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A solid oxide electrolysis cell concept for reducing CO2 to CO was studied using a proton conducting
mixed oxide — BaCe0.7Zr0.1Y0.1Yb0.06Zn0.04O3 − δ (BCZYYZ) as an electrolyte. The oxide composite mixture:
Ce0.6Mn0.3Fe0.1O2–La0.6Sr0.4Fe0.9Mn0.1O3 (12.5–87.5 wt.%) was examined as enhancing catalyst electrode for
CO2 reduction and proton oxidation reaction on the cathode side for avoiding coke formation. Here we demon-
strate the successful electrochemical reduction of CO2 in proton conducting SOECs. During electrochemical
reduction of CO2 at 700 °C, current densities as high as 0.5 A/cm2 and 1 A/cm2 at 1.3 V and 2.2 V respectively,
were withdrawn even though the cell employed a 400 μm thick BCZYYZ electrolyte support.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Development of new energy sources such as solar andwind, giving a
rich and diverse energy supply based upon renewable and environmen-
tally friendly sources, has emphasized the need for new methods of
energy storage. Recently, there has been an increased focus on hydro-
gen as an alternative energy mediator of conversion and storage be-
cause of high gravimetric energy density and zero carbon emission
[1–5]. However, the utilisation of hydrogen has been limited due to
the practical engineering and economic limitations with respect to its
generation and distribution [6]. On the other hand hydrocarbon fuels
and carbonmonoxidematch the existing energy infrastructure well be-
cause of their similarity to current fossil fuels; they would be effective
energy carriers in a period of transition toward zero carbon emission
[7–9]. The synthetic hydrocarbon fuels from CO2/H2O with renewable
electricity have therefore been proposed as an alternative method to
transport new energy sources from where they are available to its
point of use within a carbon neutral cycle [10–13]. In addition, using
electrochemical reaction for recycling or reuse of CO2 from new energy
sources would therefore be a feasible alternative to advanced capture
and utilisation of CO2.
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A proton conducting solid oxide electrolyser has recently been
applied for electrolysis of water combinedwith electrochemical conver-
sion of CO2 [13–16]. Using a proton conducting oxide as electrolyte in
CO2 condition, it is possible to produce hydrogen from steam while
simultaneously reducing CO2 to generate hydrocarbon such asmethane
as illustrated in Fig. 1. Xie et al. have demonstrated the successful in-situ
electrochemical conversion of H2O/CO2 into methane at 650 °C from 1
to 2% of CO2 in previous work [13]. At the cathode side, if CO2 is fed
then reverse water gas shift reaction (WGSR) would take place follow-
ing the overall cathode reaction.

CO2 þ 4Hþ þ 4e−↔COþ 2H2O ð1Þ

If the partial pressure of CH4 at equilibrium is low, however, most
the CO2 would be converted into CO. In the case of the proton
conducting solid oxide cell, the electrochemical reaction would be
mainly dominated by the cathode reaction. Thus, the cathode should re-
quire good properties in terms of electrical conductivity as well as cata-
lytic activity for hydrocarbon formation. Furthermore, carbon tolerance
would be one of the important issues because carbon deposition is likely
to occur at the cathode side during CO2 reduction. In the present work,
the mixed oxide composite with Ce(Mn, Fe)O2–(La,Sr)(Fe,Mn)O3

(CMF–LSFM) was employed as a catalyst coating layer on the cathode
side in proton conducting solid oxide cells to facilitate catalysis and
electrochemical electrode reaction with pure CO2 gas. The CMF–LSFM
composite oxide previously showed outstanding catalytic activity for
fuel oxidation without carbon coking in the hydrocarbon-type solid
oxide fuel cells as an oxide anode [17,18]. Compare to the typical
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. a) Schematic diagram of CO2 reduction in proton conductor. b) Cell configuration using single cathode layer, LSCF + GDC and c) double cathode layers, LSCF + GDC|CMF + LSFM.
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cathode materials, (La,Sr)(Fe,Co)O3–Gd doped ceria (GDC) cathode in
proton conducting electrolyser, CMF–LSFM has an improved catalytic
activity for CO2 electro-conversion with a smaller overpotential loss.

2. Experimental

Ce0.6Mn0.3Fe0.1O2 and La0.6Sr0.4Fe0.9Mn0.1O3 mixed oxides were
prepared using the conventional solid-state reaction method
described in detail previously [18]. The powders were mixed
under acetone in an agate mortar to form a composite oxide anode
consisting of 12.5 wt.% Ce(Mn, Fe)O2 and 87.5 wt.% La(Sr)Fe(Mn)O3.
BaCe0.7Zr0.1Y0.1Yb0.06Zn0.04O3 − δ (BCZYYZ) powder was synthesized
by a modified glycine-nitrate combustion method. Ba(NO3)2 (98.0%,
Sigma-Aldrich Co. LLC, UK), Ce(NO3)3·6H2O(99.0%, Sigma-Aldrich Co.
LLC, UK), ZrO(NO3)2·χH2O, Y(NO3)3·6H2O (99.0%, Sigma-Aldrich Co.
LLC, UK), and Zn(NO3)2·6H2O(98.0%, Sigma-Aldrich Co. LLC, UK) were
added in the corresponding ratios into distilled water containing an
appropriate amount of citric acid (4:1 to metal ions) in a beaker under
stirring until a transparent and homogeneous solution was obtained.
The solution was evaporated on the hotplate and resulting powder
was calcined at 1000 °C for crystallisation. The BCZYYZ electrolyte sup-
port was prepared by dry-pressing powder into a circular green body
followed by a high-temperature sintering in air at 1450 °C for 6 h and
mechanical polishing until 2 cmdiameter and 400 μmthickness electro-
lyte supports were obtained. The faces of the BCZYYZ electrolyte disk
were coated with the corresponding electrode powder by screen-
printing, and then electrodes were sintered at 1100 °C for 30 min. To
compare with conventional La0.6Sr0.4Fe0.8Co0.2O3 (LSCF)–Gd doped
ceria (GDC) commercial cathode, the CMF–LSFM coating layer (b5 μm
thickness) was just added on top of the same LSCF–GDC cathode in an-
other single cell, Ni–Fe|BCZYYZ|LSCF–GDC|CMF-LSF. Ni–Fe (9:1) alloy
powder was used for anode, coated using screen printing. To minimize
changing the geometric factor from adding CMF–LSFM layer by screen
printing, coating layer was prepared as thin (b5 μm) as possible. A
gold spot electrode prepared using commercial Au paste was used
as the reference electrode and was placed on the cathode side. We
connected gold lead wire to the reference electrode.

To evaluate electrochemical properties, I–V curves and impedance
were measured with four silver leads with silver mesh as the electrode
current collector. In order to perform electrochemical testing in fuel cell
mode, humidified H2 was supplied into the Ni–Fe electrode while the
cathode side was exposed to air as an oxidant gas. After fuel cell mode
test, 3 vol.% H2O/H2 and 100% CO2 were supplied into the anode
and cathode while external loading was also applied to perform the
electrochemical test for CO2 reduction. AC impedance spectroscopy
was recorded using an IM6 Electrochemical Workstation (Zahner,
Please cite this article as: T.H. Shin, et al., Solid State Ionics (2015), http:/
Germany) with frequency ranged from 0.1 Hz to 100 kHz with ampli-
tude of 10 mV.

3. Results and discussion

Fig. 2 shows the microstructure of the CMF–LSFM catalyst layer on
top of the LSCF–GDC cathode layer togetherwith the BCZYYZ electrolyte
support after electrochemical measurement. The adherence of the
electrolyte, cathode and functional catalyst layers is very good and no
delamination is observed even after the cell test. In addition, there
was no evidence for carbon deposition in cathode side during CO2 re-
duction. It is well known that a coke deposited resulted from CO2/CO
gas utilisation would appear as filament-like structures, leading to
catalyst deactivation. The absence of these structures suggests carbon
tolerance of the CMF–LSFM in CO2 atmosphere, expected from previous
reports on the CMF–LSFM composite SOFC anode [17].

To verify the influence of CMF–LSFM upon the catalytic activity of
the LSCF–GDC cathode layer, electrochemical tests were performed on
cells comprising Ni:Fe anode, BCZYYZ electrolyte (400 μm thick) and
LSCF–GDC cathode with and without the added CMF–LSFM functional
layer. Fig. 3 shows the current–power density (I–P) and current–voltage
(I–V) curves of the cell using the LSCF–GDC cathode and CMF–LSFM/
LSCF–GDC dual cathode cell configurations. The open circuit voltage
(OCV) in humidified H2 fuel were close to the value predicted by the
Nernst equation, 1.061, 1.088, and 1.112 V at 800, 700, and 600 °C,
respectively, for the cells having LSCF–GDC cathode. On the other
hand, the OCV of the cell with added CMF-LSFM catalyst layer on the
LSCF–GDC cathode was slightly lower than that of the cell using
only LSCF–GDC cathode, 1.02, 1.066 and 1.102 V at 800, 700, and
600 °C, respectively. According to previous literature for BaCeO3 proton
conductor, partial oxygen conduction would clearly occur at high tem-
perature (N700 °C) and high oxygen partial pressure [19]. However,
the BCZYYZ electrolyte supporting cells were exposed to both high
oxygen condition (oxidant electrode) and lower oxygen condition
(fuel electrode) in real fuel cell operation mode. Thus, OCV value
would bemore realistic information to check partial oxygen conduction
in proton electrolyte during operation rather than theoretical proton
transport number. Obviously, all of OCV values are over 1 V, which
is closed to theoretical value within whole temperature range
(600–800 °C) and OCV of ca. 1.1 V was particularly recorded at
600 °C as shown in Fig. 3. It was observed that the introduction of
the CMF–LSFM functional layer on the cathode side almost doubled
the maximum power density value (MPD) as can be seen from
Fig. 3(a) and (b), suggesting that not only catalytic surface activity
would be improved by CMF–LSFM, but also the charge transfer is facil-
itated in the CMF–LSFM catalytic functional layer because of its mixed
/dx.doi.org/10.1016/j.ssi.2015.03.015
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Fig. 2. SEM images of a cell using double cathode: LSCF + GDC|CMF + LSFM, on BCZYYZ electrolyte support after electrochemical test, a) cross section, and b) high magnification.
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ionic–electronic conduction properties. ASR values determined from
the I–V curves are 2.80 and 2.06 Ω cm2 for the cell using only LSCF–
GDC cathode and additional CMF–LSFM layer at 700 °C, respectively.
Impedance spectroscopy data were obtained during the fuel cell tests
and helped shedding more light on this last point. Fig. 4 shows the
typical impedance plots for Ni–Fe|BCZYYZ|LSCF–GDC compared to the
Ni–Fe|BCZYYZ|LSCF–GDC|CMF–LSF cell configuration at 700 °C, under
OCV conditions. The intercept with the real axis at high frequencies rep-
resents the cell's ohmic resistance (Rs), whereas the difference between
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Fig. 3. I–V curves and corresponding power density curve for a) the cell using single cathode,
Ni–Fe|BCZYYZ|LSCF–GDC, and b) double cathode, Ni–Fe|BCZYYZ|LSCF–GDC|CMF–LSFM.
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the high and lower frequency responses (semicircles) with the real axis
presents the sum of the polarisation resistance (Rp). The CMF–LSFM
containing cell presented a lower polarisation resistance value than
that of only LSCF–GDC cathode cell, in agreement with the ASR values
extracted from the I–V curves shown in Fig. 3, since ohmic resistance
of the CMF–LSFM containing cell was slightly larger due to its lower
electrical conductivity. However, ohmic resistances (Rs ≈ 2.2 Ω cm2

at 700 °C) would be almost dominated by electrolyte conductivity
and consequently Rs values were very closed to theoretical value
(≈2.2 Ω cm2), considering conductivity of the BCZYYZ at 700 °C
(σ ≈ 0.018 Ω−1 cm−1 at 700 °C, R ohmic = thickness/(σ∙area)). In any
case, it is reasonable to assume that the lower value obtained for the
electrochemical reaction resistance by adding the catalyst layer, CMF–
LSFM, was due to the improved catalytic activity of CMF–LSFMmaterial
that makes it suitable for proton conducting fuel cells.

Furthermore, in order to verify the electrochemical reduction of CO2,
we replaced the air feeding the cathode side of the electrochemical cell
with pure CO2 gas, monitoring the cell performance. Fig. 5(a) shows the
electrochemical performance in CO2 for Ni–Fe|BCZYYZ|LSCF–GDC
cell compared to the cell where CMF–LSFM was added (Ni–
Fe|BCZYYZ|LSCF–GDC|CMF–LSFM), at 700 °C. As in the previous case,
the current density was significantly improved by introducing CMF–
LSFM as 0.5 A/cm2 were achieved at 1.3 V in this case compared to
0.18 A/cm2 measured with the LSCF–GDC cathode only. This confirms
that CMF–LSFM catalyst layer has also positive effects for the CO2 re-
duction reaction in a proton conducting electrolysing cell; thus, the
cell with the CMF–LSFM active layer exhibits a much smaller
polarisation resistance value than that of only LSCF–GDC cathode
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open current condition at 700 °C.
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cell as shown in Fig. 5(b), in agreement with the value obtained from
the I–V curves. We previously reported the analysis of the gas com-
position during electrochemical testing of similar cells, showing a
mixture of syngas and CH4 (1.2%), with a CO concentration of 61%
(produced at the rate of 3.25 ml/min cm2) and the corresponding
CO2 conversion of around 65% [13]. Here, the exhaust gases are expect-
ed to have similar composition to the one reported in the previous study
because the current and voltage values (1.3 V, 0.25 A/cm2 at 600 °C in
Fig. 6) are very similar to the ones obtained before, were strong evi-
dence of CO2 reduction and methane production was demonstrated.
However, detailed analysis of gas products during the transient period
is now under study, and the results will be reported in a future report.
Fig. 6 summarises the I–V curve for the electrochemical reduction of
CO2 in the CMF–LSFM added (Ni–Fe|BCZYYZ|LSCF–GDC|CMF–LSFM),
proton solid oxide cells, with 3% H2O/H2 fuel and 100% CO2 on anode
and cathode sides, respectively, at different temperatures. The absolute
open circuit voltages were around−0.157 V at 700 °C coming from the
pre-reduced electrode in small oxygen partial pressure of pure CO2 gas.
The superior performance obtained with the CMF–LSFM active cathode
layer is very encouraging for further development and utilisation of
these cells in a different design and at a larger scale.

4. Conclusions

In thiswork, a proton-conducting solid oxide cellwith the configura-
tion, Ni–Fe|BCZYYZ|LSCF–GDC|CMF–LSFM, was demonstrated for the
Please cite this article as: T.H. Shin, et al., Solid State Ionics (2015), http:/
efficient electro-conversion of H2O/CO2, demonstrating that the electro-
chemical performance was improved by CMF–LSFM addition to the
cathode as a catalyst layer. The I–V curves in the SOFC and CO2 reduction
modes exhibited higher current density when the CMF–LSFM catalyst
layer was present, accompanied by a significant decrease in polarisation
resistance of the cell. During CO2 reduction at 700 °C, current density
values as high as 0.5 A/cm2 and 1 A/cm2 were obtained at 1.3 V and
2.2 V respectively, even with relatively thick BCZYYZ electrolyte
supports (ca. 400 μm). Furthermore, no carbon deposition was evident
after the CO2 reduction of test when pure CO2 was used at the air
electrode side. Therefore, the electrochemical reduction of CO2 in pro-
ton conducting solid oxide electrolyser using a CMF–LSFM catalyst
layer would be an attractive option for cycling CO2 since reasonably
high current density was achieved.
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