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a b s t r a c t

Reversible solid oxide fuel cells (R-SOFCs) are regarded as a promising solution to the discontinu-
ity in electric energy, since they can generate electric powder as solid oxide fuel cells (SOFCs) at the
time of electricity shortage, and store the electrical power as solid oxide electrolysis cells (SOECs) at
the time of electricity over-plus. In this work, R-SOFCs with thin proton conducting electrolyte films
of BaCe0.5Zr0.3Y0.2O3−� were fabricated and their electro-performance was characterized with various
reacting atmospheres. At 700 ◦C, the charging current (in SOFC mode) is 251 mA cm−2 at 0.7 V, and the
electrolysis current densities (in SOEC mode) reaches −830 mA cm−2 at 1.5 V with 50% H2O–air and H2

as reacting gases, respectively. Their electrode performance was investigated by impedance spectra in
discharging mode (SOFC mode), electrolysis mode (SOEC mode) and open circuit mode (OCV mode). The
results show that impedance spectra have different shapes in all the three modes, implying different
roton conducting electrolytes

lectrode performance
C impedance spectra

rate-limiting steps. In SOFC mode, the high frequency resistance (RH) is 0.07 �cm2 and low frequency
resistances (RL) are 0.37 �cm2. While in SOEC mode, RH is 0.15 �cm2, twice of that in SOFC mode, and RL

is only 0.07 �cm2, about 19% of that in SOFC mode. Moreover, the spectra under OCV conditions seems
like a combination of those in SOEC mode and SOFC mode, since that RH in OCV mode is about 0.13 �cm2,
close to RH in SOEC mode, while RL in OCV mode is 0.39 �cm2, close to RL in SOFC mode. The elementary

n con
steps for SOEC with proto

. Introduction

Solid oxide fuel cells (SOFCs) have drawn much attention as a
lean and effective power generation system, which efficiently gen-
rate electrical powder with the consumption of H2 and O2 [1], as
hown in Eq. (1). As the reverse reaction of Eq. (1), water can be elec-
rolyzed to H2 and O2, and the reversible operation of SOFCs was
alled as solid oxide electrolysis cells (SOECs), which has become
ncreasingly investigated as a green and high-efficiency technology
or large-scale hydrogen production [2–8]. Since the cells can work
s SOFCs at the time of electricity shortage to generate electrical
owder, and as SOECs at the time of electricity over-plus to store the
lectrical power by the production of electrochemical substances
H2), these solid cells are also called as “reversible solid oxide fuel
ells (R-SOFCs)” [9,10]. R-SOFCs are deemed as a promising solu-

ion to the discontinuity in renewable electric energy, which might
e generated by solar energy, wind energy, and tidal energy.

2 + 1
2 O2 ↔ H2O (1)

∗ Corresponding author. Tel.: +86 551 3600594; fax: +86 551 3607475.
E-mail address: pengrr@ustc.edu.cn (R. Peng).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.12.079
ducting electrolyte were proposed to account for this phenomenon.
© 2009 Elsevier B.V. All rights reserved.

Some achievements have been made in the research of R-SOFCs
or SOEC with oxygen-ion conducting electrolytes [2–8]. Liang et
al. precipitated LSM on submicron-sized YSZ particles by glycine-
nitrate process (GNP) as oxygen electrode, and the electrolysis
current densities improved to 0.520 A cm−2 at 900 ◦C with 12-�m-
thick yttrium stabilized zirconia (YSZ) as electrolyte [4]. Laguna-
Bercero et al. [5] used 10% Sc2O3–1% CeO2–ZrO2(SCZ) as electrolyte,
and the electrolysis current density was 420 mA cm−2 at 1.5 V
measured at 700 ◦C with 80% steam concentration introduced to
hydrogen electrode. Schiller et al. [11] deposited subsequently a
La0.7Sr0.15Ca0.15CrO3 diffusion barrier layer, a 50-�m-thick Ni/YSZ
hydrogen electrode, a 40-�m-thick YSZ electrolyte and a 30-�m-
thick LSCF oxygen electrode on 1-mm-thick porous metal sheet
of ferritic steel (IT11) substrate by plasma spray technology, and
the electrolysis current density of cells reached 1.0 A cm−2 at 1.4 V
measured at 800 ◦C. Yet Ni et al. [12] studied the electrochemical
performance of R-SOFCs with oxygen-ion conducting electrolyte
(R-SOECs-O), and found that the cathode-supported configurations

(in SOFC mode) are more favorable for electrolysis due to the
smaller concentration polarization, which was quite opposite to the
promising SOFC configuration. While his simulation performance
of R-SOFC with proton conducting electrolyte (R-SOFCs-H) indi-
cated that the anode-supported configuration (in SOFC mode) was

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:pengrr@ustc.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.12.079
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lower than that obtained in SOFC mode.
The impedance spectra of the cells under open circuit condi-

tions are investigated and the spectra obtained under different
temperatures are shown in Fig. 2. Obviously the cell resistances
360 F. He et al. / Journal of Powe

avorable to achieve high energy conversion efficiency in both SOFC
nd SOEC modes. This is because that water generated (injected)
n SOFC cathode for R-SOFCs-H, which acquires thin cathode film
o reduce the concentration polarization [13]. Besides the configu-
ation advantages, R-SOFCs-H has other benefits, such as: (1) no
eed of H2 separation, since H2O is introduced into the oxygen
lectrode side and that pure H2 can be obtained with H2 as gas
arrier; (2) lower activation energy for proton conduction suitable
or application in intermediate temperature R-SOFCs.

In 1981, Iwahara et al. [14] firstly applied SrCeO3 as the proton
onducting electrolyte in steam electrolysis to produce hydrogen
as. Since then, novel materials with improved conductivity, such
s SrZr0.9Yb0.1O3−� [15], BaCe0.9Sr0.1O3−� [16], SrZr0.9Y0.1O3−� [17],
ave been investigated as the electrolyte in steam electrolysis and
heir electrolysis current densities were about 40 mA cm−2 at 1.5 V.
ill now, most investigations on SOEC focus on exploring electrolyte
aterials, and few systematic investigations of the electrode reac-

ions have been reported. In this work, the electrode performance of
-SOFCs was studied using BaCe0.5Zr0.3Y0.2O3−� proton conducting
lectrolytes. And the characteristics of the electrode behavior under
arious steam partial pressures were investigated by impedance
pectra in both SOFC mode and SOEC mode, which is further com-
ared with those under open circuit conditions.

. Experimental

.1. Preparation of BaCe0.5Zr0.3Y0.2O3−ı powders

BaCe0.5Zr0.3Y0.2O3−� (BCZY) powders were synthesized by cit-
ic method. A proper amount of EDTA was dissolved in deionized
ater with ammonia added to adjust the pH value to 6. Stoichio-
etric amount of Ba2+, Ce3+, Zr4+, Y3+ nitrates solution was mixed
ith the EDTA solution, and then citric acid was added as complex

o form a precursor solution. The molar ratio of Ba2+, EDTA and citric
cid was set as 1: 2.4: 2.4. The as-prepared precursor solution was
tirred at 80 ◦C for 3–4 h and then heated on a hot plate. As the evap-
ration proceeded, the solution became viscous gel, and turned into
foamy black sponge, which ignited and resulted in black powders.
he powders were sintered at 1100 ◦C for 2 h to remove the car-
on residues and to form perovskite BCZY. Sm0.5Sr0.5CoO3−� (SSC)
nd NiO powders were synthesized by GNP, as described elsewhere
18,19].

.2. Fabrication of reversible solid oxide fuel cells (R-SOFCs)

The electrodes of R-SOFC were described as hydrogen electrode
nd oxygen electrode, respectively, to avoid misunderstanding of
he anodes and cathodes in SOFC mode or SOEC mode. NiO and
CZY powders were mixed in a weight ratio of 65:35 as hydrogen
lectrode. Bi-layers of the anode substrate and BCZY electrolyte
f about 15 mm in diameter were fabricated by a dry-pressing
ethod. The thickness of electrolyte was about 20 �m after the

i-layers were co-sintered at 1400 ◦C for 5 h in air. SSC and BCZY
owders were mixed as oxygen electrode powders with the weight
atio of 70:30. The oxygen electrode layers of about 40 �m in thick-
ess and 6 mm in diameter were formed by screen-printing process
ith ethocel and abietyl alcohol as binder, and then fired at 1100 ◦C

or 2 h in air to form single reversible cells. Ag paste was applied
nto the oxygen electrode surface as the current collector. Accord-
ngly, the R-SOFCs with structure of Ni-BCZY || BaCe0.5Zr0.3Y0.2O3−�
BCZY) || SSC–BCZY were fabricated.
.3. Characterizations of the R-SOFCs

The reversible single cells were tested with a home-developed-
ell-testing system. Air/H2O mixture and H2 were introduced into
ces 195 (2010) 3359–3364

oxygen electrode and hydrogen electrode as testing gases, respec-
tively. The steam partial pressures in air/H2O were set in the range
of 20–70% by controlling by the temperature of gas bubble, where
dry air flowed at a constant flow rate of 100 ml min−1. The gas flow
of H2 is 70 ml min−1. The impedance spectra of single cells were
measured under open circuit conditions, SOEC mode (1.3 V), and
SOFC mode (0.7 V), respectively, using an electrochemical work-
station (IM6e, Zahner). Curve fittings were performed using the
Z-view software. The cells were characterized in both fuel-cell and
electrolysis-cell operation by I–V measurements using an electro-
chemical workstation (IM6e, Zahner) tested at 600–700 ◦C.

3. Results and discussion

3.1. Electrochemical performance of the Reversible SOFCs

The electrochemical performances of R-SOFCs were investi-
gated in both SOFC mode and SOEC mode, as shown in Fig. 1, in
which the positive current density refers to fuel-cell operation and
the negative current density refers to electrolysis-cell operation.
With 50%air–50%H2O and H2 introduced into air electrode and
hydrogen electrode, respectively, the open circuit voltages (OCVs)
of cells are 0.97, 0.96, 0.95 V at 600, 650 and 700 ◦C, respectively.
These OCVs are very close to the theoretical electromotive force
(EMF) calculated by Nernst equation, which are 1.04, 1.03, 1.01 V
at 600, 650 and 700 ◦C, respectively, indicating that the electrolyte
film are very dense.

In SOFC mode (the right part of Fig. 1), H2 react with O2 to gen-
erate electrical power, and the charging current densities are 70,
163, and 251 mA cm−2 at 0.7 V at 600, 650 and 700 ◦C, respectively.
The maxima power density reached about 69, 140, 234 mW cm−2

at 0.48 V measured at 600, 650 and 700 ◦C, respectively. The area
specific resistances (ASRs) of the cell in SOFC mode can be calcu-
lated by the slope of the I–V curves with the section of potential
below the OCV. At 600, 650 and 700 ◦C, the ASRs of the cell are
2.28, 1.22, 0.82 �cm2, respectively. On the other hand, the perfor-
mance of cells in the SOEC mode also increases with temperature
(see the left panel of Fig. 1), and the electrolysis current densities
at cell voltage of 1.5 V are −326, −565, −830 mA cm−2 at 600, 650
and 700 ◦C, respectively. The ASRs in SOEC mode at 600, 650 and
700 ◦C are 1.48, 0.78, 0.51 �cm2, respectively, which are obviously
Fig. 1. I–V curves of reversible solid oxide fuel cells (R-SOFCs) measured at various
temperatures. H2 and 50%H2O–50%air are used as the reacting gases in hydrogen
electrode and oxygen electrode, respectively.
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ig. 2. Impedance spectra of R-SOFCs measured at various temperatures with
0%H2O–50%air and H2 as reacting gases.

ecrease with the increase of temperature. The bulk resistances
f cell are 0.89, 0.67 and 0.53 �cm2, and the interfacial polar-
zation resistances are 2.41, 1.06 and 0.57 �cm2 at 600, 650 and
00 ◦C, respectively, suggesting that the reductions of polarization
esistance of cell are the main contributions of the decrease in
he cell resistance. The total resistances of cells are 3.30, 1.73 and
.09 �cm2 at 600, 650 and 700 ◦C, respectively, much larger than
SRs calculated from the I–V curves as discussed above, especially

he ones in SOEC mode.
To investigate the electrode performance under operation con-

itions in details, the impedance spectra of the cells were then
easured at 700 ◦C in SOFC mode (discharging at 0.7 V) and SOEC
ode (electrolysis at 1.3 V) with the steam partial pressure of 50%,

s shown in Fig. 3(a) and (b). The total cell resistances are deter-
ined to be 0.94 �cm2 in SOFC mode and 0.74 �cm2 in SOEC
ode, respectively, which are more close to their resistances simu-

ated from I–V curves than that measured under OCV conditions. It
hould be noted that the bulk resistances of cells in both operating
odes are about 0.52 �cm2, which is independent of the potential

oad and almost the same with that calculated under OCV condi-
ions. However, the interfacial polarization resistances differ in the
wo operating modes, being about 0.52 �cm2 in SOFC mode and
.22 �cm2 in SOEC mode, which are both lower than that mea-
ured under OCV conditions. According to Fig. 3, it can be seen that
ach spectrum is composed of two depressed arcs, a high frequency
rc and a low frequency arc. An equivalent circuit comprises of two
Q elements and one R in series, Rbulk(RHQH)(RLQL), were proposed
o solve these spectra. Based on these results, the high frequency

esistances (RH) and low frequency resistances (RL) are calculated
o be 0.07 and 0.36 �cm2 in SOFC mode, and 0.15 and 0.07 �cm2

n SOEC mode, respectively.

ig. 3. Impedance spectra of the R-SOFCs with 50%H2O–air and H2 as reacting gas
easured (a) in SOFC mode (0.7 V), (b) in SOEC mode (1.3 V), and (c) in open circuit
ode. Numbers 0–4 in spectra denotes the frequency order.
ces 195 (2010) 3359–3364 3361

With the comparison of the resolved resistances in SOFC mode
and SOEC mode, it can be seen that RH in SOEC mode is almost
twice of that in SOFC mode, but RL in SOEC mode is almost reduced
to zero. Assuming that (1) there is no material components trans-
fer or microstructure change during the spectra measurement,
since the measurements occur at the same time with the input
of bias potential; (2) the generation/exhaustion of O2 at oxygen
electrodes during cell operation has few effect on the electrode
performance, since the oxygen generation or consumption rates
are 0.22 and 0.73 ml min−1 for SOFC and SOEC modes, respectively,
only 1.0% and 3.6%; (3) the proton diffusion in the anode is not the
rate-limiting process, which has been previously proved by the lit-
erature [20], the difference in the measured spectra resulted only
from the change of the rate-limiting process in the cathode reac-
tions. Earlier we have investigated the elementary steps of SSC–BCS
composite electrode with the proton electrolyte using symmetric
cells, as shown in Step 1–Step 8, and found that the migration of
protons to three phase boundaries (Step 5, corresponding to the
high frequency arc) and the surface diffusion of Oad

+ (Step 3 related
to the low frequency arc) were the rate-limiting process in SOFC
mode under wet conditions [21]. In present case since the low fre-
quency arc disappears in SOEC mode, the surface diffusion of Oad

−

might not be the rate-limiting process.

Step1 : O2(g) → 2Oad

Step2 : Oad + e− → Oad
−

Step3 : Oad
− → OTPB

−

Step4 : OTPB
− + e− → OTPB

2−

Step5 : Helectrolyte
+ → HTPB

+

Step6 : HTPB
+ + OTPB

2− → OHTPB
−

Step7 : HTPB
+ + OHTPB

− → H2OTPB

Step8 : H2OTPB → H2O(g)

To clarify the difference in impedance spectra under two operating
modes, the anodic elementary steps of SOEC reactions are proposed
as Step I–Step IX:

StepI : H2O(g) → H2Oad

StepII : H2Oad → OHad
− + Had

+

StepIII : OH(ad)
− → Oad

2− + Had
+

StepIV : Oad
2− − e → Oad

−

StepV : Oad
− − e → Oad

StepVI : 2Oad → O2(ad)

StepVII : O2(ad) → O2

StepVIII : Had
+ → HTPB

+

StepIX : HTPB
+ → Helectrolyte

+

where Step I–Step III describe the surface dissociative adsorption
of water to O2− and protons; Step IV–Step VII illustrate the for-
mation and desorption of O2 along with the charge transfer; Step
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III and Step IX depict the proton migration to triple phase bound-
ries (TPBs). Comparing the elementary steps in SOFC and SOEC
odes, one can clearly see that the surface diffusion of Oad

− (low
requency arc) is not the elementary step in SOEC mode, since the
2− and O− could readily accept electrons on the right surface of
SC and consequently there was no need for them to transfer to
he TPBs. This is in good accordance with the impedance spectra

easurements. It should also be noted that the transfer of protons
nvolve two steps in SOEC mode: (1) the protons decomposed from

ater (Had
+) transferring to the triple phase boundaries; (2) the

rotons at TPBs (HTPB
+) transferring to the electrolyte, as shown

n Steps VIII and IX. While in SOFC mode, the protons only transfer
rom electrolyte to the TPBs (Step 5). This might be the right answer
or the significant increase of the high frequency resistances (RH)
n SOEC mode compared with that in SOFC mode.

It is also noteworthy that the impedance spectrum under OCV
onditions has different shapes with those both in SOFC mode and
OEC mode, as shown in Fig. 3(c). The simulated RH under OCV
onditions is 0.13 �cm2, close to RH in SOEC mode, while RL under
pen circuit conditions is 0.39 �cm2 which is close to RL in SOFC
ode. It seems that the spectra of cells under open circuit condi-

ions are the combination of high frequency arc in SOEC mode and
ow frequency arc in SOFC mode. That might be due to the ‘com-
etition’ result of elementary reactions in SOFC and SOEC modes,
ince all of them exist under open circuit conditions with simi-
ar peak frequency corresponding to high and low frequency arcs,
espectively. This also suggests that the limiting reactions corre-
ponding to the spectra for R-SOFCs-H in OCV conditions are the
ecomposed protons (Had

+) transferring to the electrolyte (SOEC
ode, the high frequency arc) and the surface diffusion of Oad

− to
PBs (SOFC mode, the low frequency arc).

.2. Electrochemical performance of the cells with different steam
artial pressures

The performance of the cells was also characterized with var-
ous steam concentrations at the oxygen electrode, as shown in
ig. 4. The OCV decreased with the increase of the steam concentra-
ion, which is about 1.01, 1.00, 0.95, 0.88 V under the steam partial
ressureS of 20%, 30%, 50%, 70%, respectively (measured at 700 ◦C).

he discharging performance of the cell also decreased with the
ncrease of the steam concentration, and the maxima power den-
ities are 289, 254, 234 and 208 mW cm−2 with the steam partial
ressure of 20%, 30%, 50%, and 70%, respectively. While the electrol-
sis performance of the cell increased with steam concentration. At

ig. 4. Voltage–current density curves of the R-SOFCs tested at 700 ◦C with various
2O partial pressures in oxygen electrode.
Fig. 5. Impedance spectra of the R-SOFCs measured at 700 ◦C in SOFC mode (0.7 V)
with various steam partial pressures in oxygen electrode. Numbers 0–4 in spectra
denotes the order of frequency.

700 ◦C and 1.5 V, the electrolysis current densities are −404, −623,
−830, −1010 mA cm−2 with the steam partial pressure of 20%, 30%,
50%, 70%, respectively.

The impedance spectra of the cells under SOFC, SOEC and OCV
modes were next investigated with various steam partial pres-
sures at the oxygen electrode measured at 700 ◦C, as shown in
Figs. 5–7. The bulk resistances in all the three modes remain about
0.52 �cm2, almost constant with the water partial pressure. While
the dependence of polarization resistances on steam partial pres-
sure are quite different in these three modes. The polarization
resistances in SOFC mode increased slightly with the steam partial
pressure, about 0.38, 0.38, 0.40, 0.43, 0.44, 0.45 �cm2 with steam
partial pressure of 20%, 30% 40%, 50%, 60% and 70%, respectively.
While the polarization resistances in SOEC mode decrease largely
first with the increase of steam partial pressure, and then keep
stable when the steam partial pressures are larger than 50%. The
polarization resistances in SOEC mode are about 0.44, 0.41, 0.35,
0.22, 0.21 and 0.20 �cm2 with the steam partial pressures of 20%,
30% 40%, 50%, 60% and 70%, respectively.

These impedance spectra were also resolved by an equivalent
circuit Relectrolyte(RHQH)(RLQL), and the results are shown in Table 1.
It can be seen that the high frequency resistances of cells in both
SOFC mode and SOEC mode remain unchanged with the steam par-
tial pressure while the low frequency resistance increased in SOFC
mode but decreased in SOEC mode instead. This is quite different

with their performance in the symmetric cells [21], of which the
dependence of high frequency resistances on steam partial pres-
sure can be expressed as RH ≺ P−1/2

H2O whereas the low frequency
resistance kept almost unchanged. The different dependences of
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and the data are summarized in Table 1 as well. The high frequency
resistances are still close to RH in SOEC mode, whereas the low fre-
quency resistances are close to RL in SOFC mode instead. This result
is in accordance with our foregoing observation, as shown in Fig. 8.
ig. 6. Impedance spectra of the R-SOFCs measured at 700 ◦C in SOEC mode (1.3 V)
ith various steam partial pressures in oxygen electrode.

H on steam partial pressure in symmetric cells and operating cells
ainly result from the dependence of proton concentration on par-

ial pressure. In the symmetric cells, the protons are generated by
he incorporation of water within lattice, and their concentrations
eep in balance with the low steam partial pressure, resulting in
he migration of protons greatly dependant on the steam partial
ressure. While in the operating cells, the protons concentration
re affected not only by the steam partial pressure, but also by the
ressure of H2 at the hydrogen electrodes, leading to the imbal-
nce between proton concentrations and steam partial pressure

nd thus the independence of proton transfers on steam partial
ressure. The decrease/increase of the low frequency resistances

n SOEC/SOFC mode with the steam partial pressure might be
ue to the concentration polarization resistance, since the obvi-

able 1
ulk resistances (Rb), high frequency resistances (RH) and low frequency resistances
RL) simulated from impedance spectra under various potentials and stream partial
ressure.

Bias potential Stream partial
pressure

Rb (�cm2) RH (�cm2) RL (�cm2)

0 V 20% 0.52 0.13 0.33
50% 0.51 0.13 0.39
70% 0.52 0.14 0.41

−0.3 V 20% 0.52 0.07 0.32
50% 0.51 0.07 0.36
70% 0.52 0.07 0.38

+0.3 V 20% 0.52 0.16 0.28
50% 0.52 0.15 0.07
70% 0.52 0.15 0.05
Fig. 7. Impedance spectra of the R-SOFCs measured at 700 ◦C in open circuit condi-
tions with various steam partial pressures in oxygen electrode.

ous decrease in SOEC mode occurs at the steam partial pressure
over 50%. Detailed investigations about the effect of steam partial
pressure on polarization resistances are yet to be done.

The impedance spectra under OCV conditions were also resolved
Fig. 8. Impedance spectra of the R-SOFCs measured at 700 ◦C (a) in SOFC mode
(0.7 V), (b) in SOEC mode (1.3 V), and (c) under open circuit conditions with
20%H2O–air and H2 input into oxygen electrode and hydrogen electrode, respec-
tively.
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ince the high frequency resistances of SOEC barely change with
he increase of the steam partial pressure, while the low frequency
esistances of SOFC increased with such an increase, the polariza-
ion resistances in OCV conditions reasonably increased with the
ncrease of the steam partial pressures, as clearly demonstrated in
ig. 7.

. Conclusions

Reversible solid oxide fuel cells (R-SOFCs) with structure of Ni-
CZY || BaCe0.5Zr0.3Y0.2O3−� (BCZY) || SSC–BCZY were fabricated by
ry-pressing process. At 700 ◦C, with 50% H2O–air and H2 intro-
uced into oxygen electrode and hydrogen electrode, respectively,
he charging current is 251 mA cm−2 at 0.7 V and maximum powder
ensity reaches 234 mW cm−2 at 0.48 V. The electrolysis current
ensity achieves −830 mA cm−2 at 1.5 V under the same testing
onditions, about one order of magnitude larger than previous
eport due to the reduce in electrolyte thickness.

The impedance spectra study suggests that there are two arcs,
high frequency arc and a low frequency arc, in the spectra tested
nder open circuit conditions, which changed differently with the
ias potential. In SOFC mode, the high frequency arc decrease to
alf of that in OCV conditions, while the low frequency remained
nchanged. In SOEC mode, the high frequency arc hardly changed
ompared with that in OCV conditions, while the low frequency
rc almost disappeared. High frequency resistances (RH) and low
requency resistances (RL) are simulated as 0.07 and 0.36 �cm2

n SOFC mode, 0.15 and 0.07 �cm2 in SOEC mode, and 0.13 and
.39 �cm2 under OCV mode, respectively. The elementary steps for
team electrolysis with proton conducting electrolyte were pro-
osed to account for this phenomenon. The results suggest that
he surface diffusion of Oad

−, corresponding to low frequency arc,
s not the elementary step for SOEC reaction, which was in good
ccordance with the very low frequency resistance in spectra inves-

igation. It was also suggested that the transfer of protons involves
wo steps in SOEC mode: the protons decomposed from water
Had

+) transferring to the triple phase boundaries and the protons
t TPBs (HTPB

+) transferring to the electrolyte, which might be the
ight reason for the large RH in SOEC.

[
[

[
[
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