binding energy range than Ru 3d [86].
From XPS measurements, Audichon et al. [76] showed that in the case of
IrO2 coated on RuO2 materials, the Ir ratio was higher on the surface
than in the core of the catalytic particles (Fig. 11).

At last, the conductivity of oxide materials is also a very important
parameter to evaluate their catalytic activity. The study of Huang
et al. [87] on the effect of the calcination temperature for the prepara-
tion of RuO2 thin film by a metal�organic chemical vapor deposition
(MOCVD) method demonstrated that for temperatures higher than
100�C, the electrical properties of materials displayed metallic charac-
ter: The resistivity of the thin film decreased when increasing the calci-
nation temperature. The resistivity also decreased when increasing the
thickness of the metal oxide film. Barbieri et al. [88] showed that
the electronic conductivity of dry materials increased when increasing
the calcination temperature of the RuO2 nanoparticles. In hydrated
oxides, the water content in the crystal lattice acted as a barrier for the
electrical conduction, whereas the decrease of water content in the
oxide lattice after heat treatment increased the conductivity.

3.3.1.1.2 Electrochemical Behavior
RuO2 and IrO2 are the most studied metal oxides owing to their high
activities, whereas SnO2 and TiO2 are often added owing to their good
stability in acidic media and also to decrease the noble metal loading
in the catalyst composition. Electrochemical measurements are
conducted to correlate the activity to the structural properties of the
electrocatalytic materials, particularly by evaluating the specific capaci-
tances, the electric charges, the kinetics for the OER (exchange current
densities, Tafel slopes, charge transfer resistance), and the stability of
the materials during long-term experiments.

The first electrochemical study consists in recording cyclic voltam-
mograms (CV) in H2SO4 supporting electrolyte in the potential range
from 0.05 to 1.4 V vs reversible hydrogen electrode (RHE). Oxide
materials display characteristic CV according to their composition.
For example, the typical CV of crystalline RuO2 (blue line) in
Fig. 12A is different from that of crystalline IrO2 [red line]; it also
differs from that of hydrated RuO2 (black line). The current densities
are due to either capacitive or faradaic contributions at the electrode
surface, so they are dependent on the material structure and composi-
tion. For example, hydrated ruthenium oxide displays higher current
densities than the crystalline one over the potential range studied.
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Figure 12 (A) CVs of hydrated RuO2 (black), RuO2 after heat treatment (blue in online version), IrO2 (red in
online version), and IrO2@RuO2 catalysts (green in online version) recorded at 20 mV s21 [76]; (B,C) voltam-
metric charges vs scan rate, (B) extrapolation of the most accessible charges (q�outer) and (C) extrapolation of
the total charges (q�Total) [75]; (D) OER polarization curves on RuO2, IrO2 and Ru0.8Ir(0.22x)CexO2 electrodes
normalized with the electrode surface area and (E) with the most accessible charges (q�outer) [52]; (F) Tafel
plots for RuxIr(12x)O2/C [75], (G) Nyquist plots for mono- and coated oxide electrodes recorded at 1.5 V vs
RHE during the OER [76]; (H) Tafel plots based on EIS data [76]; (I) CV during repetitive potential cycles
[88]. All measurements were recorded in 0.5 mol L21 H2SO4 electrolyte and 25�C.



The capacitance of the materials can be evaluated from the double-
layer potential region of the CV. The larger is this double-layer region,
the closer to the electrocatalyst active sites are the electroactive species
favorable to OER. Barbieri et al. [88] evaluated the capacitance values
of RuO2 materials as a function of the heat treatment temperature.
The capacitance values are invariant for low heat treatment tempera-
tures, start to decrease, and tend to stabilize for temperatures higher
than 200�C. The change in capacitance has been directly correlated to
the hydration level of the oxide materials: the higher the hydration
level, the higher the capacitance value. But, for a too high hydration
level, the accumulation of water molecules can act as an electrical bar-
rier decreasing the capacitance values, as observed by Barbieri et al.
[88] at 25�C. For Trasatti et al. [89], the capacitive properties of metal
oxides were not only related to the double-layer capacity, but also to
the faradaic reactions occurring at the interface oxide/electrolyte:

RuO21 δH11 δe22RuO22δ OHð Þδ (52)

This equation has been generalized to other metal oxides than
RuO2 [75,88] and considers that in aqueous solution, the metal oxide
surface is hydrated to form hydroxide species:

MOx OHð Þy1 δH11 δe22MOx2δ OHð Þy1δ (53)

where M is the metal species.

The faradaic reactions give rise to oxidation and reduction peaks on
the CV attributed to the Ru(III)/Ru(IV), Ru(IV/VI) [90], and Ru(VI)/
Ru(VIII) [91] redox transitions for RuO2, and Ir(III)/Ir(IV), Ir(IV)/Ir
(VI) [91] for IrO2. For mixed oxides, these contributions overlap on
the potential range studied and the presence of two metals can slightly
shift the potential of each redox transition [74]. Furthermore, the addi-
tion of other active metal oxides can lead to supplementary peaks
attributed to their redox transition [52]. Due to the contribution of
capacitive and faradaic processes over the same potential range, the
term of pseudocapacitance can be used. The specific capacitance or
pseudocapacitance values are determined by integration of the CVs
curves, according to the following equation:

C F g21� �
5

1
vmðE2 2E1Þ

ðE2

E1

i Eð ÞdE (54)
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where v is the scan rate (V s21), m is the mass of oxide material depos-
ited on the working electrode in mg, E1 and E2 are the lower and
upper potential limits and i(E) is the current at electrode potential E.

CV on Fig. 12A shows a faradaic cathodic current feature between
0.05 and 0.3 V vs RHE for crystalline RuO2 and IrO2 materials. This
nonreversible peak was attributed to the insertion or absorption of
hydrogen in the oxide lattice and directly linked to the sample crystal-
linity. Studies of CV recorded with different potential limits performed
by Juodkazis et al. [92] and Audichon et al. [93] have revealed that the
reduction products are oxidized over the whole anodic scan. This con-
tribution can interfere with the capacitance measurements. Sugimoto
et al. [94,95] carried out a complete study of the capacitance values as
a function of the potential range and scan rate. When increasing the
scan rate, the capacitance decreases. At high scan rates only the most
accessible oxide sites in the catalytic layer are contributing to the
double-layer capacity, whereas at low scan rates the whole active sites
are contributing. This phenomenon is correlated to the diffusion of the
electroactives species from the electrolyte to the catalytic sites [96].
Sugimoto et al. [95] proposed that three contributions to the capaci-
tance have to be considered: (1) the electric double-layer capacitance
(Cdl) that is constant independently on the scan rates, (2) the capaci-
tance induced by the electrosorption of ionic species on the oxide sur-
face (Cad), which decreases when increasing the scan rate value, and
(3) the capacitance induced by electrochemical irreversible faradaic
reaction (Cirr) that decreases when increasing the scan rate. These
authors demonstrated that the capacitance decreased with the increase
of the metal oxide loading and of the particles size. In addition, the
decrease of the hydration level and the increase of the crystallinity and
of the crystallite size lead to the decrease the capacitive properties [97].
In the case of mixed oxides, the capacitances depend on the composi-
tion owing to the differences in dehydration and crystallization tem-
peratures of the pure oxide species. Best capacitive properties were
obtained for oxide materials having both particles of small sizes and
good crystallinity.

It is difficult to determine the number of active site in a metal oxide
catalytic layer because faradaic, and nonfaradaic contributions are
involved over the stability potential range. But it has been proposed
that the voltammetric charges (q�) were proportional to the number of
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active sites [41,98]. The voltammetric charges can be evaluated from
CV measurements according to the following equation:

q� Cð Þ5 1
v

ðE2

E1

i Eð ÞdE (55)

The integration of the CV allows determining the number of active
sites involved in capacitive contribution and in faradaic reaction of
surface hydroxide formation. The reversibility of these contributions
can be evaluated from either the charges or the capacitance values
by determining the anodic charge/cathodic charge ratio or anodic
capacitance/cathodic capacitance ratio, respectively. The closer to 1
are the values of these ratios, the more reversible is the reaction [90].
Sugimoto et al. showed the nonreversibility of the capacitance [94],
which also applies to the charge ratio.

The number of charges decreases with the decrease of the oxide
hydration level and with the increase of the heat treatment temperature
[99]. The number of charges measured is also dependent on the scan
rate: at a very low scan rate, the electroreactive species are allowed to
diffuse inside the porosity of the catalytic layer and to react with all
the active sites, whereas at high scan rates the reaction can only take
place on the most accessible active sites. Based on these diffusion lim-
itations, Ardizonne et al. [98] established two equations to calculate
the total charges (q�Total) and the most accessible charges (q�outer) when
the scan rate values tend to 0 and N, respectively.

1
q�

5
1

q�Total
1C1

ffiffiffi
v

p
(56)

q� 5 q�Outer 1C2
1ffiffiffi
v

p (57)

where C1 and C2 are constants, v is the scan rate, and q� is the average
charge calculated for each scan rate v.

The q�outer values are obtained by determining the intercepts of the
linear part of the curves for high scan rates (Fig. 12B), whereas the
q�Total values are obtained for low scan rates (Fig. 12C). The active
site accessibility (q�Outer/q�Total) can then be calculated. The values of
the accessibility calculated from the determination of q�Outer/q�Total as
a function of the composition of mixed oxides do not follow a linear
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trend [74,100], indicating that the accessibility is dependent on the
material composition and probably on the synthesis route. The parti-
cle and crystallite sizes and the hydration level of the oxides depend
on the heat treatment temperature and atmosphere, on the metal
oxides composing the mixed oxides and on their ratios [65]. Results
indicated that the best electrocatalytic activities are achieved with
materials presenting well dispersed small nanoparticles leading to
very high active surface area with a large number of active sites and
high accessibility.

The electrocatalytic activities of the oxide materials towards the
OER are generally determined by recording polarization curves with
upper potential limits higher than 1.5 V vs RHE (Fig. 12D). The OER
onset potential generally higher than 1.375 V vs RHE as well as the
slope of increasing current depends on the catalyst composition, so
that the electrocatalytic activities of materials are determined by the
value of the overpotentials for a given current density in order to avoid
the difficulty of the determination of the onset potential. The lower is
the overpotential at a given current density, the higher is the catalytic
activity of the oxide material towards the OER [74]. The electrocataly-
tic performances depend on the heat treatment temperature and on the
composition of mixed oxides [101]. Siracusano et al. [102] recorded
polarization curves at different temperatures on the same electrode
material. The OER onset potential decreased with the increase of tem-
perature. Lodi et al. [41] have determined the electrochemical activa-
tion energies (Ea) from the Arrhenius plots. They found that the Ea for
the OER decreased when the electrode potential increased.

The activity has been defined as the overpotential for a given cur-
rent. However, the current can be normalized either with respect to the
geometric electrode surface area in order to compare the intrinsic
activity of the catalysts for a given loading (Fig. 12D) [52,65] or with
respect to the charge determined from Eqs. (56) and (57) [70,103] in
order to obtain the electrocatalytic activities by active sites (Fig. 12E).
By using this last method, Audichon et al. [74] have evidenced benefi-
cial effects in RuxIr(12x)O2 mixed oxides on overpotentials, which were
lower than those obtained with the pure oxides.

The Tafel plots can be drawn from the polarization curves
(Fig. 12F). The plots present two linear parts (one for low overpoten-
tials and the other for high overpotentials), the slope of which are
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useful to determine the rate determining step (rds) of the reaction. The
first Tafel slope obtained at low overpotentials allows determining
the very initial rds of the reaction. Owing to the complex reaction of
the OER, involving multielectrons transfer, several mechanisms involv-
ing different rate-determining steps were proposed, leading to different
Tafel slopes [43]. The generally accepted mechanism starts from a
water adsorption step on an active site (S) accompanied with a charge
transfer leading to an adsorbed hydroxyl intermediate:

S1H2O-S2OHads1H11 e2 (58)

the second step consists in a deprotonation reaction of the adsorbed
intermediate leading to a second adsorbed intermediate:

S2OHads-S2Oads 1H11 e2 (59)

at last, reaction between two adsorbed intermediates leads to the
formation of O2:

2S2Oads-2S1O2 (60)

Elsewhere it has been shown that the Tafel slopes are 120, 40, and
15 mV dec21 for reactions (58)�(60) being the rds, respectively [104].
However, other authors [104,105] explained that the bond strength of
intermediates to active sites could differ owing to the catalytic layer
composition, leading to other Tafel slope values. They proposed that
reaction (58) could be separated into two steps:

S1H2O-S2OH�
ads1H11 e2 (61)

S2OH�
ads-S2OHads (62)

where the intermediate species S2OH�
ads and S2OHads have the

same chemical structure but different bond strengths according to the
active site nature. Both steps can occur alternatively or in parallel, and
the corresponding Tafel slope is 60 mV dec21. In addition, depending
on the bond strength of the intermediate species, a chemical reaction
can take place in parallel to step (59):

2S2OHads-S2Oads 1 S1H2O (63)

The Tafel slope associated with this rds is 30 mV dec21. Most of
studies lead to Tafel slope between 40 and 48 mV dec21 depending on
catalyst composition and catalytic layer structure, indicating that the
rds for the OER is reaction (59) [52,70,74,100]. On the one hand,
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Owe et al. [70] and Kotz et al. [46] demonstrated on the basis of Tafel
slope determination that synergetic effect improving the kinetic para-
meters of the reaction took place in mixed oxide materials. Also, Lodi
et al. [41] showed that the morphology, particularly the compactness,
of the electrocatalytic layer could lead to higher Tafel slope value. The
fitting of the Tafel plots allows also determining the exchange current
density (j0) that represents the intrinsic activity of the catalysts towards
the OER. Audichon et al. [93] found exchange current density (j0)
values in the range from 1025 to 1024 mA cm22 for the OER on
RuxIr(12x)O2/C mixed oxides, showing that the OER is a slow process.

The kinetic studies can be completed by electrochemical impedance
spectroscopy (EIS) measurements in a three-electrode cell at different
potentials over the capacitive region or over the OER region. The experi-
mental data are fitted with electrical equivalent circuit to determine the
values of the double-layer capacitance (Cdl), the charge transfer (Rct), and
the electrolyte resistance (Rs). Typical Nyquist diagrams obtained in the
OER potential region are shown Fig. 12G. The Nyquist diagrams and
the Bode plots depend on the potential applied for the measurement and
on the catalyst composition and/or the catalytic layer structure/morphol-
ogy. In many works, two semicircles are observed. The first one, poorly
defined at high frequencies, is attributed to the behavior of the porous
oxide layer; the second one at lower frequencies is attributed to the OER
process. In such cases, the experimental data are modeled with an equiva-
lent electrical circuit (EEC) based on two capacitive loops, represented by
Rs Rf Cf

� �
RctCdlð Þ [106]. Rs is the cell resistance (including electrolyte and

connections), Rf is the resistance of oxide layer, and Cf is the capacitance.
The RfCf

� �
combination is independent of the potential. Rct is the charge

transfer for the OER, and Cdl is the double-layer capacitance. In others
works, only one semicircle is observed, and only one capacitive loop is
used to model the experimental data [93]. The EEC corresponds to
Rs RctCdlð Þ [106]. In these cases, the catalytic layer contributions are prob-
ably diluted inside the large depressed semicircle for the capacitance con-
tribution and in the electrolyte resistance for the electrode material
resistance contribution [107]. Then, Cdl includes the double-layer capaci-
tance due to the electrode polarization and the capacitance attributed to
the oxide thin layer structure. In both case, the fitting procedure shows a
better agreement between experimental and modeled data when the
capacitance is replaced by a constant phase element (CPE). CPE is often
used to model depressed semicircles due to heterogeneity and roughness
of the electrode surface. Independently on the considered EEC, the
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increase of the electrode potential translates into the decrease of the semi-
circle related to the OER reaction, indicating a better charge transfer on
the oxide material surface [93,103]. Simultaneously, Cdl value increases
indicating that the charge accumulation at the interface electrode/electro-
lyte is more important. For mixed oxides, the diameter of the semicircle
changes with the material composition [67], indicating that addition of a
second metal oxide may improve the OER reaction kinetics. Moreover,
in the case of RuxIr(12x)O2 mixed oxides synthesized by a coprecipitation
method in ethanol, synergetic effects were observed through lower Rct

values than those obtained on pure oxides [74]. Tafel slopes can also be
drawn from impedance spectroscopy measurements [108,109]. The
charge-transfer resistance is proportional to the current, so the anodic
Tafel slopes can be extrapolated from the E vs log Rct

21 curves knowing
the Rct values for the different potentials. The Tafel slopes are then deter-
mined from the linear parts of the curves (Fig. 12H). Conversely to the
determination method of Tafel slope from polarization curves, that
based on EIS measurements is not affected by the ohmic drop because
only the charge transfers are considered. The Tafel slope values deter-
mined from EIS method are somehow very close to those determined
from polarization curves, i.e., close to 40 mV dec21 [74].

The determination of the stability of materials towards the OER
and the evaluation of their long-term performances are generally based
on repetitive CV measurements [52,53,67,107]. The first method con-
sists in recording and comparing the shape of the CVs over the pseudo-
capacitive potential range and to evaluate the charge (q�) values as a
function of the number of voltammetric cycles [52,53]. Wu et al. [67]
have used this method to show that addition of SnO2 to RuO2 should
increase the stability of the electrodes. In other works, the stability is
determined from chrono-potentiometric measurements by applying dif-
ferent OER current densities after cycling. The rate of the increase of
the potential vs time is an indicator of the stability of the catalytic
material [79]. The less the potential value increases with time, the more
stable is the electrode material [79].

3.3.1.2 Cathodic Electrode Materials
The researches in PEM electrolysis systems are mainly focused on the
improvement of the anodic materials because the kinetics of HER at
the cathode is much faster than those of OER at the anode, and the
HER occurs with low overpotentials on platinum and palladium.
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Carbon-supported Pt nanoparticles are actually the benchmark electro-
catalysts for cathode materials in PEMEC [90]. Recent works have
been devoted to the development of innovative material for HER, but
the activity and stability during long-term tests were not efficient
enough, so more researches are needed before replacing platinum for
the HER in PEMEC.

Although few specific studies were devoted to Pt- and Pd-based cat-
alysts for the HER in acidic media, these catalysts are the same as
those used for the HER in alkaline media and for the oxygen reduction
reaction in PEM fuel cells.

3.3.1.2.1 Physicochemical Analysis
A wide range of methods have been developed for the synthesis of
noble metal based catalysts dispersed on a carbon conductive support:
physical methods such as plasma sputtering of metals [110], laser abla-
tion [111], MOCVD [112], etc., electrochemical methods [113], chemi-
cal methods such as the impregnation-reduction method [114],
colloidal methods [115], etc. The goal is to obtain nanoparticles with
size in the range of 2 to 5 nm, well dispersed on the carbon support in
order to achieve the higher number of active sites as possible.

One of the most important characterizations consists in determining
the actual metal loading on the carbon support. Thermogravimetric
analyses are very convenient for this purpose. Fig. 13A shows the ther-
mogram and the weight derivative curves obtained under air flow for a
Pt/C catalyst synthesized by a derived Bönneman method [116] with a
nominal Pt ratio of 40 wt%. A first decrease of weight (lower than 5%)
between 300 K and 400 K is attributed to desorption of physically
adsorbed impurities and/or water from the surface of the carbon sup-
ported catalyst. From 400K to 500K, the second small weight loss is
attributed to desorption of chemically bounded water molecules. Then,
in the range from 600 K to 800K, the combustion of carbon support
takes place. At last, for temperatures higher than 800 K, the sample
weight remains constant and the final weight percentage is attributed
to the remaining metallic particles. The total weight loss is approxi-
mately 60%, which corresponds to a Pt loading of 40 wt%. Lankiang
et al. [117] used this method to determine the loading of Pd- and
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Pt-based catalysts prepared by a colloidal method and obtained actual
loadings in very good agreement with the nominal ones.

The morphology of the supported catalysts, the particle size, and
the size distribution are determined using TEM measurements.
Fig. 13B presents a typical TEM image of Pt/C catalysts synthesized
by a derived Bönneman method. Nanoparticles present a well-defined
uniform round shape and are well dispersed on the carbon substrate,
with a mean particle size of ca. 3.7 nm. Grigoriev et al. [118] obtained
platinum clusters with a diameter between 2.5 and 3.5 nm uniformly
distributed on a carbon support. For the HER, the requirement for the
catalyst is to have the higher number of surface active sites where the
reaction takes place. The electroactive surface area (EASA) of the cat-
alyst is not only related to the particle size, but also to the dispersion
of the nanoparticles on the surface. The development of synthesis
methods allowing high dispersion of nanoparticles is very important,

Figure 13 (A) TGA and weight derivative curves recorded under airflow at 5K min21 and (B) TEM images for a
Pt(410 wt%)/C catalyst prepared by a derived Bönneman method [116]. (C) XRD patterns and (D) graph of
the lattice parameters as a function of the catalyst atomic ratios for PtxPd(12x)/C catalysts prepared by a “Water
in Oil” method [117].
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as well as the development of high specific area electron conductive
support; the higher the support specific surface area, the higher the cat-
alyst dispersion. The polyol method assisted by microwave irradiation
is a very convenient method to obtain Pt nanoparticles of ca. 3 nm
diameter well dispersed on a high surface area carbon black (Vulcan
XC 72, c. 250 m2 g21) leading to a value of the active surface area of
80 m2 g21 [119]. The value of the active surface area allows calculating
the electrochemical particle size (dElec) according to the following
equation [116]:

dElec 5
6000

ρPt � EASA
(64)

where EASA is the electroactive surface area (80 m2 g21), and ρPt is
the platinum density (21,800 kg m23). A value of 3.44 nm, close to
that of 3.0 nm determined from TEM measurement, is obtained, which
indicates a low agglomeration level of the Pt particles.

XRD measurements are used to determine the crystallographic struc-
ture of the particles, the mean crystallite size, the presence of alloys, and
their compositions. Lankiang et al. [117] showed that the diffraction pat-
terns of PtxPd(12x)/C materials synthesized by a “water in oil” method
always displayed the characteristic peaks of the face-centered cubic (fcc)
structure of metallic particles. However, a shift of the peaks is observed
as a function of the composition owing to the difference in the lattice
parameters of pure platinum and palladium (Fig. 13C). The lattice para-
meters of the PtxPd(12x) materials can be calculated as a function of the
composition using the Bragg equation and the plot of the lattice param-
eter vs Pd at% can be drawn (Fig. 13D). A straight line was obtained
indicating that the Vegard’s law was respected, and further that alloys
were formed between both Pt and Pd metals. The mean crystallite sizes
were calculated using the Scherrer equation and compared to the mean
particle sizes from TEM measurements to verify if nanoparticles were
mono- or polycrystalline. Mean crystallite sizes were of the same order
as mean particle sizes for all PtxPd(12x) sample, indicating that nanopar-
ticles were monocrystalline.

In the case of supported multimetallic nanoparticles, supplementary
physicochemical analysis can be performed as for example XPS mea-
surements, atomic absorption spectroscopy analysis, electrochemical
characterizations, etc. in order to determine the surface states of the
catalysts and interaction between the different metals [117].
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3.3.1.2.2 Electrochemical Behavior
Typical CVs of Pt/C and PtPd/C electrocatalyst are presented in
Fig. 14A. The potential region between 0.05 and 0.4 V vs RHE
corresponds to the adsorption (cathodic scan) and desorption (anodic
scan) of the atomic hydrogen on the metallic surface. The potential
region between 0.4 and 0.6 V vs RHE corresponds to the capacitance
double layer region. At higher potentials, oxidation of the metal sur-
faces occurs for the anodic scan, whereas the reduction of the formed
oxides takes place for the cathodic scan [117,120]. Same results were

Figure 14 (A) CVs recorded on Pt40/XC-72 (1), Pt40/GNF (2), and PtPd40/GNF (3) electrodes in 1M H2SO4

at 25�C at a scan rate of 20 mV s21 for a catalyst loading of 1 mg cm22; (B) related polarization curves measured
on catalysts deposited on vitreous carbon electrodes at 80�C and a scan rate 1 mV s21 [118].
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obtained by Grigoriev et al. [118,121] with materials having similar
particles sizes.

The EASA of catalysts containing platinum or palladium are
obtained by integration of the CV curves in the potential of H desorption
to determine the charge associated to the desorption of hydrogen (QHdes)
(integration of CVs curves between 0.05 and 0.4 V vs RHE in the case of
Pt/C). Then, the capacitive contribution is subtracted in order to keep
only the faradaic contribution. In the case of a Pt/C catalyst, the EASA
values are determined using the following equation [121]:

EASA m2g21� �
5

QHdes

QH0mPt
(65)

where QH0
is the charge for the desorption of a hydrogen monolayer

from a smooth and flat platinum surface (QH0 5 210 μC cm22) [122]
and mPt is the platinum mass in electrode. The electrochemical perfor-
mances of a catalyst for the HER are directly linked with the EASA.

The electrocatalytic activity of the catalysts towards the HER is
evaluated from polarization curves [118,121]. Typical polarization
curves are given in Fig. 14B for a Pt/C and PtPd/C electrodes.
Generally, the current densities are normalized with respect to the
noble metal mass in the catalytic layer. As for OER measurements, the
onset potential of hydrogen evolution and the overpotential at a spe-
cific current density can be determined from the polarization curves,
allowing one to compare the performance of different catalysts. Tafel
plots can also be drawn from polarization curves in order to determine
the rds of the reaction and the exchange current density. The most
common HER mechanism in acidic media involves two steps—the first
one being the hydrogen adsorption on the active site of the electrode
(Volmer reaction):

H11 e21 T-H� (66)

where � is the active site, H� is the adsorbed hydrogen atom on the
active site. For this reaction, the proton comes from the electrolyte
and the electron from the electrode. Then, two different pathways were
proposed for the HER [123�125]. The first one is the Heyrovsky
reaction:

H�1H11 e2-H2 (67)
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In this case, the adsorbed hydrogen intermediate reacts with one
electron and one proton from the electrolyte to form one H2 molecule.
The second pathway corresponds to the Tafel reaction where two adja-
cent adsorbed hydrogen intermediates react to form one H2 molecule:

2H�-H2 (68)

The Tafel slope associated with each step being the rds should be
120, 40, and 30 mV dec21 for reactions (66)�(68), respectively [125].
The lower is the Tafel slope, the higher is the activity towards the
HER. In the case of spherical Pd nanoparticles, Zalineeva et al. [126]
obtained two Tafel slopes, the first one at low overpotentials was
46 mV dec21, and the second one for high overpotentials was
121 mV dec21. On the basis of the Tafel plot analysis, they proposed
that in the low overpotential region, HER follows the
Volmer2Heyrovsky mechanism with the reaction (67) being the rate-
determining step, whereas in the high overpotential region, the reaction
(66) becomes the rds, but both the Volmer2Heyrovsky and the
Volmer�Tafel mechanisms could be operational.

3.3.2 Electrolyte/PEM
The proton-conducting membrane plays an important role in the pro-
duction of pure gases and in the durability of the system performances.
Currently, PFSA polymer membranes, such as commercial Nafion
membranes, are the most used solid electrolytes in PEMEC
[52,65,79,118,121], owing to their excellent chemical and thermal sta-
bilities, mechanical strength, and high proton conductivity [127,128].
The main drawbacks of these membranes are their high costs (ca. 400 $
per square meter), the presence of fluorine in the polymer structure,
their thickness (which increases the ohmic resistance and decrease the
cell performance at high current densities), and their mechanical
strength loss at high temperature [129�131].

Such kinds of proton-conducting membranes are also used for PEM
fuel cells; however, although the structure and the chemistry of the
membranes are quite similar for both applications, the requirements and
the environment during operation are different, particularly in the point
of view of the their hydration [132]. In an electrolysis cell, the membrane
is fully hydrated whereas in a fuel cell the membrane it can be partially
hydrated according to the working point, this parameter can affect the
membrane properties and performances [10]. Some works are made to
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improve the membranes properties or to find alternative materials.
Nafion membranes have been modified with oxides particles to improve
their thermal properties [133,134]. Alternatives hydrocarbon membranes,
such as polybenzimidazoles, poly(ether ether ketones) (PEEK), poly
(ether sulfones) (PES), and sulfonated polyphenyl quinoxaline, have
been developed in order to decrease the cost of the materials [10].

For all these membranes, the proton-conductivity properties are
provided by the presence of sulfonic acid groups. Fig. 15A presents the
schema of the protons migration through the membrane. The reparti-
tion of sulfonic groups and the structure of the ionic clusters inside the
membrane are very important parameters. Albert et al. [135] evaluated
the distribution of the sulfonic groups in innovative membranes by
scanning electron microscopy (SEM) analysis coupled with EDS
(Fig. 15B). The sulfur concentration is more important on the mem-
brane surface, so the grafting method does not allow a well-
homogeneous repartition of the proton conductive groups. They also
carried out strain�stress measurements to determine the mechanical
properties of the membranes and compare with commercial Nafion
membranes (Fig. 15D): Both membranes led to very close results.

The gas permeability properties of the membranes are also an
important parameters for enhancing long-term stability of the electrol-
ysis cell and for obtaining hydrogen and oxygen with very high purity.
The permeability is generally determined by measuring the crossover
current, although this method is difficult to realize in PEM water elec-
trolysis cell owing to the high pseudo capacitive properties of anode
materials. Albert et al. [135] performed the crossover study in PEM
fuel-cell mode with fully hydrated gases (Fig. 15C). They used one
electrode as counter and reference electrodes, and CV measurements
were recorded on the other electrode at a low scan rate in order to
minimize the capacitive contributions of the carbon support. The cur-
rent density obtained at 0.4 V vs RHE was principally due to the oxi-
dation of the hydrogen that crosses the membrane. The measurements
were realized for different membranes, and the current densities at
0.4 V could be compared.

3.3.3 Cell Performances
Electrolysis cell performances are determined on a membrane electrode
assembly (MEA) composed of a proton exchange membrane (PEM),
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an anode, and a cathode. For the electrode preparation, catalysts are
dispersed in a water/alcohol solution in presence of a polymer binder
(generally Nafion) to obtain a catalytic ink. The catalytic inks can
either be deposited onto a gas diffusion layer or a current collector

Figure 15 (A) Three-phase model for the microstructure of Nafion materials (modified from [118]); (B) SEM
image and EDX mappings of a cross-section of St/AN/DiPB (D) membrane with a graft level of 42%; (C) property
map showing hydrogen crossover vs area resistance values of various membranes, and (D) results of tensile tests of
membranes in the machining direction under (left) ambient and (right) fully hydrated conditions [135].
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(catalyst coated backing5CCB) by spray, evaporation casting, etc., or
on each side of the membrane (catalyst coated membrane5CCM)
[136]. The interfaces between all MEAs component can eventually be
improved by hot pressing. Rozain et al. [137] characterized IrO2

anodic materials as a function of the catalyst loading by CV measure-
ments (Fig. 16A). The Pt/C cathode in presence of hydrogen was used
as counter and reference electrodes, whereas the IrO2 anode was fed
with nitrogen. The total charges, the most accessible charges, and the
active site accessibility could then be determined in real electrolysis
configuration using the equations of Ardizonne et al. [98]. The charges
increase with the metal oxide loading and tend to stabilize at high
loadings. Such measurements performed before and after operation of
the MEA can be useful to evaluate the effect of operating conditions
on the electrode materials.

An activation procedure can be applied before recording the perfor-
mances of MEAs [137,138], but the main parameters, such as time,
temperature, water flow, and applied currents, differ according to the
research groups. The performances are generally evaluated by record-
ing the stationary polarization curves (Fig. 16B) from 0 to
ca. 2 A cm22. For each applied current density, the lower is the elec-
trolysis cell voltage, the higher are the performance and the efficiency
of the materials composing the MEA. Carmo et al. [139] listed the
highest performances obtained in PEMEC: at 1 A cm22 the cell volt-
age lies between 1.6 and 1.8 V, and at 2 A cm22 between 1.7 and 2 V.

The electrochemical characteristics of the materials composing the
MEA can also be determined by EIS. Nyquist diagrams can be drawn
at different current densities or at the same current density for different
MEAs in order to compare the effect of the modification of one ele-
ment of the MEA (Fig. 16C). The shapes of the Nyquist diagrams can
differ due to the acquisition mode of the experimental data or to the
conception of the MEA. Rakousky et al. [143] observed only one semi-
circle, Mayousse et al. [140] obtained two semicircles, and Rozain
et al. [142] presented intermediate results with two overlapped semicir-
cles. In all cases, the semicircles were depressed certainly due to the
roughness of the electrocatalytic layer and CPE were used to adjust
the experimental data. When only one contribution is observed, the fit-
ting procedure is applied with EEC composed of only one capacitive
loop RΩ RctQCPEðdlÞ

� �
where RΩ is the cell resistance, Rct is the charge

transfer and QCPEðdlÞ is the capacitance. From these results, only the

51Hydrogen Production From Water Electrolysis



global capacitance and the global charge transfer can be evaluated.
Although the time constants of the electron transfer are not the same
for the OER and the HER, their separation is not possible in this
configuration. Contrariwise, in the cases where two semicircle were

Figure 16 (A) CVs of anodes with various IrO2 loadings at a sweep rate of 20 mV s21 and room temperature;
(B) polarization curves at 80�C using different anode catalyst loadings and 0.25 mg cm22 Pt/C, and Nafion115 electro-
lyte membrane [137]; (C) impedance spectra acquired on the IrO2, Ir0.5Ru0.5O2, and Ir0.5Sn0.5O2 oxides in the PEM
water electrolysis cell at j5 0.40 A cm22, atmospheric pressure and room temperature [140]; (D) input current signal
of the ageing test; (E) changes in the polarization curve at 80�C; (F) voltage slope at 240, 1000, and 2000 mA cm22 as
a function of time during aging test [138]; (G) current density profiles used for aging tests which is a real “solar”-type
profile composed of a stand by phase, numerous, and frequent variations of current (cell temperature5 60�C); (H)
measured cell voltage evolution during solar-type aging test at 1 A cm22 and 60�C on a 1.6 mg cm22 pure IrO2 MEA.
Secondary axis: evolution of the low-frequency capacitance with aging time [141].
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observed, the contributions of both electrodes can be dissociated. The
first semicircle at high frequencies can be attributed to the cathodic
material and the second at low frequencies to the anodic material. So,
the adjustments of the Nyquist plots were realized with two capacitive
loops (one for each electrode contribution) and the EEC was
RΩ Ra

ctQ
a
CPEðdlÞ

� 	
Rc

ctQ
c
CPEðdlÞ

� 	
. Mayousse et al. [140] showed that the

cell resistance and the charge transfer were dependent on the metal
oxide composition. Globally, the cell resistances measured by EIS are
included between 100 mΩ cm22 and 250 mΩ cm22.

Long-term measurements were also performed either under station-
ary or dynamic conditions. Ma et al. [64] performed galvanostatic
measurements at 1.1 A cm22 for 2000 h on MEAs with RuO2 treated
at different temperatures as anodic materials. The cell voltage
decreased during the first step of the measurements, which was attrib-
uted to the wetting of the MEA or to the dissolution of the RuO2 cata-
lyst, then the cell voltage tended to stabilize. The highest performance
was obtained for the material treated at 350�C. Fouda-Onana et al.
[138] applied the aging test procedure presented in Fig. 16D. At the
end of each sequence, polarization curves were recorded and compared
(Fig. 16E). The cell-voltage degradations were estimated to be 222,
16, and 147 μV h21 at 0.24 A cm22, 1 A cm22 and 2 A cm22, respec-
tively (Fig. 16F). The negative value for the potential degradation at
0.24 V was explained by the membrane thinning as confirmed by fluo-
ride titration in exhaust water on the anode and cathode side. Rozain
et al. [141] and Audichon et al. [74,93] performed long-term tests under
galvanodynamic conditions and simulated the coupling electrolysis
cell/solar cell. The solar power profile corresponding to a 14 hours
sunny-day (Fig. 16G) was applied several times to the PEMEC. Many
successive solar cycles were applied to evaluate the catalyst properties
and MEA performances. A polarization curve was recorded after each
cycle, and the value of the cell voltage at 1 A cm22 was plotted vs time
(Fig. 16H). Rozain et al. [141] demonstrated that the increase of the
catalyst loading led to minimize the cell voltage degradation rate; a
loading of 1.6 mg cm22 allowed reaching a stable cell voltage for
6000 h experiment. Audichon et al. [93] showed that the addition of
iridium to the RuO2 OER catalyst led to decrease the cell voltage deg-
radation. Rakousky et al. [143] recorded the changes in anodic and
cathodic voltages for long-term measurements by integrating a
dynamic hydrogen electrode reference. They pointed out that the
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cathodic overpotentitals were lower than the anodic ones. TEM analy-
ses of the electrode materials before and after long-term tests showed
particle growth and agglomeration for both the OER and HER
electrocatalysts.

3.4 ALKALINE WATER ELECTROLYSIS

Currently, the alkaline technology is almost the only electrolysis
process for the production of hydrogen used by industry. The size of
electrolysis modules can be modulated as a function of the hydrogen
demand rate, from ca. 0.5 to ca. 800 N m3 h21 [144]. The following
sections will describe the different components of AECs.

3.4.1 Electrolyte/Diaphragm
The electrolyte of alkaline water electrolysis systems is an aqueous
solution of potassium or sodium hydroxide. The potassium or sodium
hydroxide concentrations, which can vary as a function of the working
temperature, is generally in the 25 wt% to 30 wt% range for
temperatures between 70�C and 100�C and pressures between 1 bar
and 30 bars [145]. During cell operation, hydroxide ions are formed at
the cathode by the reduction of liquid water into gaseous hydrogen
(2H2O(l)1 2e25H2(g)1 2OH2

(aq)), hydroxyl ions migrate through the
electrolyte towards the anode where they are oxidized into oxygen and
water (2OH2

(aq)5 1/2O2(g)1H2O(l)1 2e2), water can retrodiffuse
towards the cathode to be reduced. Because of the diffusion and migra-
tion processes of these species, and in order to separate the different gases
formed at the cathode and anode, respectively, the use of a diaphragm is
generalized in such alkaline systems, mainly for safety reasons.

A diaphragm is a microporous material with average pore sizes less
than 1 μm, allowing the transport of water and hydroxyl ions between
the anode and the cathode compartments, and the separation of gases.
Fig. 17 shows the basic scheme of an alkaline water electrolysis cell.
The characteristics required for the diaphragm are high permeation to
water, high corrosion resistance in strongly alkaline media, and high
ionic conductivity to obtain high cell efficiency [146]. Indeed, the AEC
overvoltage during operation is not only due the overpotentials from
HER and OER, but also to the ohmic loss in the electrolyte, which
includes the resistance from ionic transfer in the diaphragm. This
ohmic loss induced by the presence of the diaphragm explains the
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reason why lower current densities can be applied to AECs in compari-
son with PEMECs.

Several kinds of diagrams have been studied such as composite
materials based on ceramic materials or microporous materials: rein-
forced microporous PES membranes, glass reinforced polyphenylene
sulfide compounds, nickel oxide layers on a mesh with titanium oxide
and potassium titanate [147]. The diaphragm should display high per-
formance, low cost, and nonhazardous characteristics. NiO has shown
to be a good material and some fabrication methods have been devel-
oped for controlling its thickness or porous structure [148].

3.4.2 Electrode Materials
As in the case of PEMEC, the anodic overpotential of the OER is also
limiting for the development of efficient alkaline electrolysis systems.
The best catalysts for this reaction are based on IrO2 and RuO2 mate-
rials, but the low stability of these oxides in alkaline media makes
them unusable in such media [149]. Indeed, owing to the use of an
aqueous alkaline electrolyte, the electrode materials have to be
corrosion-resistant whereas keeping high catalytic properties vs
time. The most used materials for AEC anodes are based on nickel,
cobalt, and iron [145]. However, electrodes based on nickel, and partic-
ularly nickel electrodes recovered by a nickel oxide layer, show very
good stability in alkaline media and are currently used in commercial
systems [150]. Cobalt oxides of spinel structure are also studied for the
OER [151], as well as mixed oxide of spinel structure (nickelite,

Figure 17 Basic scheme of an alkaline water electrolysis cell.
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cobaltite, and ferrite), the nanostructured cobalt cobaltite presenting
the best catalytic performances [152]. On the other hand, the conduc-
tivity of Co3O4 species is generally low, and this material can be doped
by Li and La to improve this property [153,154]. Concerning the mixed
oxides, a nickel cobaltite aerogel NiCo2O4 catalyst has led to the very
interesting OER performance of 100 mA cm22 at an overpotential of
184 mV [155]. Chanda et al. studied FexNi12xCo2O4 and found the
highest electrocatalytic performances for x5 0.1 [156]. In order to
improve the durability and catalytic activity by stabilization of the sur-
face using an electroconductive oxide, LixNi22xO2/Ni electrodes have
also been developed, which displayed good catalytic activity and dura-
bility during potential cycling [157].

Platinum nanoparticles deposited on a carbon black support can
obviously be used for the HER at the cathode of an AEC. But in such
media, cheaper materials also display relatively good activity for this
reaction. Commercial alkaline electrolysis systems generally use mild
steel recovered by a nickel layer as cathode. Andrade et al. have tested
sixteen commercial alloys in terms of activity and stability and com-
pared the results with those obtained on the most employed cathode
material in diaphragm AECs, i.e., mild steel SAE1020. They found
that 2RK65 (Ni 25.7 wt%, Mo 4.43 wt%, Cr 17.9 wt%, Cu 1.23 wt%),
SAF2304 (Ni 4.5 wt%, Cr 23 wt%, Fe 69 wt%, Mn 2 wt%, Si 1 wt%),
SAF2507 (Ni 7 wt%, Mo 4 wt%, Cr 25 wt%, Fe 61 wt%, Cu 0.5 wt%,
Mn 1.2 wt%, Si 0.8 wt%), C22 (Ni 58.9 wt%, Mo 13.4 wt%,
Cr 19.5 wt%, Cu 0.92 wt%, W 2.87 wt%), and MONELK500
(Ni 67.5 wt%, Cr 0.47 wt%, Cu 30 wt%, W 0.517 wt%, Ti 0.50 wt%)
were advantageous to substitute the mild steel currently used [158].
The 316L stainless steel has also shown good properties for the HER
[159], and it has been proposed that an electrolysis cell working with
stainless steel anode, and cathode led to lower operational cost than
classical commercial electrolysis systems although the electric energy
consumption could be higher [160]. Here, the fluctuation of the cost of
the electric energy provided to the cell will determine the kind of tech-
nology developed for such systems. Nickel-based electrodes have also
been extensively studied [161]. But owing to the relatively high cost of
nickel in comparison with steel, nickel catalysts have to be nanostruc-
tured or modified by alloying in order to increase the catalytic perfor-
mance of the electrode towards the HER. For example, Baranton
et al. studied the behavior of nanostructured NixCo102x/C catalysts for
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the HER. They found that the catalytic activity increased regularly
with the increase of the cobalt content in the NixCo102x/C nanoflakes,
but according to long-term stability measurements performed by
chronoamperometry, dissolution of cobalt occurred. The best compro-
mise between activity and stability was found for Ni5Co5/C and
Ni7Co3/C catalysts [12].

3.4.3 Cell Performances
Recently, Schalenbach et al. [162] compared the efficiency of state-of-
the art AEC and PEMEC. The AEC was fitted with a commercially
available Zirfon separator with a thickness of approximately 460 μm in
aqueous 30% KOH, with nickel-based electrodes. The electrolyte of
the acidic water electrolysis cell consisted of a Nafion N117 membrane
(a thickness of approximately 209 μm in the wet state) and Nafion
ionomer-based electrodes, with Pt/C at the cathode and IrO2 at the
anode. Fig. 18 shows the polarization curves recorded at 80�C.

It was proposed that the lower efficiency of the alkaline water electrol-
ysis cell was mainly due to the higher cell resistance, which mainly can be
attributed to the employed macroporous electrodes and the thicker sepa-
rator in comparison to the membranes of the acidic water electrolyzers.

Carmo et al. depicted the state-of-the-art for the specifications of
alkaline and PEM electrolyzers [139], confirming that the current den-
sities at given voltages were three to five times higher for a PEMEC
than for an AEC.

3.5 HIGH TEMPERATURE WATER ELECTROLYSIS

More recently, high-temperature water electrolysis technology, working
between 500�C and 1000�C, has known a growing interest in the scien-
tific community. Indeed, the increase of the electrolysis cell working
temperature allows decreasing the electric energy demand for running
the system thanks to the high heat provided to the cell [163]. The elec-
trochemical reactions taking place at such high temperatures are
completely different from those occurring in PEMECs and AECs work-
ing at temperatures lower than 100�C. In high-temperature electrolysis
cells the cathode is fed with steam water, which is reduced into hydrogen
and oxide ions (O2

2). The oxide ions migrate towards an anion conduct-
ing electrolyte and are oxidized at the anode to produce oxygen [164].
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Owing to the high working temperature of the electrolysis cells, the compo-
nents have to be thermally stable and are then made of solid oxides. Such
systems are then called solid oxide electrolysis cells (SOECs). Electrodes
and electrolyte are then very similar as those used in solid oxide fuel cells
(SOFC). This electrolysis technology has then benefited from the numer-
ous researches performed on the development of materials for SOFC.

The electrode materials have to be electron conducting porous
ceramic in order to facilitate electron and mass transport (oxygen and
hydrogen), as well as ionic conducting in order to allow migration of
O2

2 species. Electrodes materials consists generally in conducting
mixed oxides with perovskite structure (ABO3). The mix of different
metals, with different doping levels, has been performed with the goal
of improving both activity and stability [165,166]. The composition of
the anode catalysts is mostly based on lanthanum, strontium, and
manganese whereas the composition of cathode catalysts is mostly
based on nickel and zirconium [167]. The solid electrolyte is generally
a mixed oxide based on yttrium oxide stabilized by zirconium oxide
(ZrO2/Y2O3) [163].

The main degradation processes are induced by the working condi-
tions of the system, and particularly the high temperature and the

Figure 18 Polarization curves of the alkaline cell (black) and the acidic cells with a Nafion N117 membrane (wet
thickness of 210 μm, graphed in red (in online version)) and a Nafion NR212 membrane (wet thickness of 57 μm,
graphed in blue (in online version)). The black and red dotted lines show modeled voltage-current characteristic used
with the same parameters as the solid black and red lines, respectively, but assuming separator thicknesses of 57 μm,
Re5 0 (Efficiency analysis section) for the alkaline cell and Y5 2 bar cm2 A21 for the acidic cell (gas crossover sec-
tion) [162].

58 Hydrogen Electrochemical Production



presence of the water steam. Moreover, the different components of the
membrane-electrodes assembly display different thermal dilatation coeffi-
cients; therefore, start-up/shut-down cycles are detrimental for the interfa-
cial contact between electrodes and electrolyte, leading to delamination of
the different layers and increase of the cell internal resistance, and further
to a loss of performances [167]. In addition, in order to increase the
conduction properties, the different components have to be very thin,
which makes them very fragile, and owing to their nature the MEA is
very rigid, which makes the assembling of the cell very complex.

For these reasons, before this technology could reach a commercial
deployment, numerous researches have still to be devoted to the opti-
mizations of materials, components, and systems. But such technology
has a real potency as hydrogen production system by dissipating the
excess of heat (and reaching the working temperature of ca. 800�C)
and the electricity produced by concentration solar power plants or
nuclear power plants. It could then allow storing chemical energy for
restituting electric energy to the grid through a fuel cell, participating
then to the development of the energetic mix.

3.6 LIMITATIONS AND PERSPECTIVES OF WATER
ELECTROLYSIS

Although AECs are the most developed systems for practical applica-
tions, the development of very active dynamic stable electrodes based
on noble metals (ruthenium and iridium) and of highly proton-
conductive PFSA membranes made acidic electrolysis much more
efficient than alkaline systems. PEMEC systems also offer high
compactness and a very short start-up time even at room temperature.

In PEM water electrolysis cells, water molecules are oxidized at the
anode generating oxygen and protons. Protons migrate through the
polymer electrolyte membrane and at the cathode they are reduced
into hydrogen. The proton-exchange membrane electrolyte has to be
hydrated to allow efficient proton conduction; it also plays the role of
gas separator allowing the production of pure hydrogen. This technol-
ogy can operate in the temperature range where water is under liquid
phase (lower than 100�C). The main limitations of the proton exchange
membrane water electrolysis cells are the high cost of the different ele-
ments and their stability for long-term hydrogen production. The

59Hydrogen Production From Water Electrolysis



research activities are then principally focused on the decrease of the
production cost of electrolyte membranes, the diminution of the
amount of strategic, and costly platinum group metals in electrodes,
while maintaining or even improving the stability of the whole system.

AECs operate at low temperatures (typically below 80�C). The anode
and the cathode electrodes are immersed in an alkaline media, the most
commonly used being a potassium hydroxide solution. The water mole-
cules are reduced at the cathode forming hydrogen and hydroxyl ions
(OH2). Hydroxyl ions migrate through a diaphragm from the cathodic
side to the anodic side and are oxidized at the anode forming oxygen
and water. The diaphragm has the property to be permeable to OH2

species and also acts as a separator for both gases produced. The devel-
opment of thinner diaphragm is a way to increase the efficiency of this
technology, particularly by decreasing the ohmic loss between the elec-
trodes. Currently, the alkaline electrolysis is the most employed electro-
chemical process for hydrogen production in the industry.

SOECs operate generally over a temperature range from 500�C to
1000�C. So, water is under gas phase, and a water steam is injected in
the cathodic side where it is reduced in hydrogen and O22 oxide spe-
cies. O22 oxide species migrate through a solid electrolyte, generally
zircone yttrium based solid electrolytes. At the anode side, O2

2 species
are oxidized in oxygen. Due to the high operating temperature of such
systems, all components of the electrolysis cells (electrodes, electrolyte,
current collectors, etc.) are solid and should be thermally stable.

Regarding the operation conditions, or of the reactions evolving at
the electrode surface, the materials used in these different systems need
to have specifics properties. For all these reasons, each types of elec-
trolysis cells can present some advantages and drawbacks, as summa-
rized in Table 4.

The main advantages for alkaline electrolysis systems are the possi-
bility to use non-noble electrocatalyst materials and its long-term sta-
bility in a stationary mode. But the highly corrosive electrolytic media
can lead to corrosion of the external system. Moreover, the diaphragm
using as separator cannot avoid totally the gas permeation during
long-term hydrogen production. At last, the lower mobility of hydroxyl
ions compared with protons limits the conductivity and further the cell
efficiency.
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In PEMECs, the compactness of the system allows operating at
high current densities while preserving the high purity of the produced
hydrogen. Their rapid voltage response induced by the nature of the
electrolyte (solid) and the species migrating through the electrolyte
(protons) allows coupling these systems with intermittent renewable
energy sources. However, the main drawbacks for this type of electrol-
ysis systems remain their high cost induced by the components, such as
platinum group metals in the electrodes, perfluorosulfonic membrane
as electrolyte and porous titanium as current collectors, and their rela-
tively low stability in the acidic environment.

Both these systems, AEC and PEMEC, can also be adapted for high-
pressure electrolysis, allowing compressing hydrogen around 120�200 bars
and further to avoid the use of an external hydrogen compressor.

For solid oxide electrolysis cells, the high operation temperature
leads to a decrease of the electric energy consumption for producing
hydrogen and allows using non-noble metals in ceramic oxides serving
as electrodes and electrolyte. Nevertheless, the compactness of the sys-
tems and the thinness of the ceramic materials required for developing
these systems make the MEAs easily to damage. Moreover, cracking

Table 4 Main Advantages and Drawbacks of Electrolysis Cell Systems [163,168]
Alkaline Electrolysis PEM Electrolysis Solid Oxide Electrolysis

Advantages

Commercial technology Near-term technology Efficiency up to 100%

Non-noble catalysts High current densities Thermoneutral voltage

Long-term stability High voltage efficiency Non-noble catalysts

Relatively low cost Good partial load range High-pressure operation

MW range stacks Rapid system response

Cost effective Compact system design
High gas purity
Dynamic operation

Drawbacks

Low current densities

Crossover of gases High cost of components Mediate-term technology

(degree of purity) Acidic corrosive medium Bulky system design

Low partial load range Possibly low durability Durability (brittle ceramics) no
dependable cost information

Low dynamics Stacks below MW range

Low operational
pressures

Corrosive liquid
electrolyte
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can occur during long-term hydrogen production. But, due to high
operation temperature requirement, such technology is quite interesting
for the development of reversible unitized fuel-cell technology.

In spite of all the different drawbacks related to each electrolysis
system for hydrogen production, each technology can have an applica-
tion according to the considered domain: PEMECs can specifically be
coupled with renewable energy systems, such as wind, solar, tidal
powers, etc., AECs can be used for industrial stationary applications
and SOECs for the valorization of the energetic production excess
(heat and electricity) of nuclear power plants.
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