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This paper describes results on the electrochemical reduction of carbon dioxide using the same
device as the typical planar nickel-YSZ cermet electrode supported solid oxide fuel cells (H,-CO,,
Ni-YSZ|YSZ|LSCF-GDC, LSCF, air). Operation in both the fuel cell and the electrolysis mode indicates
that the electrodes could work reversibly for the charge transfer processes. An electrolysis current den-
sity of ~1 Acm~2 is observed at 800°C and 1.3V for an inlet mixtures of 25% H,-75% CO,. Mass spectra
measurement suggests that the nickel-YSZ cermet electrode is highly effective for reduction of CO, to
CO. Analysis of the gas transport in the porous electrode and the adsorption/desorption process over the
nickel surface indicates that the cathodic reactions are probably dominated by the reduction of steam to
hydrogen, whereas carbon monoxide is mainly produced via the reverse water gas shift reaction.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Recently there has been growing interest in operating the solid
oxide fuel cell (SOFC) device in a reverse mode, usually involving
reduction of water in the negative electrode for a hydrogen-steam
gas mixture and evolution of oxygen into air in the positive elec-
trode [1-5]. Such a high temperature electrolysis device has been
commonly recognized as a solid oxide electrolysis cell (SOEC). A
typical SOEC uses the same set of materials as the SOFC, consist-
ing of yttrium-stabilized zirconia (YSZ) electrolytes, Ni-YSZ fuel
electrodes and LSM-YSZ (LSM = lanthanum strontium manganite)
air electrodes. Using the state-of-the-art nickel-YSZ cermet elec-
trode configurations, an electrolysis current density as high as
3.6Acm~2 was obtained at 950°C and 1.48V with a steam uti-
lization of 37% for an inlet gas mixture of 70% H,0+30% Hy%
[4]. The mixed conducting oxide of samaria-doped ceria with
highly dispersed nanometer-sized Ni catalysts could be used as
the SOEC cathode to improve the steam reduction reactions [2].
Ceramic oxide composites such as lanthanum-substituted stron-
tium titanate/ceria were also found to exhibit higher activity than
the commonly used Ni-YSZ for the electrolysis of steam [5]. These
increasing research and development efforts toward the high tem-
perature SOECs mainly originates from their promising potential
of providing a highly efficient production of high purity hydrogen
with much less demand for electricity due to the thermodynami-
cally and kinetically favorable operating conditions in comparison
with the low temperature alkaline or proton exchange mem-
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brane (PEM) electrolysis technologies. Thermodynamic analysis
has indicated that the high temperature steam electrolysis sys-
tem coupled with the high temperature gas cooled reactor could
accomplish an overall efficiency of 53% at 800°C, remarkably
higher than 27% for the conventional alkaline water electrolysis
[6,7].

The oxygen ionic conductive electrolytes in SOECs enable the
electrolysis of carbon dioxide to carbon monoxide as well. However,
there are very few reports on the use of the current state-of-the-art
nickel-YSZ anode supported SOFCs for the electrochemical reduc-
tion of carbon dioxide to carbon monoxide. Sridhar and Vaniman
reported on the use of SOECs with platinum electrodes for oxygen
production via the electrochemical reduction of CO,, which may
find direct applications in ongoing space missions and in the future
human exploration of Mars [8-10]. More importantly, high tem-
perature electrochemical reduction of CO, might be a promising
alternative to the current technological approaches for fixation of
carbon dioxide and conversion to valuable substances. Note that
the resulting CO, in combination with hydrogen, can be catalyt-
ically converted via Fischer Tropsch or methanation reactions to
hydrocarbon fuels [11-13], which can subsequently be consumed
by the same device operated in the fuel cell mode to produce elec-
tricity as well as steam and carbon dioxide. Since the renewable
energy sources such as wind, solar and hydropower could be used
to drive the electrolysis process, the widespread implementation
of the reversible SOFCs/SOECs promise a carbon-neutral and zero-
emission synthetic hydrocarbon economy.

In this paper, electrolysis of carbon dioxide was carried out using
the standard planar Ni-YSZ electrode-supported SOFCs operated
with 25% H,-75% CO,. The results indicated that the commonly
used Ni-YSZ electrodes were highly effective for the electrochem-
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Fig. 1. Fracture cross-sectional SEM micrograph of a typical nickel-YSZ cermet elec-
trode SOEC, Ni-YSZ|YSZ|LSCF-GDC, LSCF.

ical reduction of CO, to CO. The possible mechanism of CO,
reduction was briefly discussed.

2. Experimental

The SOECs used in this study were similar to the current
state-of-the-art solid oxide fuel cells being developed world-wide,
consisting of Ni-YSZ negative electrode supports, thin YSZ elec-
trolytes, and LSCF-GDC positive electrode (GDC=Ce9Gdg 10195
and LSCF=LaggSrg4Cog2Fegg03). The negative electrode sub-
strates were fabricated using the tape casting and tape lamination
techniques. Powders of NiO (Fuel Cell Materials), YSZ (TZ-8YS,
7m? g~1, Tosoh) and rice starch were ball-milled in a weight ratio of
40:40:20 for 24 h with appropriate amounts of dispersant, binder,
plasticizer and solvent. The resulting homogeneous slurry was then
cast under the doctor blade. After drying, green NiO-YSZ sheets
of ~150 wm thick were obtained. Similarly, green sheets of active
NiO-YSZ electrodes or YSZ electrolytes (~20 pm thick) were pre-
pared by casting NiO-YSZ or YSZ slurry that was formed in the
same way as in the case of NiO-YSZ substrates except that no pore
former was added. Four sheets of NiO-YSZ substrates, one sheet
of active NiO-YSZ electrode and one sheet of YSZ electrolyte were
then stacked and laminated at 70°C for 10 min under a pressure
of 21 MPa, which were then co-sintered at 1300-1400°C for 4h
in order to densify the electrolyte layer. LSCF-GDC electrodes were
prepared by mixing LSCF powder with GDC powder in a weight ratio
0f70:30. Ascreen printing vehicle (Electro-Science Laboratory) was
added to the mixed powder to make a slurry. The slurry was applied
onto the YSZ electrolyte coating and fired at 900 °C for 4 h, as pre-
viously used to avoid the chemical reaction between LSCF and YSZ
[14]. Then a second layer of pure LSCF slurry was applied and fired
at 900 °C for 4 h. Fig. 1 shows a representative cross-sectional SEM
image of the nickel-YSZ cermet electrode supported SOECs. The
electrolyte layer was fully dense and had a thickness of ~15 pm.
The positive electrode was ~30 wm thick. Estimated porosities for
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Fig. 2. Voltage versus current density results at various temperatures for a typical
Ni-YSZ|YSZ|LSCF-GDC, LSCF, SOEC operated with a 25% H,-75% CO, gas mixture at
200 sccm in the negative electrode and ambient air in the positive electrode.

the negative and positive electrodes were ~40% and ~30%, respec-
tively. The cathode area, which defined the cell active area, was
1-2.4cm?.

The SOECs were tested in a tube furnace at temperatures from
700°C to 800°C, using a standard testing geometry as previously
reported [15]. At the beginning of each test, the Ni-based cer-
met electrode was fully reduced in humidified H, at 800°C. These
cells were then tested with H,-CO, fuel mixtures at the negative
electrode, while ambient air was maintained in the positive elec-
trode. -V curves and electrochemical impedance spectra (EIS) were
obtained using an IM6 Electrochemical Workstation (ZAHNER, Ger-
many). The frequency range for the impedance measurement was
0.1-100 kHz. The effluent from the nickel electrode was sampled
using a capillary tube with inlet placed near the negative electrode
as previously reported [15], and was analyzed using a quadrupole
mass spectrometer after steam was removed from the products
with a desiccant. In order to obtain the actual exhaust compositions
via quantitative analysis of these spectra, the mass spectrometer
system was calibrated using a gas mixture of 25% H,-75% CO, at
room temperature. Note that the cracking pattern of gaseous CO
overlaps with that of CO, at m/e =28. Nevertheless, the contribu-
tion to the peak at m/e =28 from gaseous CO could be obtained by
subtracting that due to CO, cracking, which is always a fraction of
the peak at m/e =44. Thus, H,, CO, and CO, were measured directly
by mass spectrometer, while steam contents were calculated from
mass conservation.

3. Results and discussion

As a baseline, these SOEC devices were first tested in the fuel cell
mode with pure hydrogen in the nickel electrode. The power den-
sity at 800°C and 0.7 V was ~1.2 W cm~2, similar to those reported
previously for SOFC operation [16]. Fig. 2 shows the typical volt-
age V versus current density J curves for these SOECs operated on
25% Hy-75% CO, fuel mixtures at 200 sccm in both the fuel cell and
the electrolysis modes at 700 °C and 800 °C. The open circuit volt-
age (OCV) values ranged from 0.96V at 700°C to 0.91V at 800°C,
slightly higher than the values from 0.94V to 0.89V predicted using
the effective oxygen partial pressure of the equilibrated fuel. J val-
ues at a given V generally increased with increasing temperature,
as typically observed for SOECs [1,4,5]. For example, at a voltage of
1.3V, the electrolysis current densities increased from 0.5 Acm—2
at 700°C to 1.05Acm~2 at 800 °C. The J-V dependence was gener-
ally linear near open circuits, i.e., the slope of the J-V curve does
not change when transitioning from one mode to the other, as pre-
viously observed for steam electrolysis [17]. This suggests that the
electrodes could work reversibly for the charge transfer reactions.
Linear regression analysis of the V-] curves yielded the cell inter-
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Fig. 3. Nyquist plot of the electrochemical impedance spectroscopy results at open
circuit at (a) 800°C and (b) 700 °C from a typical Ni-YSZ|YSZ|LSCF-GDC, LSCF, SOEC
operated with a 25% H,-75% CO, gas mixture at 200 sccm in the negative electrode
and ambient air in the positive electrode.

nal area specific resistance (ASR) values near the open circuits, e.g.,
0.26  cm? at 800°C and 0.54 2 cm? at 700 °C. Note that there are
some discrepancies in the published reports on the reversibility of
the same set of materials working in the SOFC and SOEC modes. For
example, higher ASR values were observed in the electrolysis mode
than in the fuel cell mode for Ni-YSZ|YSZ|LSM-YSZ by Jensen et
al. [4] and for Ni-YSZ|YSZ|SDC|LSCF (SDC = samarium doped ceria)
by Marina et al. [5], respectively. One possible explanation for
these discrepancies is the use of different SOEC anode materials
or structures. Pronounced enhancement in the oxygen reduction
rate has been observed for LSM under the cathodic dc polarization,
a phenomenon termed as current-conditioning or electrode activa-
tion [18]. The anodically polarized LSM electrode might be able to
explain increased ASR values for Ni-YSZ|YSZ|LSM-YSZ operated in
the electrolysis mode while the LSCF electrodes exhibited an con-
stant ASR value in both the fuel cell and the electrolysis modes
[19]. The higher ASR values for Ni-YSZ|YSZ|SDC|LSCF in SOECs than
in SOFCs could be caused by the presence of the porous SDC inter-
layer between the electrolyte and the LSCF electrode, which may
undergo a reduction reaction of Ce** to Ce3*.

Fig. 3 shows typical electrochemical impedance spectra at open
circuits from these SOECs at (a) 800°C and (b) 700°C. The total
cell resistance was 0.27 2 cm? at 800 °C and 0.60 2 cm? at 700°C,
in good agreement with the values obtained from the V-] curves
in Fig. 2. At 800°C, the Nyquist plot consisted of a small higher
frequency depressed arc and a large lower frequency arc. With
decreasing temperature, a pronounced increase in the higher fre-
quency depressed arc was observed, whereas the lower frequency

Fig. 4. The product gas composition versus 02~/CO, ratio measured during the
electrolysis test.

arc only changed slightly as shown for example at 700°C in Fig. 3
(b). The very weak temperature dependence of the low frequency
arc suggests that it might be associated with a gas diffusion process.
On the other hand, the high frequency arc followed an Arrhenius
dependence, which indicated that it might correspond to a com-
bination of the negative and positive electrode polarization. The
overall charge transfer resistance (R.,) values are 0.07 2cm? at
800°C and 0.38 2 cm? at 700 °C. Note that LSCF has high catalytic
activity for oxygen reduction reactions due to its rapid oxygen
surface exchange rate and bulk oxygen diffusion rate. Previous
electrochemical impedance measurements have shown that the
polarization resistance R, values for LSCF-GDC electrodes on YSZ
electrolytes could be as low as 0.01  cm? at 750 °C and 0.03 2 cm?
at 700°C [20]. These results suggest that the high frequency arc
is predominantly associated with the Ni-YSZ negative electrode
polarization process, i.e., R%, ~ R.,. Linear fitting of the curve of
Ln(R%,) versus 1/T gives an activation energy value of 1.5 eV for the
charge transfer reaction occurring in the negative electrode, close to
the value previously observed for the hydrogen oxidation process
[21].

The electrolysis products at 800 °C were monitored using an on-
line mass spectrometer. Quantitative analysis of these spectra was
performed to obtain the exhaust compositions, as summarized in
Fig. 4. At open circuits, the exhaust consisted of 64% CO,, 20% H, 0,
11%CO and 4.8% H,. With increasing electrolysis current or 02~ /CO,
ratio, both the CO and H; contents increased while the CO, and
H, O contents dropped. These results demonstrate that these SOECs
are effective for the electrochemical reduction of carbon dioxide to
carbon monoxide. At 800 °C, the standard Gibbs free energy for the
water gas shift reaction (WGSR) is —400] mol~1.

H,0 + CO & Hy+CO, 1)

Nonetheless, WGSR has very high reaction rate constants and
is thus equilibrium-limited, especially under the catalysis of the
Ni-YSZ electrode. Thermodynamic calculations, based upon the
chemical reaction (1), show that the percentages of H,, H,0, CO and
CO, for an inlet mixture of 25% H,-75% CO, at open circuits and
800°C are 6.4, 18.6, 18.6 and 56.4, respectively. As previously esti-
mated [15], comparison of the experimentally measured exhaust
compositions with the equilibrium predictions at open circuits
yielded a CO, utilization of ~60%, indicative of a flow geometry
limitation in the SOEC test. Note that improved gas flow across
the surface of the nickel electrode could substantially increase the
gas utilization up to 90%, thus giving a better consistency with the
thermodynamic prediction [15].

The above results have shown that the state-of-the-art
nickel-YSZ cermet electrode supported SOFCs are highly effective
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for the electrochemical reduction of carbon dioxide. The overall
electrochemical reaction in the negative electrode could be formu-
lated as

CO, (g)+ Vg +2¢' = CO(g)+ 04 (2)

where e’ represents free electrons from the electrode, Og and Vj;,
in Kréger-Vink notation, denote oxygen ions and doubly positive
charged oxygen vacancies in the YSZ lattice, respectively. Thermo-
dynamic calculations indicate that there is substantial amount of
steam present in the system together with the major component
of CO,. Thus, the CO, reduction process in the multiple-component
heterogeneous system is very complicated and might proceed
in multiple consecutive or parallel steps, including the transport
of CO,/H,0 gas species through the porous nickel electrode, the
adsorption of CO,/H,0 onto the nickel surface, dissociation of
CO,/H,0 molecules, oxygen reduction as well as the desorption
of the resulting CO/H, from the nickel surface. It is possible that
the SOECs simultaneously reduced CO, and H;O. Alternatively, the
SOEC cathodic reaction was dominated by reduction of one species.
For example, if H,O were preferentially reduced by the SOECs, the
CO product could still be produced via the reverse WGSR with the
Ni-YSZ electrode acting as a catalyst. Below a simple analysis of
the concentration polarization based on the transport of gaseous
species through the porous Ni-YSZ cermet electrode is conducted
to provide some insights on the CO, electrolysis mechanism.

For the SOECs operating on H,—CO5, inlet gas mixtures, Hp, H, O,
CO and CO,, are present in the gas phase at high temperatures due to
the kinetically rapid water gas shift reaction. These gaseous species
are transported in the porous Ni-YSZ cermet electrode via molec-
ular diffusion and permeation, and then undergo adsorption and
desorption over the nickel surface. Theoretical analysis of concen-
tration polarization by Kim et al. indicates that the limiting current
density is correlated with the gas partial pressure, diffusion coeffi-
cient as well as the structural factors of the porous electrode [22].
For the anode supported SOFCs, the limiting current density can be
given as:

sorc _ 2FPh, D,

= TRM, (3)
where ¢ is the ratio of porosity to tortuosity, Py, is the partial
pressure of hydrogen in the fuel, Dy, is the diffusion coefficient
of hydrogen, [, is the thickness of the anode (~0.6 mm), and R,
T, and F have their usual meaning. As reported previously, the
binary diffusion coefficients can be calculated based upon the
Stefan—-Maxwell equation in multi-component gas mixtures [14].
The calculated diffusion coefficients at 800°C are 4.86cm?s~!,
1.95cm?s 1, 1.29cm?s~! and 1.19cm?s! for H,, H,0, CO and
CO,, respectively. Assume that the SOFC anodic oxidation reactions
are dominated by gaseous hydrogen and that CO is converted to CO,
mainly by the water gas shift reaction, the structure factor (¢) can
be calculated from the limiting current value of 1Acm~2 in Fig. 2,
yielding ¢ =0.022.

For SOECs, the limiting current could be similarly calculated as

JSOEC _ 2F¢P;D;
al RTl,

(4)

where P; is the partial pressure of steam or carbon dioxide in the gas
mixtures, D; is the diffusion coefficient of steam or carbon dioxide.
The calculated limiting current densities are 1.2 Acm~2, 0.7 Acm 2
and 0.8A cm~2 for steam dominated cathodic reduction, CO, domi-
nated cathodic reduction and simultaneous cathodic reductions of
steam and CO,, respectively. Comparison of these values with the
experimentally observed ~1.1 Acm~2 as shown in Fig. 2 suggests
that the electrolysis reactions over the porous nickel-YSZ cermet
electrode are predominated by the reduction of steam to hydro-
gen. The resulting decrease in steam and increase in hydrogen in

the gas mixtures promote the reversed water gas shift reaction,
thus consuming CO, and producing CO.

Considering the adsorption/desorption of steam and carbon
dioxide on the nickel electrode as shown in Egs. (5) and (6)

H20 (g) + Ni(s){—‘;HZO(s) (5)
O, (g) + Ni(s><K’<—f2>coz (s) (6)

The surface adsorption rate constant K is defined as

K= Pi S0

e m— (7)
NAF ZJTMiICBT

where S? is the initial sticking coefficient, M; the molecular
mass of the gas species, P; the partial pressure, Ny Avogadro’s
number, kg the Boltzmann constant and I° the number of
free adsorption sites on the nickel surface (2.6 x 10~2 molcm=2)
[23]. The desorption rate constants K_; and K_, follow
the Arrehenius equation [23]. Using the data from refer-
ence [23] and the equilibrium gas composition, the adsorp-
tion and desorption rate constants can be calculated as fol-
lows: K;=23x106s"1 Ky=44x10%2s"1,K_1=4.1x10°s"! and
K_5=3.7 x 106 571, Since the overall cathodic reduction rate is gen-
erally limited by the charge transfer reaction, it is thus reasonable to
assume that the adsorption-desorption process is kinetically rapid
enough to reach equilibrium. Accordingly, the ratio of nickel sur-
face coverage of steam to carbon dioxide could be calculated as
On,0/0c0, = K1K_2K_1K, = 4.7, which indicates that H0 is much
more preferably adsorbed onto the nickel surface than CO,, even
though the latter has a higher content in the fuel mixture (56%
of CO, versus 18% of HyO in equilibrium at 800 °C). The superior
adsorption capability of steam further supported the above conclu-
sion that the electrolysis reaction over the Ni-YSZ cermet electrode
is dominated by the reduction of steam to hydrogen.

4. Conclusions

We have demonstrated that the current state-of-the-art
nickel-YSZ cermet electrode supported electrolytic cells could
work reversibly in either fuel cell or electrolysis mode. The results
from mass spectra showed that the nickel-YSZ cermet electrode is
catalytically active for the electrochemical reduction of CO, to CO.
For an inlet gas mixture of 25% H,-75% CO,, an electrolysis current
density of 1 Acm~2 could be achieved at 800°C and 1.3 V. Gas trans-
port and adsorption/desorption analysis suggested that reduction
of steam to hydrogen predominates the cathodic reactions, whereas
carbon monoxide is mainly yielded via the reverse water gas shift
reaction with rapid kinetics at elevated temperatures.
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