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Some aspects of hydrogen oxidation in solid oxide fuel cell:
A brief historical overview

Denis Osinkin **

Environmentally friendly and resource-efficient ways to generate, convert, store and transport electricity
are important areas of scientific and technological development. Fuel cells are direct converters of chemical
energy into electricity with low emissions of harmful components. One of the most promising types of fuel
cells is the solid oxide fuel cell (SOFC). The electrical power generated by the SOFC is mainly limited by the
ohmic resistance of the electrolyte and the polarization of the electrodes. The ohmic resistance can be
reduced by reducing the thickness of the electrolyte. To reduce the polarization resistance, other approaches
are needed, namely a detailed study of the mechanisms of electrode reactions and the determination of the
nature of rate-determining stages. Until now, fuel oxidation at the anode of the SOFC, as opposed to oxygen
reduction at the cathode, has not been well understood. Even for conventional nickel-ceramic anodes, there
is no clear understanding of the nature of the rate-determining steps of hydrogen oxidation. This review
provides a brief historical background on the development of SOFCs, some insights into the oxygen
reduction mechanisms, and a more detailed review of the kinetics of hydrogen oxidation at SOFC anodes.
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1. Introduction

http://creativecommons.org/licenses/by/4.0/).

Solid oxides as components of electrochemical
devices were first studied in the second half of the century
before last. The first studies were performed on simple
oxides (copper oxide, antimony oxide, etc.) and were not
systematic. Schottky was the first researcher to formulate
the requirements for a solid oxide to be used in
electrochemical devices [l]. Later, the oxide mixture
ZrO2 + Y203 (Ca0), the so-called Nernst mass [2, 3],
obtained decades before Schottky's study, was found to
satisfy these requirements. This set the direction for
development of all modern electrochemical devices based
on solid oxygen conducting electrolytes, and solid
electrolytes based on ZrOz are still under active research.
The first concepts of solid oxide fuel cells (SOFC) were
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proposed by Baur et al. in the first half of the last century
[4, 5]. However, these works were not further developed
because the authors did not adhere to any reasonable
ideology in selecting materials for SOFCs. After the work
of Carl Wagner, who showed the correlation between the
conductivity of the solid electrolyte and the
concentration of oxygen vacancies [6], more reasonable
approaches to the selection of materials for SOFCs began
to emerge. Since the 1960s, investigations in SOFC field has
been actively developed in many countries. One of the
pioneers in this direction can be considered Westinghouse
Electric and the work of Weissbart and Ruka [7], who
demonstrated a solid oxide fuel cell with an electrolyte
based on doped zirconium oxide and platinum electrodes.
The first studies on the kinetics and mechanisms of the
electrode reactions of oxygen reduction and hydrogen
oxidation have been carried out precisely on platinum
electrodes of SOFC.

Typically, a SOFC consists of a gas-tight electrolyte
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Figure 1 The sketch of a solid oxide fuel cell [8].

layer and two electrodes formed on opposite sides of the
electrolyte (Figurel). One of the electrodes (anode) is
supplied with a fuel gas, such as hydrogen, and the other
(cathode) is supplied with an oxidant containing
molecular oxygen, which in most cases is air. At operating
temperatures (500-900°C), an EMF (electromotive
force) of about one volt occurs between the SOFC
electrodes. This is due to the difference in partial pressure
of oxygen at the cathode and anode (Nernst law).

When no load is connected to the fuel cell (open
circuit voltage mode), the rates of electrochemical
reactions at the electrodes are close to equilibrium, i.e.,
the forward and reverse reaction rates are equal. When a
load is connected to the fuel cell, oxygen is reduced at the
cathode and hydrogen is oxidized at the anode. These
electrochemical processes can be described in simplified
terms as follows:

- reduction of molecular oxygen at the cathode to ions
(Equation 1):

Oz(gas) + 46_(electrode) = 202_(electrolyte) (l)

- diffusion of oxygen ions through the solid electrolyte to
the anode;

- the interaction of oxygen ions at the anode with
hydrogen molecules with the formation of electrons and
the hydrogen oxidation product, i.e. water (Equation 2):

Hz(gas) + 02_(electrolyte) = 2)
= H, O(gas) + 2e” (electrode)

When the load is connected to the electrodes, an
electric current begins to flow through it, resulting in a
decrease in the potential difference between the
electrodes U/(Equation 3) relative to the open circuit EMF

(B):

U=E—("Rg)=1s—MNcs ()
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where /- current, R,—SOFC ohmic resistance, n. and
nc— overvoltage of the anode and cathode, respectively.

There are two main reasons for the voltage drop;
first, the SOFC has an ohmic resistance, which is mainly
determined by the resistivity of the electrolyte (Rq);
second, the electrochemical reactions at the cathode and
anode do not occur instantaneously, but at a certain rate,
which leads to current losses due to the polarization of the
electrodes. Consequently, to increase the power
generated by SOFGCs, it is necessary to use electrolytes
with high conductivity and electrodes with high
electrochemical activity for the reactions of oxygen
reduction and fuel oxidation.

To date, some of the most extensively studied oxide
materials for use in oxygen electrodes are the complex
oxides with the following general formula ABOj3,
A2C;D2-0s and A;+iB/Osz4+1, where A - rare-earth or
alkaline-earth element, B, C, D - usually 3 d element Cu,
Ti, Cr, Mn, Fe, Co, Ni etc) [9-13].

In recent decades, the main material for fuel
electrodes, i.e. SOFC anodes, has been a composite of
metallic nickel and a ceramic component based on
zirconia or ceria. Furthermore, the use of nickel-ceramic
anodes "by default” is so established in the SOFC field that
all other anode materials are considered alternatives.

There are many reasons for the high demand for
nickel ceramic anodes:

— ease of manufacture and low cost;

— high catalytic activity of nickel for the hydrogen
oxidation reaction, which, according to Setoguchi et al.
[14] is higher than that of iron, ruthenium, manganese,
and cobalt. Later, Rossmeisl et al. [I5] using density
functional theory (DFT) also showed that it is nickel that
has the highest activity compared to other metals: Mn, Fe,
Co, Cu, Ru, Pd, Ag, Pt, Au (Figure 2);

- high electronic conductivity, which depends on the

nickel/ceramic ratio and for the most common weight
Ni

log(conductivity[ohm'cm™])

Activity DFT [eV]

Figure 2 The experimental activity versus the activity predicted
from theory [15].
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ratio of 1/1 wt. % can reach values of about 1000 S/cm at
SOFC operating temperatures [16-18];

- the thermal expansion of nickel-ceramic anodes (about
12.5 - 10-61/K [19]) is close to that of electrolytes and can
be changed within a small range by varying the
nickel/ceramic ratio;

- the porosity of the anode is always non-zero because the
nickel-ceramic electrode is formed in an oxidizing
atmosphere and the nickel in it as oxide, after the
transition to a reducing atmosphere the nickel oxide is
reduced to the metal, which leads to a decrease in its
particle volume and, consequently, to an increase in the
porosity of the anode.

Disadvantages of nickel-ceramic anodes are
degradation of their characteristics over time, especially
in atmospheres with high water partial pressures [20, 21],
chemical interaction with highly conductive electrolytes
based on lanthanum gallate [22, 23] and formation of
carbon during operation with hydrocarbon fuels [24, 25],
which leads to a decrease in the anode activity. Because of
these drawbacks, especially carbon formation, new
alternative anode materials have been researched and
developed in recent years. Perhaps the first of these was a
copper-ceria-based anode. Despite high carbon formation
tolerance [26, 27], these materials have not been widely
used because of their low activity to hydrogen oxidation,
low activity to break C-C bonds in hydrocarbons, and fast
degradation under SOFC operating conditions.

Other carbon tolerant anode studies have focused on
oxide anode materials based on chromites, titanates, and
lanthanum chromite-manganites. For example, more than
a hundred different compositions of oxide anodes are
described in Kolotygin's Ph.D. Thesis [28]. However,
almost all proposed oxide anodes have a number of
drawbacks: low electrical conductivity in reducing
atmospheres [29,30], low electrochemical activity
[31, 32], the need to perform synthesis at low oxygen
partial pressures (sometimes in a hydrogen atmosphere),
high temperature reduction to obtain a single phase
composition [33,34]. As a result, the use of these
materials as SOFC anodes is inappropriate. Recently,
studies have been carried out on anode materials based on
complex oxides, which can be considered as a real
alternative to nickel-ceramic anodes [35-38].

2. Representation of electrode processes and rate-
determining steps

Based on common ideas about the mechanisms of
electrode processes in systems with solid oxygen-
conducting electrolytes, the pathway of electrode oxygen
reduction reactions at the cathode can be written in
general terms as:

REVIEW

- diffusion of oxygen in the gas phase;

- oxygen adsorption on the cathode surface;

- oxygen ionization;

- bulk or surface diffusion of oxygen ion to the
cathode/electrolyte boundary.

For the oxidation of hydrogen at the anode:

- hydrogen diffusion in the gas phase;

- hydrogen adsorption (dissociative adsorption);

- diffusion of adsorbed forms of hydrogen to the reaction
area;

- oxidation of adsorbed hydrogen form by oxygen ion
(charge transfer stage).

- desorption of hydrogen oxidation products, i.e. water;
- diffusion of water in the pores of the electrode to the gas
phase.

It is reasonable to assume that each of the steps
described above has its own rate, and that the step with
the slowest rate (i.e., the rate-determining step)
determines the rate of the overall electrode reaction.
However, it should be noted that this is true for
electrochemical systems in which the processes described
above occur sequentially. In some electrochemical
systems, when processes running parallel, the electrode
reaction stage with the slowest rate can be bypassed by
faster processes and have a less noticeable effect on the
electrode reaction rate [39-43].

2.1. Oxygen reduction kinetics

One of the first studies on electrode reaction kinetics
in systems with solid electrolytes was focused on metal
electrodes in contact with zirconia based electrolytes [44-
47]. However, complex behavior of electrode reactions
with a multistep nature has been found even for these
simple electrochemical systems. This is because the
reaction pathway and the rate-determining steps depend
on many factors, including the properties of the electrode
and electrolyte materials, the electrode morphology, the
gas phase composition, the thermal and electrochemical
background of the samples, etc. [48-51]. It follows from
equations I and 2 the most likely area for electrochemical
reactions involving gaseous components is the three-phase
boundary (TPB) gas/electrode/electrolyte [44,52,53].
The effect of the three-phase boundary on the rate of
oxygen electroreduction was first shown by Karpachev et
al. on the example of a platinum electrode formed on YSZ
electrolyte [54]. Further understanding of the electrode
reaction kinetics in the Pt/YSZ system allowed to
determine that oxygen reduction is not limited by the
charge transfer step, while changes in the concentration of
oxygen adsorbed on platinum can significantly affect its
rate [55-58]. Later, Mizusaki et al. showed that the rate-
determining stage of oxygen reduction can depend on the
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temperature range in which the system is studied [59, 60].
Thus, at temperatures below 500 °C, dissociative
adsorption of oxygen on the platinum surface is the
limiting stage of oxygen reduction; at higher
temperatures — surface diffusion of atomic oxygen to the
three-phase boundary. The authors also note that the
charge transition stage does not limit the oxygen
reduction rate. Further studies of oxygen adsorption
processes on the platinum surface showed that the degree
of coverage of the platinum surface with adsorbed atomic
oxygen also plays a significant role in electrode kinetics,
for example, the minimum of polarization resistance is
realized when the degree of coverage of the platinum
surface with adsorbed oxygen is 0.5 [6]1-67]. The key role
of oxygen adsorption on the surface of platinum is also
mentioned by Vayenas et al. [68-70], Chao et al. [71] and
Kuzin et al. [72, 73]. It is also worth mentioning Glumov's
hypothesis [74], which considers the reduction of oxygen
at the two-phase electrolyte/gas interface. However,
considering the low electron concentration in the YSZ
electrolyte in oxidizing atmospheres, this assumption is
unlikely, but it is quite valid for electrolytes in which the
electron concentration is high. Later, Bronin [75] studied
the Pt/LSGM system and proposed a model with two
parallel oxygen reduction reaction pathways. The limiting
stage of one of them is the surface diffusion of atomic
oxygen adsorbed on platinum to the three-phase
boundary, and the other one is the diffusion of electron
holes from the electrolyte/gas boundary to the three-
phase boundary.

Probably, one more metallic electrode worth noting
is the silver electrode. Its specific feature is that silver at
high temperatures is able to dissolve oxygen in itself, and
the mobility of dissolved oxygen is quite high. Taking this
into account, it can be assumed that all necessary
conditions for the reaction according to Equation 1 are
possible at the two-phase electrode/electrolyte interface.
According to the authors [76-78], it is the diffusion of
oxygen in silver that is the rate-determining stage of
oxygen reduction.

Studies of metal electrodes allowed the formation of
basic concepts of oxygen reduction mechanisms, which
were then transferred to more complex objects, i.e., oxide
cathodes with mixed electron and oxygen ion
conductivity.

To date, the most widely studied cathode material on
the basis of mixed conductors is lanthanum strontium
manganite (LSM). Despite the high hole conductivity,
which according to [79, 80] can reach 100 S/cm, the level
of oxygen-ion conductivity in LSM is low, about 107 S/cm
at 800 °C [81-83]. This allows us to consider the pathway
of oxygen electroreduction on the LSM cathode in
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analogy to the platinum electrode discussed above,
namely the critical influence of the three-phase boundary
length. Diffusion of adsorbed atomic oxygen [84-87] or
adsorption of oxygen on the LSM cathode surface
[85, 88, 89] is considered as the rate-determining stage of
oxygen reduction on the LSM.

The phenomena discussed above mainly affect the
properties of the material itself and the properties of its
surface, but in the case of oxygen electroreduction,
oxygen diffusion in the gas phase and in the pores of the
cathode will also play an important role. Molecular
oxygen diffusion usually begins to limit the rate of the
electrode reaction at low oxygen partial pressures
[44, 90]. According to Mitterdorfer et al. [91, 22] for the
Pt/YSZ cathode system, the oxygen gas diffusion begins
to limit the cathode process at pO2 = 10-3 atm and below.
For the Lao.sSro.4FeosC00.203-5/Ce0sGdoiOrgs cathode
system, according to [90], the influence of oxygen
diffusion in the gas phase becomes noticeable already at
POz = 0.1 atm. In addition to the oxygen partial pressure,
the resistance of the diffusion stage of the cathode
reaction is also determined by the cathode microstructure
[48, 93]. For example, using numerical simulations, Ni et
al. showed that for a cathode with a porosity of 40 %, the
effect of gas diffusion can occur even in an air atmosphere
(pO2 = 0.21 atm) if the electrode particle size is less than
0.2 um [93].

To conclude our consideration of the oxygen
electroreduction process at the TTE cathode, we should
note the model that was first proposed by Adler et al. [20]
and considers the cathode reaction as a pair of coupled
processes: interphase exchange of oxygen of the electrode
with oxygen of the gas phase and transport of the oxygen
ion in the volume of the cathode material (Figure 3).
According to this model, the resistance of the electrode
process (the authors call it chemical resistance Rcem) can
be written as:

RT T
Rchem = (ﬁ) J(l—s)cuDyaro(af“'ab)l (4)

where 7 - is the tortuosity factor, £ — is the porosity of the
electrode, ¢, - is the concentration of oxygen vacancies,
D,, — is the vacancy diffusion coefficient, a - is the specific
electrode surface, r,—is the exchange flux density
(analogous to the exchange current density), ar and
@y, — are constants. Since the publication of this model, it
has attracted a lot of attention of researchers, because it
allows relating cathode microstructure parameters, results
of direct measurements of oxygen diffusion coefficient by
isotope exchange methods [94] and impedance
spectroscopic studies under the assumption of
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Figure 3 The one of the representations of the oxygen reaction
[90].

interpretation of impedance spectra using Gerischer
impedance [95], which as an admittance can be written as

YG = YO”KG +]0), (5)

where Y, - is Gerischer admittance, Y, - is the frequency-
independent part of the Gerischer admittance related to
ion transport, K,; — is the Gerischer constant related to the
rate of interphase exchange, j-is the imaginary unit,
w - is the circular frequency.

In [96] the oxygen reduction reaction on
Sr(.95)Fe1sM0o0.5sO¢-5 electrodes was studied by impedance
spectroscopy with the subsequent interpretation of the
data using the concepts outlined in the Adler et al. model.
The high-frequency stage of the electrode reaction was
described by the Gerischer impedance and is associated
with oxygen surface exchange and oxygen diffusion in the
electrode material. The low-frequency stage is attributed
to the Knudsen diffusion in the pores of the electrode.
Based on the Adler et al. model, the qualitative correlation
between the impedance data and oxygen isotopic
exchange data for SrzFe;sMoosO¢5 was demonstrated for
the first time in [96]. On the other hand, Almar et al. [97]
showed that in the BaosSrosCoo.8Fe0.203-5/CeosGdoiO2-5
electrode system the oxygen reduction rate is determined
only by the rate of oxygen interphase exchange with the
gas phase, no Gerischer-like behavior was detected for the
impedance spectra.

2.2. Hydrogen oxidation at the metal anodes

As in the case of an oxygen reduction reaction,
hydrogen oxidation in systems with solid oxide
electrolytes was first studied on a platinum electrode in
contact with YSZ electrolyte. One of the first detailed
studies of the Pt/YSZ system in H2 + H2O gas mixtures
showed that the rate-determining stage of the electrode
process is the chemical interaction between the partially
reduced solid electrolyte and water [98-100]. It was later
shown that the hydrogen reaction on both platinum and
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nickel electrodes is controlled by charge transfer and
heterogeneous processes, presumably water adsorption at
the three-phase interface [I101]. In the studies of Fernandez
et al. [102, 103], it was shown that the electrode process on
the nickel electrode can depend on the electrode
potential. At an electrode potential more positive than
-1.2 V (vs. air electrode), water reduction is limited by
adsorption-desorption stages of gas phase components or
by diffusion of adsorbed particles. At an electrode
potential of negative -1.2 V, water reduction is possible on
the electrolyte surface due to the appearance of electron
charge carriers in it.

In the case of the Ni/YSZ electrochemical system, the
electrode reaction rate in the Hz + H2O medium is also
proportional to the length of the three-phase boundary,
which was first shown by Kuzin on gas-tight nickel
electrodes [I04]. Later, these results were confirmed by
Mizusaki et al. [I05]. Later, Nakagawa et al. showed that
the electrode reaction rate of water reduction does not
depend on the thickness of a dense nickel electrode in the
Hz + H2O mixture [106]. It follows that the diffusion of
water/hydrogen in the nickel volume has no appreciable
effect on the electrode reaction rate. Since the rate of
electrochemical reaction on metal electrodes depends on
the length of the three-phase boundaryi, it is necessary to
use composite powders to increase the activity of the
electrodes, since in this case the three-phase boundary
extends into the bulk of the electrode [I07-109]. In the case
of composite electrodes, phenomena localized at the
electrode/electrolyte interface play an important role in
the kinetics of the electrode reaction. One of these
phenomena is the so-called spillover effect. Let us analyze
this phenomenon in more detail.

2.2.1. Hydrogen spillover effect

The mechanism of electrode reaction involving
hydrogen spillover was first proposed by Mogensen et al.
by interpreting electrochemical impedance spectra of a
nickel-ceramic anode in Hz + H20 [l10]. It was assumed
that the high-frequency circle of the spectrum at low
partial pressures of hydrogen (0.05-0.3atm.) was
related to proton transport. The low-frequency circle at
high pH2 (0.5 - 0.97 atm) was attributed to the stage of
water formation on the YSZ electrolyte surface.

Within the framework of this mechanism, the anodic
process is described by the following stages.

1. Adsorption of molecular hydrogen on the nickel
surface with subsequent dissociation:

Hz(gas) +2[ 1y = 2Hyi ()]
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where [ ]y; — an active site of hydrogen adsorption on
nickel surface.

2. lonization of atomic hydrogen on the surface of
nickel:

Hy; = H g + e p;. (7)

3. Proton diffusion along the nickel surface to the
three-phase boundary (TPB).

4. Proton spillover to the surface of YSZ electrolyte
and interaction with oxygen ion:

HYysz + 0% ysz = OH yg;. (8)

5. Water formation and its desorption into the gas
phase.

Later, de Boer proposed a different, but rather close
to the one discussed above, mechanism of hydrogen
oxidation [lll]. An important difference between the De
Boer and Mogensen mechanisms is that the hydrogen
adsorbed on the nickel surface (Equation 6) first reacts
with the oxygen ion to form a protonated oxygen ion in
the oxygen sublattice of the YSZ electrolyte. The
protonated ion then leaves the oxygen sublattice to the
electrolyte surface where it reacts with a hydrogen atom
to form water.

In contrast to the mechanisms proposed by
Mogensen and de Boer, the mechanism of hydrogen
oxidation proposed by Lee et al. [l12], special attention is
paid to the intermediate stage of hydrogen oxidation,
namely, the charge transfer stage is considered in a two-
stage configuration, and the pathway itself can be written
as follows.

1. Dissociative adsorption of hydrogen on the nickel
surface, similar to Equation 6.

2. Oxygen ion release from the YSZ sublattice of the
electrolyte onto its surface:

03 =0%+V,. 9
3. Two-stage charge transfer:
Hy; + 0% ysz = OH ysz + € iy (10)
Hyi + OH  ysz = HyOysz + €7 ;. ()
4. Desorption of water from the surface of YSZ
electrolyte.
Jiang and Badwal proposed another mechanism for

the anodic reaction, which makes it possible to explain the
increase in the activity of nickel-ceramic anodes in
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Hz + H2O mixtures with increasing partial pressure of
water in the gas phase [113, 114]. In contrast to the previous
mechanisms, where hydrogen spillover from the nickel
surface to the electrolyte surface is considered, in their
model the authors, in addition to spillover, consider the
possibility of water adsorption on the nickel surface.

I. Dissociative adsorption of hydrogen on nickel
surface:
- for dry hydrogen adsorption proceeds similarly to
Equation 6;
- for wet hydrogen, a parallel adsorption mechanism is
considered:

HZO(gas) + [ ]Ni =((Ni—0)y; + HZ(gas)r (12)
Hz(gas) +2[ 1y = 2Hyi (13)
Hyi+ (Ni=O0)y; = [ Iy + HIND = 0). (14)

2. Surface diffusion.
- for dry hydrogen, diffusion of adsorbed hydrogen
across the nickel surface to the three-phase boundary;
- for wet hydrogen, diffusion of H(Ni-O) complex to the
three-phase boundary.

3. Hydrogen or hydroxyl complex spillover to the
surface of the YSZ electrolyte:

Hy; and / or H(Ni — 0) = Hyg,. (15)

4. Charge transfer stage and water formation near

the three-phase boundary:

O())((YSZ) + 2HYSZ = HZO(gas) + VO (YSz) + Ze{/SZ' (16)

5. Electron transfer from the electrolyte to the nickel.

The main feature of this mechanism is the presence of
an active site on the nickel surface capable of splitting
oxygen from the water molecule. In their mechanism,
Jiang and Badwal abandoned consideration of adsorbed
forms of water. Moreover, the authors assume that
dissociative adsorption of hydrogen occurs quickly at
SOFCs operating temperatures and that the coverage of
the nickel surface by adsorbed forms of hydrogen is low,
hence, for dry hydrogen, surface diffusion will be the rate-
determining step. Despite the fact that the number of
active sites on the nickel surface will decrease due to water
adsorption when water appears in the fuel mixture, the
overall rate of the anodic reaction will increase due to
faster diffusion of hydrogen across the anode surface
through the formation of H(Ni-O) complexes. The
authors consider stages 3 (Equation15) and 4
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Figure 4 Image of the mechanism of hydrogen oxidation in the presence of water [115].

(Equation 16) to be the rate-determining stages in a humid
hydrogen atmosphere.

Later, Bieberle et al. [lI5] performed impedance
spectroscopic studies of a screen-printed nickel electrode
and also postulated the catalytic role of water in the
hydrogen oxidation process. The authors have considered
hydrogen spillover to the YSZ electrolyte through the
mechanism schematically shown in Figure 4. The authors
also say that in dry hydrogen the number of
electrochemically active centers near the three-phase
boundary is limited. In the presence of water in the gas
mixture, the surface of the YSZ electrolyte is covered with
its adsorbed forms, which promote proton transport to
(from) the nickel surface.

2.2.2. Oxygen spillover

When oxygen spillover in the hydrogen oxidation
mechanism is considered, it is implied that oxygen ions
migrate from the YSZ electrolyte to the nickel surface
near the three-phase interface, where they react with
adsorbed forms of hydrogen. In contrast to the above
mechanisms with hydrogen jumping, in this case the
dissociative adsorption of hydrogen and the desorption of
water formed as a result of the electrochemical reaction
occur on the nickel surface. The mechanism of anodic
reaction considering oxygen spillover was first published
by Mizusaki et al. [I05] in studies of nickel electrodes.

Later, Bieberle et al. [116, 1I7] compared the results of
impedance spectroscopic studies with calculated data for
a model nickel electrode in H2 + H2O mixtures and

YSZ

Figure 5 Mechanism of hydrogen electrooxidation in Ha+H20
mixture at a nickel electrode in contact with YSZ electrolyte
taking into account oxygen spillover [l17].

proposed their own mechanism of the anodic reaction
with the inclusion of the oxygen jump stage (Figure 5),
based on the better convergence of experimental and
calculated data.

The proposed anodic reaction pathway considers the
following steps:

1. Adsorption/desorption of water and hydrogen on
the nickel surface:

(17)
(18)

Hz(gas) +2[ Jni = 2Hyi,

Hy0(gas) + [ 1ni = H20y;.
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2. Reactions on the surface of nickel:

Oni + Hy; = OHyy,y (19
HZONi + ONi == ZOHNU (20)
HyOy; + [ Ini = OHy; + Hy;. (21

3. The stage of oxygen spillover from the YSZ volume
to the nickel surface:

+ [ ]Ni = ONL' + VO (YS2) + ZeI'Vi‘ (22)

05 (YSZ)

However, this mechanism was proposed taking into
account some assumptions: the surface of the YSZ
electrolyte was considered electrochemically inert,
reaction rates were calculated without taking into account
the degree of coverage of the anode surface by adsorbed
particles, surface diffusion was considered very fast, and
gas-diffusion transport was not considered at all. In
addition, the oxygen overshoot stage does not address the
very nature of the fuel gas and can be applied to almost
any electrooxidizable gaseous substance to some degree.

It should also be noted that later combined
mechanisms for the anodic reaction at the nickel electrode
in Hz + H20 mixtures that already included several flow
stages were proposed. For example, Bessler et al. in [118]
presented the results of thermodynamic modeling of the
anodic process on a nickel anode in contact with YSZ
electrolyte and considered three different reaction routes
taking into account oxygen and hydrogen spillover, and
five different reactions are considered as charge transfer
stages. The results obtained by the authors
unambiguously showed an acceleration of the anodic
reaction when the partial pressure of water in the
Hz + H2O mixture increased, with the charge transfer
stage being the hydrogen spillover from the nickel surface
to the hydroxyl group on the YSZ electrolyte.

2.3. Oxidation of carbon monoxide on metal anodes

The study of the process of carbon monoxide
oxidation is of no less interest from the point of view of
studying the anodic reaction routes. This is due to the fact
that, like hydrogen, carbon monoxide is capable of direct
oxidation on the anodes of SOFC. Also important is the
fact that hydrocarbons after steam-water or carbon
dioxide conversion, as well as biogas, are complex gas
mixtures, the oxidizable components of which are mainly
hydrogen and CO. Many works have been devoted to the
study of CO oxidation on platinum, nickel, and nickel-
ceramic anodes, but in all of them the authors note a lower
electrochemical activity of the anodes when carbon
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monoxide is used as a fuel gas compared to hydrogen [119-
122].

Perhaps one of the first efforts to explain the CO
oxidation pathway on a porous platinum electrode in
contact with YSZ electrolyte was made by Etsell et al. [123]
in 1971, and the authors proposed two pathways of CO
oxidation.

Pathway 1. Output of oxygen in atomic form from
the electrolyte volume to the three-phase boundary
(charge transfer stage according to Equation 23) with its
subsequent interaction with the CO molecule to form
carbon dioxide according to Equation 24.

0(})((}/52) + [ lptyvsz = Opejysz + Vo  wsz + (23)
+ 2epy
CO(gas) + Opt/vsz)y = COz(gasy + [ lptjvsz- (24)

The second pathway was the oxidation process of CO
by oxygen in the YSZ sublattice of the electrolyte
(Equation 25).

CO(gas) + 05 wszy = CO2gas) + V5 yszy + (25)
+ 2epy.

A feature of the above-mentioned routes is that the
authors refused to consider adsorbed forms of CO on the
anode surface, which, taking into account modern ideas
about electrode processes, is rather controversial.

At present, the presence of adsorbed CO molecules
on the anode surface as well as their key role in the
electrode reaction are no longer in doubt and the CO
adsorption stage is considered as one of the main ones.
Thus, for example, Lauvstad et al. [124] suggest that CO
oxidation occurs by the following route:

- CO adsorption on the nickel surface;

- surface diffusion of adsorbed CO to the three-phase
boundary;

- diffusion of oxygen ion to the three-phase boundary in
YSZ electrolyte;

- one- or two-stage charge transfer with the formation of
COs..

The authors note that the rate-determining stage is
the process of oxidation of adsorbed CO by oxygen ions,
i.e., the charge transfer stage, but at low pCO the gas
diffusion stage can limit the rate of the anodic reaction.

Matsuzaki et al. [120] studied the process of CO
oxidation at the interface of porous Ni-YSZ anode and
YSZ electrolyte and concluded that the low rate of CO
electrooxidation (compared to hydrogen oxidation) can
be related to the surface diffusion of adsorbed CO
molecules at 750 °C, and at 1000 °C, the authors call two
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rate-determining stages: surface diffusion of CO and
charge transfer stage.

Note also the previously mentioned work by Somov
et al. [125], in which the authors considered CO oxidation
on metal (Ni, Pt, Pd, Cu, Ag) electrodes impregnated
(modified) with cerium oxide. In this work, the authors
emphasize the key role of cerium oxide particles, assuming
that the adsorption of carbon monoxide occurs
exclusively on their surface and the stage of charge
transfer, i.e., CO oxidation is also localized on the mixed
conductor particles. The nature of metals and their
catalytic activity have not been considered by the authors.

2.4. Oxidation of hydrogen and carbon monoxide on
oxide anodes based on strontium ferrite and molybdate

Mechanisms of hydrogen and carbon monoxide
electrooxidation on oxide anodes have been studied to a
much lesser extent compared to those on metal and metal-
ceramic anodes. This may be due in part to the low degree
of study of the electrode materials themselves and the
depth of understanding of the electrochemical processes
that occur in them.

Since as oxide anode materials it makes sense to use
only oxides with high oxygen and electronic
conductivities in reducing atmospheres, all necessary
conditions for the hydrogen oxidation reaction according
to Equation2 can be realized at the two-phase
electrode/gas interface. In this respect, the extent of the
three-phase boundary will not play such a significant role
as it was in the case of metallic or Ni-YSZ anodes. Let us
consider the routes of the anodic process and rate-
determining stages proposed by various author teams.

The route of hydrogen oxidation on Sr(Tio3Fe07)Os-
5 anode was proposed by Zhu et al. [I126]. As a total
electrode reaction, the authors propose the process of
hydrogen oxidation by oxygen located in the sublattice of
strontium ferrite-titanium by the following reaction

CHZ(gas) + Og(anode) = HZO(gas) + 2e('omode) + (26)

Vo (anode)’

which is realized in several stages:

- dissociative adsorption of hydrogen on the anode
surface;

- oxygen transport from the anode volume to the surface;
- charge transfer stage with water formation on the anode
surface;

- water desorption.

It is noteworthy that the proposed route well
describes the experimental data of impedance
spectroscopy and constant current measurements carried
out by the authors. The authors note that, unlike Ni-YSZ
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anodes, where hydrogen adsorption occurs mainly on the
metal surface, in an oxide anode it is possible over the
entire electrode surface, and the previously proposed
stages of the anodic reaction associated with hydrogen
jump are not relevant for oxide anodes. The authors also
note that charge transfer can occur in two stages. The first
stage produces hydroxide ions and the second stage
produces water. The authors call the hydrogen adsorption
stage the rate-determining stage. It is worth noting that
the authors made a number of assumptions when deriving
this model of the electrode reaction: the anode surface was
considered to consist entirely of oxygen ions only, and the
authors also did not consider gas diffusion processes.

The inhomogeneity of the surface cation
composition was taken into account when considering the
mechanism of the anodic reaction by Chen et al. [127] on
the example of Lao3Sro7Feo7Cro303-5 anode. The authors
consider the adsorption of hydrogen on the oxygen atom
in its sublattice as the first stage of the anodic reaction,
and the dissociation of hydrogen into atoms is considered
without the participation of the strontium or lanthanum
atom. Then the charge transfer stage with the formation
of water and oxygen vacancy is considered, which is quite
close to the mechanisms proposed in [128-130].

In [131], Ammal et al. using density functional theory
(DFT) and microkinetic modeling calculated CO oxidation
rates and gas synthesis on the surface of a
SrFeo.75sMo00.2503-5 anode as a function of the Fe/Mo ratio,
the concentration of oxygen vacancies on the anode
surface, and when taking into account the inhomogeneity
of the cationic composition of the surface. As a result of
calculations, the authors concluded that CO molecules are
oxidized at the anode much slower than hydrogen, and
the rate-determining stages are the surface diffusion of
CO or the stage of CO2 desorption with the formation of
oxygen vacancy and the stage of charge transfer. Also,
according to their data, at simultaneous presence of Hz
and CO in fuel gas with CO content less than 50 vol. % at
the anode will be mainly oxidized hydrogen. However, at
CO contents above 85 vol. %, the anode behavior is
practically similar to that of an anode in pure CO. In
general, the considered routes for CO oxidation on oxide
anodes do not differ much from the mechanisms of
hydrogen oxidation discussed above and, as a rule, the
charge transfer, adsorption, and surface diffusion stages
of CO are proposed as rate-determining stages [132, 133].
By means of a complex approach to the impedance spectra
analysis using the distribution of relaxation times and
nonlinear least squares methods, it was determined that
the CO oxidation is limited by three steps: CO adsorption
(CO2 desorption) at the electrode surface, oxygen hetero-
exchange and the oxygen ion transport in the electrode
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bulk. We assume that the charge transfer and the gas
diffusion do not limit the CO oxidation reaction on the
Sr2FeisMoosOss electrode [134].

3. Conclusions

It follows from the literature review that certain
successes have been achieved to date in the study of the
mechanisms of electrode reactions of hydrogen and
carbon monoxide oxidation on nickel and nickel-ceramic
anodes. Electrode reactions on anodes made of oxides with
a high level of mixed conductivity have been studied to a
lesser extent, which may be due to the low stability of
most of the known oxides in strongly reducing
atmospheres.

At the same time, the literature analysis shows a great
variety of proposed interpretations of electrode reactions.
This is due to the fact that the nature of the rate-
determining stages of the electrode reaction depends not
only on the chemical composition of the electrode
material but also on its microstructure, the nature of the
supporting  electrolyte, the quality of the
electrode/electrolyte boundary, the conditions of
electrode formation, its prehistory, and external
conditions. In this connection, the study of electrode
processes even for nickel-ceramic electrodes does not lose
its relevance. More relevant are studies of anodes
exhibiting high electrochemical activity, for example,
nickel-ceramic anodes modified with cerium oxide, and
oxide electrodes stable in reducing media, for example, on
the basis of strontium ferrite-molybdates, which were
mentioned in the literature review.

Studies in the field of degradation phenomena of
nickel-ceramic anodes, especially in atmospheres with
high partial pressure of water, are relevant, since the
nature of the processes leading to deterioration of
electrical and electrochemical characteristics of nickel-
ceramic electrodes in time is not unambiguously
established. Close attention to studies of rate-determining
stages of electrode reactions and processes leading to
degradation of electrode characteristics is due to the
possibility of purposeful influence on them in order to
improve electrode characteristics and reduce the rate of
degradation processes.
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