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r=SOC system

different electrode materials were b
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e Apparent exchange current den-
sities and activation energies were
quantified.

e Ceria was found to accelerate the

, SOEC

electrochemical reactions in elec-

trolysis mode.
e Surface adsorption sites on the
electrodes were found to be largely

vacant.
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generation. The exchange current density is one of the most important parameters in the
quantification of electrode performance in solid oxide cells. In this study, four different fuel
electrodes and two different air electrodes are fabricated using different materials and the
microstructures are compared. The temperature, fuel humidification, and oxygen con-
centration at the air electrode are varied to obtain the apparent exchange current density
for the different electrode materials. In contrast to ruthenium-and-gadolinia-doped ceria
(Rh-GDC) as well as nickel-and-gadolinia-doped ceria (Ni-GDC) electrodes, significant dif-
ferences in the apparent exchange current density were observed between electrolysis and
fuel cell modes for the nickel-scandia-stabilized zirconia (Ni-ScSZ) cermet. Variation of gas
concentration revealed that surface adsorption sites were almost completely vacant for all
these electrodes. The apparent exchange current densities obtained in this study are useful
as a parameter for simulation of the internal properties of r-SOCs.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The introduction of renewable energy sources as an alterna-
tive to fossil fuels is crucial for the reduction of CO, emissions,
and for the protection of the global environment. Sources of
renewable energy such as solar and wind power exist in
abundance on the earth, but one of the major obstacles in the
expansion of their usage is intermittency [1—6]. Due to the
fluctuation of power generation via renewable energy due to
weather, time of day, and the season, energy storage systems
should be developed which can play a role in matching supply
and demand.

According to the Hydrogen Council report in 2017,
hydrogen as a secondary energy carrier is expected to account
for 18% of the world's energy demand in 2050, and about 20%
of global carbon dioxide emission reductions by 2050 could be
achieved through the widespread adoption of hydrogen
technologies [7,8]. Hydrogen has the potential to: (i) enable
large-scale integration of renewables for power generation; (ii)
decentralize energy by sector and region; (iii) act as a buffer to
increase system resilience; (iv) decarbonize transportation; (v)
decarbonize industrial energy use; (vi) decarbonize heat and
power in buildings; and (vii) provide a clean feedstock for in-
dustry [7]. These benefits are made possible by the fact that
hydrogen is a clean energy carrier that emits only water when
burned or converted to electricity. Therefore, hydrogen is ex-
pected to make a significant contribution to the realization of
renewable energy systems with the ultimate goal of global
decarbonization [7—12]. As the demand for hydrogen grows
rapidly, water electrolysis technologies that can produce
carbon-free green hydrogen from the electricity generated by
renewable energy sources will be increasingly important.

Solid oxide electrolysis cells (SOECs) can produce hydrogen
directly from steam using electrical energy. They are one of
the most efficient methods for producing hydrogen gas,
because they operate at high temperature [13-16], and
incorporate a high degree of flexibility in design [13—16]. Solid
oxide fuel cells (SOFCs) convert fuel to electricity, also with
very high efficiency. A reversible solid oxide cell (r-SOC)

combines the functions of both SOFCs and SOECs, depending
on the situation [17—20]. They can supply electricity in SOFC
mode when there is a shortage of power, or can produce
hydrogen gas in SOEC mode when there is a surplus of power.
In this way, r-SOCs can act as an energy storage device,
compensating for the intermittency of renewable energies.
From this viewpoint, r-SOCs are of significant technological
interest.

Understanding the phenomena which occur inside r-SOCs
is of great importance. However, it is challenging to experi-
mentally visualize the spatial distribution of power generation
and electrolysis-related phenomena inside the cell stacks due
to the high operating temperature (around 800 °C). In previous
work, we have performed visualization of the temperature
distribution within SOFCs using a thermal imaging camera
[21]. By comparing experimental results with numerical sim-
ulations of the cell geometry, we confirmed that internal
phenomena such as gas distribution, current density distri-
bution, and overvoltage distribution can be reliably simulated
using the exchange current density as a parameter [21]. These
results indicated that for numerical analysis, accurate mea-
surement of the exchange current density is required to
resolve issues related to the current density and temperature,
such as thermal stress and high fuel utilization. The exchange
current density describes electrochemical activity, and is
indispensable in the simulation of electrode performance. We
obtained an experimentally-derived concentration-depen-
dent phenomenological equation for the exchange current
density using a button cell with materials and structure
matching those used in our simulations [21-26].

Simulations of SOFCs using the exchange current density
as a parameter have been reported by e.g., Janardhanan et al.,
Dong et al. and Papurello et al. [22—26]. In contrast, there are
few simulation studies focusing on the exchange current
density in SOECs and r-SOCs [27,28]. However, systematic
studies for multiple types of electrodes in SOECs and r-SOCs
are lacking. In order to systematically compare the exchange
current densities in SOFC and SOEC modes, these values must
be measured using identical cells and common measurement
protocols and procedures.
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Here, the exchange current densities are obtained for
model fuel and air electrodes using an r-SOC button cell. Four
different fuel electrodes and two different air electrodes are
investigated. The effects of systematically varying the hu-
midification of the hydrogen fuel feed, the oxygen concen-
tration of the air electrode supply gas, and the operating
temperature are evaluated. The aim of this study is to clarify
the effect of different operating conditions and electrode
materials on the electrochemical performance of r-SOCs.
Based on theoretical considerations made in a previous study
by Hosoi et al. [29], the coverage of adsorption sites on SOFC/
SOEC electrode surfaces during operation is considered.

The exchange current density represents the charge
exchanged across the electrode/electrolyte interface under
the open circuit conditions [30-32]. It is essentially an
electrode-specific value, independent of the direction of the
external current in either SOFC or SOEC mode. However, the
exchange current density must be measured by passing a
small current through the device, and therefore irreversible
processes may affect the measured value. As such, the ex-
change current density obtained in this study is described
more correctly as an “apparent exchange current density”
obtained from experimental measurements.

Experimental
Cell preparation

Scandia-stabilized zirconia (ScSZ) plates (10 mol% Sc,0; —
1 mol% CeO, — 89 mol% ZrO,, Daiichi Kigenso Kagaku Kogyo
Co., Ltd., Japan) with a diameter of 20 mm and a thickness of
200 um were used as the solid oxide electrolyte. Two types of
air electrodes were investigated in this study. The first, A-1,
was a lanthanum strontium cobalt ferrite and gadolinium-
doped ceria composite (LSCF/GDC), with a nominal composi-
tion of (LageSroa)(Coo2Fens)0s/Gdo1Ce0905.5), sintered at
1100 °C for 2 h. The second, A-2, was lanthanum strontium
manganate (LSM), with a nominal composition of (Lags-
S10.2)0.0s8MnO3, sintered at 1200 °C for 5 h. Meanwhile, four
types of fuel electrode were investigated. The first, B-1, was a
nickel-scandia-stabilized zirconia (Ni-ScSZ) cermet (in the
form of NiO-ScSZ before reduction), sintered at 1300 °C for 3 h.
The second, B-2, was ruthenium-and-gadolinia-doped ceria
(Rh-GDC) co-impregnated on a lanthanum-doped strontium
titanate and gadolinium-doped ceria (LST-GDC) composite
with nominal composition Lag 1SrTiO3 and Gdo 1Cep 905, in
the volume ratio of 50:50, and a ruthenium loading of
0.178 mg cm ™2, sintered at 1000 °C for 2 h. The third, B-3, was
Ni-GDC co-impregnated on the same LST-GDC composite,
with a nickel loading of 0.167 mg cm 2, and sintered at 1000 °C
for 2 h. The final fuel electrode, B-4, was a Ni-GDC cermet with
a Ni:GDC volume ratio of 50:50, and sintered at 1300 °C for 3 h.
Detailed preparation procedures of these co-impregnated fuel
electrodes has been previously described by Futamura et al.
[33]. The electrode area was 0.64 cm?. It should be noted that
apart from the chemical composition of the electrode mate-
rials, the porous microstructure (depending on factors such as
sintering conditions) also affects electrode impedance and
thus exchange current density.

Electrochemical evaluation

Automatic SOFC testing systems (Auto-SOFC, TOYO Co.,
Japan) were used for gas supply. The exchange current density
ic was derived from the overvoltage values measured under
SOFC and SOEC conditions using a Butler-Volmer type equa-
tion [29,34—36]. Apparent exchange current densities and
activation energies were obtained by measuring the electrode
impedance (Solartron Analytical, 1255WB, UK) at various
current densities, and substituting the obtained overvoltage,
absolute temperature, and current density values into the
following Butler-Volmer-type equation (Eq. (1)):

i= io{exp <—a£§n> - exp< - a;;”) } (1)

where a and @ are transfer coefficients (a = @ = 0.5 [36—39]),
n is the number of mobile electrons (n = 2 for fuel electrodes
and n =4 for air electrodes), F is Faraday's constant, R is the gas
constant, T is the absolute temperature, i is the current den-
sity, and 7 is the activation (i.e. non-ohmic) overvoltage. The
obtained exchange current densities were directly fitted with
this generally used phenomenological equation for exchange
current density. The exchange current densities of the elec-
trodes and their dependence on various gas concentrations
are compared and discussed.

The activation overvoltage was obtained by measuring the
non-ohmic resistance Ryt Via impedance spectroscopy mea-
surements, as shown in Fig. 1, and the following equation:

n =ix Ract (2)

This equation is based on the assumption that the con-
centration overvoltage is negligible in the low current density
range (i = 0.05, 0.10, 0.15 A cm™?) in solid oxide cells [40,41].
The obtained apparent exchange current densities at the air
and fuel electrodes were plotted as a function of oxygen
concentration at the air electrode and water vapor
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Fig. 1 — - Typical impedance spectrum of an SOEC operated
with 60%-humidified H, at 800 °C.
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concentration at the fuel electrode, respectively. The obtained
exchange current densities are fitted with the following
phenomenological equations [21,29,38,42—44], respectively.

Phenomenological equation for exchange current density
of air electrodes:

Po2

A
. - Ea.air
10 ,pir = Y air <p02,ref) exp ( RT

Phenomenological equation for exchange current density
of fuel electrodes:

(3)

DPu2 DPu2o

B C E
: a fuel
1 = — | €X ——
0,fuel = Yfuel <pH24ref> (pHZO,ref> p( RT >

here, puoref, Puzorer, and Poarer are molar fractions of H,, H,O
and O, gas, respectively. Puo ref, Prooret, aNd Poarer are set to be
97%, 3%, and 21%, respectively. yq and v,; are the reaction
rate constants for the fuel and air electrodes, A, B, and C are
the various gas concentration dependent exponents, and E, fuel
and E, ,;, are the activation energies for the fuel and air elec-
trode reactions, respectively.
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Results and discussion
Apparent exchange current density at the air electrodes

The exchange current density is defined at the point where
the electrode redox reactions are at equilibrium, therefore
average values were obtained in the relatively low current
density regions at i = 0.05, 0.10, and 0.15 A cm 2, and plotted
with error bars showing their standard deviation. Fig. 2 shows
the dependence of the apparent exchange current density on
the oxygen concentration in N,+0O, gas at the air electrodes,
fitted using Eq. (3). The results show that the apparent ex-
change current density is higher for LSCF/GDC (A-1) than that
for LSM (A-2) at the air electrode. This is attributed to the
larger electrode reaction area, since LSM is well-known to be a
pure electronic conductor, whereas LSCF is a mixed ionic
electronic conductor (MIEC), resulting in electrode reactions
occurring at both the three-phase boundaries and the two-
phase boundaries [45—47]. The magnitudes of the apparent
exchange current density were comparable for both SOFC and
SOEC operation modes.
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Fig. 2 — Apparent exchange current density of the air electrodes. (Fuel electrode: 3%-humidified hydrogen 100 mL min~—?; Air
electrode: N, 4+ 0, 150 mL min~* (oxygen concentration: 5%, 10%, 15%, and 21%); Operating temperature: 800 °C, 850 °C, and

950 °C).
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Fig. 3 — Apparent exchange current density of the fuel electrodes (Fuel electrode: H, + H,0 100 mL min~" (humidity: 3%, 20%,
40%, 60%, 80%, and 95%); Air electrode: air 150 mL min~"; Operating temperature: 800 °C, 850 °C, and 950 °C).

Ni-Sc¢SZ cermet
SOEC

Ni-GDC cermet
SOEC

Humidity / %

5 5
o :
g . o - g ®  Experimental result at 1073K
g * Expen_memal resultat 10731‘: 2} *  Experimental result at 1123K
< 4 ®  Experimental result at 1123K < 4 5 :
@ . ) . h ¢  Experimental result at 1223K
° s  Experimental result at 1223K 8 . " -
s 2 : . S —— Fitted result at 1073K
B85 —— Fitted result at 1073K gs : § =
o 2 5 X i 5@ —— Fitted resultat 1123K
283 —— Fitted resultat 1123K 8g3 Fitted result at 1223K
i —— Fitted result at 1223K T S tHed reswtat =
£ 3 T E
o B2 S Ea
et 9 3 3
£ Eap A e
R P e s [
3
0 ;——: £ 3 =———3§ 0
0 20 40 60 80 100 0 20 40 60 80 100
Humidity / % F Humidity / %
. SOFC . SOFC
‘\"E e  Experimental result at 1073K e e  Experimental result at 1073K
A & Experimental resultat 1123K 8 4 ®  Experimental result at 1123K
0 Z *  Experimental result at 1223K 0.Z »  Experimental result at 1223K
B 2 —— Fitted result at 1073K B 2 Fitted result at 1073K
§ % 3 —— Fitted result at 1123K § é 3 — Fitted result at 1123K
- —— Fitted result at 1223K ° © —— Fitted result at 1223K
T E T E
& 2, &z,
Q8 g s - — 3
5 & e 55 goss —t 3
Sl — Bl
= ~ 5 . .
5 5
0 0
0 20 40 60 80 100 0 20 40 60 80 100
Humidity / % Humidity / %
. . ~ .
Ni-GDC co-impregnated Rh-GDC co-impregnated
on LST-GDC back bone on LST-GDC back bone
. SOEC . SOEC
o ®  Experimental result at 1073K g *i {Experimentaifesltiat 10731%
S ¢  Experimental resultat 1123K S i Experfmemal result at 1 1231&
& ‘\‘1 i »  Experimental result at 1223K B :ﬂ & . Egpcnmcntal result at 1223K
B Fitted result at 1073K T > Ffﬁﬂd resultat 1073K
£7Z 3 —— Fitted result at 1123K £ % ) — Fitted resultat 1123K
Z 3 —— Fitted result at 1223K 2 _ﬂg — Fitted result at 1223K
ol 5
&2 &2, I
g5 g 3 — T
o 3 o o o5 T
3 & 3 @ r o
] g1
el ]
% %
b b
0
0 20 40 60 80 100
Humidity / % Humidity / %
. SOFC . SOFC
R e  Experimental result at 1073K R - Experimemal result at 10333
S 4 e  Experimental result at 1123K 5] 4 ¢ Experimental result at 11;31\_
" Q\: *  Experimental result at 1223K ® f . E_xpem‘némal result a:r 1223K
B > Fitted result at 1073K T2 Fitted result at 10Z3I\
8% ;3 —— Fitted result at 1123K B8 , — Fittedresultat 1£;SI$
% 3 —— Fitted result at 1223K =32 — Fitted resultat 1223K
T E - TG
&z & 2
O 3 O B8
= 9 g o
28 2
g g
S 3
5 5

Humidity / %



https://doi.org/10.1016/j.ijhydene.2022.03.164
https://doi.org/10.1016/j.ijhydene.2022.03.164

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 47 (2022) 16626—-16639

16631

300

1

2
19
=)

T

150 [

100 [

Activation energy / kJ mol

SOEC
LSCF/GDC

SOFC

@4 | SCF/GDC SOEC mode
I L SCF/GDC SOFC mode
@4, |.SM SOEC mode
HE [ SM SOFC mode

SOEC
LSM

SOFC

Fig. 4 — Activation energy of air electrode reactions derived using the phenomenological equation (Eq. (3)) for exchange
current density of air electrodes, with error bars showing standard deviation.

Apparent exchange current density at the fuel electrodes

Fig. 3 shows the dependence of the apparent exchange current
density on the water vapor concentration in the fuel (H,+H,0
gas), at the fuel electrodes. These exchange current densities
were obtained at i = 0.05, 0.10, and 0.15 A cm2, and the
average values are plotted with error bars showing their
standard deviation.

The apparent exchange current density was highest for B-2
(Rh-GDC co-impregnated on LST-GDC), and lowest for B-1 (the
Ni-ScSZ cermet). This is attributed to the following points: (i)
metallic Rh is more thermally and electrochemically stable
than Ni and may have higher catalytic activity; (ii) the GDC
surface itself acts as an electrode reaction site [48,49] due to
the mixed ionic electronic conductivity of ceria under
reducing conditions; and/or (iii) the two-dimensional cermet
structure of Rh/Ni-GDC formed on the LST-GDC framework
prevents aggregation of the catalyst particles [33].

Fig. 3 shows that the apparent exchange current density
exhibits a maximum value at around 40—60% water vapor
concentration for all the different fuel electrode materials, at
a point where the concentration of reactants and products in

the electrode reactions is comparable. The peaks in apparent
exchange current density for the Ni-ScSZ cermet (B-1) and
the Ni-GDC co-impregnated on LST-GDC (B-3) are slightly
shifted to lower water vapor concentration compared to
those of the Rh-GDC co-impregnated on LST-GDC (B-2) and
the Ni-GDC cermet (B-1). This may be because Rh is more
stable as a metal, and its catalytic activity can be maintained
even in a highly-humidified atmosphere. In contrast, Ni can
be more easily oxidized, resulting in a loss of catalytic ac-
tivity at higher water vapor concentrations. The absence of
this tendency in the Ni-GDC cermet could be caused by the
catalytic activity of ceria for the oxygen exchange reaction
associated with the valence change of ceria [48—50]. A higher
proportion of GDC is used in the Ni-GDC cermet than in other
Ni-based electrodes. Comparing SOFC and SOEC modes, the
apparent exchange current density of the Ni-ScSZ cermet
was higher in SOFC mode than in SOEC mode, whilst the
values for the other three types of fuel electrode were
similar. The apparent exchange current density of both the
air and fuel electrodes increased with increasing tempera-
ture, which is consistent with the thermally activating na-
ture of exchange current densities.

Table 1 — The apparent exchange current density in A cm~2 and the power of Py, (A) at the air electrodes obtained in this

study. Preexponential factors are given in A cm ™2

, and activation energies are given in kJ mol ™.

SOEC SOFC

Results fitted by Eq. (3) Ain Eq. (3) Results fitted by Eq. (3) Ain Eq. (3)
LSM 5 187 0.33+0.03 5 174 0.35+0.06

7.5x 10 exp(—ﬁ> 2.1x 10 exp(—ﬁ>

0.330.03 0.35+0.06
[ _Po2 [ _Po2
Pog, ref Po, ref

LSCF/GDC 4 200-exp< B %) 0.26+0.09 40,000-exp ( B %) 0.31+0.11

0.26+0.09
[ _Po2
P 02 ref

0.31+0.11
[ _Po2
P 02, ref
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Comparison between SOFC and SOEC modes

At the different fuel electrodes, the exchange current density
was found to be similar in both modes, or lower in SOEC mode
compared to SOFC mode. One of the reasons for this may be
that the electrode reaction is fundamentally different be-
tween SOFCs and SOECs. In SOFC mode, the major reactions at
the fuel electrodes are dissociative reactions to break the H—H
bonds of hydrogen gas molecules. Meanwhile in SOEC mode,
the major reactions at the fuel electrodes are dissociative re-
actions to break the O—H bonds of water vapor molecules - the
O—H bonds in H,0 have a higher molecular bond dissociation
energy (118.8 kcal mol™!) than the H-H bonds in H,
(104.2 kcal mol™") [51]. This difference may explain the
decrease in electrode reaction rate in SOEC mode.

The apparent exchange current density for the fuel elec-
trodes increases by: (i) using Rh instead of Ni as a catalyst,
and (ii) using GDC instead of ScSZ, promoting the electrode
reactions. One of the reasons for the more pronounced dif-
ference in exchange current density between SOEC and SOFC
modes for Ni-ScSZ compared to Rh-based and other Ni-based
material electrodes could be due to catalytic activity. Rh is a
noble metal and more redox-stable compared to Ni which is
more easily oxidized, reducing the electrode activity, and
leading to lower exchange current density. The ceria in LST-
GDC is a mixed conductor that conducts both electrons and
oxygen ions, and the Ce ions in ceria undergo a valence
change between trivalent and tetravalent [48—50]. This
valence change leads to flexible oxygen surface exchange
reactions, increasing the catalytic activity. Both co-
impregnated GDC and LST-GDC structures contain ceria,
and may also therefore act as catalysts for the electro-
chemical reactions, especially in the case of steam
electrolysis.

Activation energy of the air electrode reactions

In this study, we measured the dependence of the apparent
exchange current density of both electrodes on temperature
and various gas concentrations. The activation energies were
also derived from the temperature dependencies using Egs. (3)
and (4). The activation energy of the exchange current density
of the air electrode, derived using Eq. (3), is shown in Fig. 4.

The activation energy of the LSCF/GDC electrode (A-1) was
clearly lower than that of the LSM electrode (A-2). This differ-
ence can be easily understood, as LSM is a pure electronic
conductor while LSCF/GDC is mixed conducting electrode with
extended electrode reaction sites, as mentioned before. A
comparison between the SOFC and SOEC modes is of scientific
interest. The mixed conducting LSCF/GDC electrode exhibits
slightly lower activation energy in SOEC mode, compared to
SOFC mode. In contrast, the activation energies measured in
SOEC and SOFC modes are comparable for the LSM electrode
where electrode reactions occur at the three-phase boundaries.
These results suggest that mixed ionic electronic conductivity
which expands the electrode reaction region promotes the fuel
electrode reactions, especially in SOEC mode.

Fitted values of the apparent current density at the air
electrodes obtained in this study are compiled in Table 1.
Several reports on the activation energy of electrode reactions
in SOFCs obtained from the exchange current density have
already been published. As the activation energy for the air
electrode reactions, Nagata et al. reported 130 kJ mol~?, where
LSM was used as the electrode and YSZ was used as the
electrolyte [52], and Costamagna et al. reported 120 kJ mol™?
[25]. For SOECs, Udagawa et al. reported the activation energy
of the air electrode reactions to be 137 kJ mol~? [53]. For both
SOFC and SOEC modes, the values are comparable to those
obtained in this study, shown in Fig. 4 and compiled in Table 1.

300
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=1
O
=]

T

200

Ni-ScSZ cermet SOEC mode
B Ni-ScSZ cermet SOFC mode
V71 Ni-GDC cermet SOEC mode
[ Ni-GDC cermet SOFC mode
VP4 Ni-GDC co-impregnated on LST-GDC SOEC mode
Il Ni-GDC co-impregnated on LST-GDC SOFC mode
VAVA4 Rh-GDC co-impregnated on LST-GDC SOEC mode
I Rh-GDC co-impregnated on LST-GDC SOFC mode

Activation energy / kJ mol
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Fig. 5 — Activation energy of the fuel electrode reactions derived using the phenomenological equation (Eq. (4)) for exchange
current density of fuel electrodes, with error bars showing standard deviation.
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Table 2 — - The apparent exchange current density in A cm~2 and the power of Py, (B) and Puzo (C) of the fuel electrodes

obtained in this study. Preexponential factors are given in A cm~2, and activation energies are given in kJ mol .

SOEC SOFC
Results fitted by Eq. (4) B,C Results fitted by Eq. (4) B, C
Ni-ScSZ cermet 2.7 x 107 B =0.27+0.01 1.7 x 108 B = 0.52+0.04
180 C =0.17+0.09 149 C =0.37+0.11
ol ()
0.27+0.09 0.52+0.04
L[ Pr2 [ P2
PHZ‘ref PHZ,ref
0.17+0.09 0.37+0.11
[ Lu (P20
PHZO,ref PI—[ZOAref
Ni-GDC cermet 2.7 x 108 B = 0.49+0.02 2.2 x 10° B = 0.51+0.03
159 C = 0.56+0.02 132 C = 0.54+0.05
-exp(—ﬁ> -exp(—ﬁ>
0.49+0.02 0.51+0.03
N (P2
PHZ.ref PHZ.ref
0.56+0.02 0.54+0.05
[ Puo [ Pmo
P20 ref Puoo ref
Ni-GDC co-impregnated on LST-GDC 97 B = 0.75+0.06 101 B =0.77+0.14
8,400- - 14,700+ - —
0P| T T C = 0.54+0.07 OUTeXP\ T RT C = 0.49+0.06
0.75+0.06 0.77+0.14
L PE2 L Pr2
PHZ.ref PHZ,ref
0.54+0.07 0.49+0.06
.(PH0o_ . P20
PHZO,ref PH2O.ref
Rh-GDC co-impregnated on LST-GDC 101 B =0.61+0.11 106 B = 0.69+0.08
14,900+ e 26,000 -
’ eXp( RT) C = 0.50+0.06 SLS-exp ( RT) C = 0.52+0.03

0.61+0.11
[ Pr2
Puo ref

0.500.06
[ Pmo
Puoo ref

0.69+0.08
[ P2
P, H2 ref

0.52+0.03
[ Pmo
Puoo ref

Activation energy of the fuel electrode reactions

Fig. 5 shows the activation energy obtained from the tem-
perature dependence of the exchange current density for the
four different materials used for the fuel electrode in both
SOFC and SOEC modes.

The activation energy was highest for the Ni-ScSZ cermet
electrode (B-1). When the electrolyte component in the cermet
electrodes was changed from ScSZ to GDC, the activation
energy slightly decreased. When the electrode was changed
from the cermet electrodes to a co-impregnated fuel electrode
with GDC, the activation energy further decreased. The co-
impregnated electrodes with Ni and Rh catalysts exhibit
similar activation energy. These tendencies imply that
replacing ScSZ (a pure ionic conductor), with GDC (a mixed
ionic and electronic conductor) promotes the electrode re-
actions. Furthermore, the electrode reactions were further
accelerated by tailoring the impregnated two-dimensional
cermet structure with the GDC mixed conductor [33]. Mixed
conductivity and tailored microstructure can decrease the
activation energy of the exchange current density, for the
design of high-performance fuel electrodes.

The activation energies in SOFC and SOEC modes were also
compared, and the results were identical within error. However,
the activation energy obtained in SOEC mode tended to increase
for both Ni-ScSZ and Ni-GDC cermet fuel electrodes. As

previously mentioned, in SOFC mode, the fuel electrode breaks
H—H bonds, while in SOEC mode, the fuel electrode breaks O—H
bonds, leading to an increase in activation energy for SOEC
mode. In contrast, there was no significant difference in the
activation energy between SOFC and SOEC modes for the co-
impregnated fuel electrodes, but the activation energy in SOEC
mode seems to be slightly lower. Further studies are of scientific
and technological relevance to understand these differences
and to further reduce the activation energy by varying the ratio
of Ni/Rh and GDC, and by optimizing electrode microstructure.

Fitted values of the apparent exchange current density at
the fuel electrodes obtained in this study are compiled in
Table 2. As the activation energy for the fuel electrode re-
actions of SOFC, Nagata et al. reported 120 k] mol~* [52], where
Ni-YSZ was used as the electrode and YSZ was used as the
electrolyte. Costamagna et al. reported 100 kJ mol~! [25]. In
SOEC mode, Udagawa et al. reported the activation energy of
the fuel electrode reaction to be 140 kJ mol~* [53]. In both SOFC
and SOEC modes, the values are comparable to those obtained
in this study, shown in Fig. 5 and compiled in Table 2.

On possible elementary processes
Possible elementary processes occurring at the SOFC/SOEC

electrodes can be further discussed, following previous dis-
cussions by Hosoi et al. [29]. Possible electrode reactions at the
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Fig. 6 — Possible reactions on (a) the air electrode and (b) the fuel electrode, after Hosoi et al. [29]. The subscript “ad” denotes
an adsorbed species or an adsorption site. The subscript “g” denotes a gas molecule.

air and fuel electrodes may be considered as described in
Fig. 6(a) and (b), respectively. Assuming rate-determining re-
actions, the relationship between the various gas
concentration-dependent indices A, B, and C in the general

phenomenological equations (Egs. (3) and (4)) and coverage of
the adsorption sites on the electrode surface have both been
derived [29]. These values were compared with those obtained
experimentally in this study.
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Fig. 7 — Air electrode surface coverage (6,)) and gas concentration dependence, analyzed using the p, dependencies

compiled by Hosoi et al. [29].
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Table 3 — — Electrochemical reactions assumed as rate-determining reactions [29] in Figs. 7 and 8.

Reactive species shown on the left side in

Rate-determining reactions assumed

the text boxes in Figs. 7 and 8

Air electrode Oaq(a)
Ozad (a)
Ogg(a)
Had (f>
HZad (f)
Hag(f)

Vad (f)

Fuel electrode

Onq + 26~ 207 +Vyq

Ogad +4e™ + Vo 2202 + Vyq
Ogq +4e~ 2207

2H,q + O* 22e~ + Vo + Ho04
Hpad + 0% 22e + Hp04,q

Hyg + 0% 22e~ + H,0q

Vag + 0% 22e™ + 0y

Fig. 7 and Table 1 show the relationship between the oxy-
gen concentration-dependent index A in the phenomenolog-
ical equation of the exchange current density of the air
electrode and the coverage of the adsorption sites on the air
electrode surface. Table 3 shows the species shown on the left
side in the text boxes in Figs. 7 and 8 and the rate-determining
reactions. The values of A were close to 0.25 in both SOEC and
SOFC modes for both LSCF/GDC and LSM. The theoretical
discussion by Hosoi et al. [29] described in Fig. 7 suggests that
the surface coverages of these air electrodes (LSCF/GDC and
LSM) are fy=1>0o , 0oz, which means that the electrode
surface adsorption sites are almost empty. It is

understandable that the coverage is close to zero, due to the
high operating temperature of SOFCs and SOECs, leading to
higher thermal mobility of adsorbed species. In the LSM, the
plots shift upward and approach the point where A = 0.5. This
suggests that the rate-determining reaction could include not
only Oyq (A = 0.25), but also Oy,q and Oag (A = 0.5) [29].

In Fig. 8, the relationship between the hydrogen
concentration-dependent index B (y-axis) and the water vapor
concentration-dependent index C (x-axis), and the coverage of
adsorption sites on the fuel electrode surface for Ni-ScSZ, Ni-
GDC, and Rh-GDC fuel electrodes is also considered and
described. The values of B and C are close to 0.5 in both SOFC

@ Theoretical value
B Rh-GDC co-impregnated SOEC mode
O Rh-GDC co-impregnated SOFC mode
) e = e E Eorual ® Ni-ScSZ cermet SOEC mode
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Fig. 8 — Fuel electrode surface coverage (0y) and gas concentration dependence, analyzed using the py, and py,
dependencies compiled by Hosoi et al. [29].
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Fig. 9 — Fuel electrode surface coverage and gas concentration dependence.

and SOEC modes. The relation 6y =1>> 0y, 60, fon, lo means
that the electrode surface adsorption sites are again almost
empty. Similar to the air electrode surface, the thermal
mobility of surface species is high at high temperatures,
leading to low coverage on the fuel electrodes at normal SOFC/
SOEC operating temperatures.

Fig. 9 summarizes the exponents of the gas species con-
centration dependence obtained experimentally at the fuel
electrodes in this study. As shown in this figure, the values of
B and C are close to 0.5. Exactly speaking, the values of Band C
are closer to 0.5 for the Rh-GDC co-impregnated on LST-GDC
and Ni-GDC cermet than for the Ni-ScSZ cermet and the Ni-
GDC co-impregnated on LST-GDC. This can be explained by
the fact that Rh is stable as a metal so that the adsorption sites
tend to be completely empty. Another possible factor is the
influence of mixed conducting GDC with high surface ex-
change reaction activity. Such catalytic activity of GDC in
GDC-containing fuel electrodes maintains sufficient adsorp-
tion sites for both SOFC and SOEC electrode reactions.

For the Ni-ScSZ cermet electrode, the plot in the figure
shifts to the lower left in the SOEC mode, approaching the
point where B = C = —0.5 in Fig. 8, suggesting that the elec-
trode surface may be partially covered with H20 under high
water vapor atmosphere, accounting for the low activity in
SOEC mode.

Conclusions

Electrodes for r-SOCs were prepared with different constit-
uent materials and structures, and were systematically
evaluated to quantify the exchange current density in both

SOFC and SOEC modes. Similar gas concentration depen-
dence was obtained for both fuel and air electrodes in both
SOFC and SOEC modes, and it was deduced that the surface
adsorption sites of both electrodes were almost empty. The
apparent exchange current densities and their activation
energy quantitatively indicate the difference in reaction
processes between SOFC and SOEC modes, and a high elec-
trocatalytic activity of mixed conducting GDCs, especially in
SOEC mode.

In this study, hydrogen was used as the fuel. However, r-
SOCs can also supply various fuels other than hydrogen and
this should be considered in future studies. In addition,
inactivation of the fuel electrode by trace pollutants [54—57] in
e.g. biofuel streams should also be considered.
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Nomenclature

Notation description unit

A

bm
R
Ract
T
Vad
Vo

Oxygen concentration dependent exponents for
phenomenological equation for exchange current
density of air electrodes

Hydrogen concentration dependent exponents for
phenomenological equation for exchange current
density of fuel electrodes

Water vapor concentration dependent exponents for
phenomenological equation for exchange current
density of fuel electrodes

electron

the activation energy kj/mol

Faraday's constant, 96,485 C mol?

current density A cm™2
exchange current density A cm™
the number of mobile electrons
species M (M = H, H,, H,0, O, and Oy)
concentration of gas M (molar fraction) %
the gas constant, 8.3145 J mol * K *

the non-ohmic resistance Q cm?

the absolute temperature K

empty adsorption sites of the electrode
oxygen vacancies in the electrolyte

2

Greek symbols

- —
o, o

Y

n
%Y,
v

transfer coefficients

preexponential factors for exchange current density
equations A cm ™2

the activation (non-ohmic) overvoltage V

coverage of M on the adsorption site of the electrode
empty adsorption site ratio of the electrode

Abbreviations, subscripts and superscripts

ad

the species on the air electrode

the species adsorbed on the adsorption site of the
electrode

the parameters for the air electrode

subscript attached to the species in the electrolyte
the species on the fuel electrode

the parameters for the fuel electrode

gaseous state

gadolinia-doped ceria

lanthanum strontium cobalt ferrite

lanthanum strontium manganite

lanthanum strontium titanate

nickel

reference

rhodium

reversible solid oxide cell

scandia-stabilized zirconia

solid oxide fuel cell

solid oxide electrolysis cell

yttria-stabilized zirconia
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