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Abstract. Electrochemical performance of La0.8 Sr0.2 MnO3−δ (LSM) for CO2 reduction in solid oxide cell is
studied by performing impedance spectroscopy measurement and current-voltage characterizations for varying
ratio of CO2 /H2 . Ohmic resistance (R ) is observed to be slightly increased from 2.59 to 2.70  cm2 ,
however; the cathode polarization resistance (R2 ) decreased signiﬁcantly from 16.20 to 4.70  cm2 as the
H2 percentage increased from 8 to 82%, respectively. As the H2 content increased in feed gas, the improved
polarization resistance indicated an enhanced activity of LSM for CO2 reduction reaction. Furthermore, the
cathode polarization resistance for CO2 /H2 of 92/08, is observed to be decreased from 16.20  cm2 (OCV
0.89 V) to 1.90  cm2 (2.0 V) as the applied potential increased in the electrolysis mode of operation. A
maximum conversion of CO2 of 6.0% with 55% of faradaic efﬁciency for the production of CO is achieved
for CO2 /H2 ratio of 38/62, which is supported by improved current-voltage polarization, i.e., an increase in
reduction current from −0.28 to −0.32 A cm−2 (at 2.5 V) as the CO2 /H2 ratio decreased from 92/08 to 38/62
respectively. These results demonstrate LSM as an active electrocatalyst to reduce CO2 , which could further be
improved by increasing the H2 concentration in the feed composition to the cathode.
Keywords. CO2 reduction; electrocatalyst; solid oxide cell; polarization resistance.

1. Introduction
In recent years, rising level of ppm concentration of
CO2 is an important concern of global warming issue. 1
Numerous ways like capture and sequestration, and
chemical utilization, have been focused in literature
studies to reduce the CO2 content in the atmosphere. 2
CO2 capture and sequestration could be an effective
technique in this direction, but presently it has the issue
of long time storage and handling of CO2 . 3 Chemical
utilization of thermally stable CO2 for the production of
syngas mixture or hydrocarbon fuel is limited owing to
an energy-intensive process. 4,5 Electrochemical reduction of CO2 is an alternative approach to reduce CO2
gas into hydrocarbon fuels. However, the feasibility of
electrochemical reduction of CO2 is restricted due to a
high kinetic barrier of CO2 reduction to hydrocarbon
compounds. 6 Solid oxide electrolysis cell (SOEC) is a
potential system to convert CO2 into fuels and hydrocarbons. 7 Recently, signiﬁcant attempts have been made
to develop electrocatalytic active cathode materials to
* For correspondence

reduce CO2 using renewable source of energy. 7–11 NiYSZ composites have been preferentially used as an
electrocatalyst of the cathode in solid oxide cell for
high-temperature electrochemical reduction of CO2 . 12
However in CO2 /CO atmosphere and at high applied
potential, Ni cermet accelerates the Boudouard reaction (2CO → C + CO2 ) leading to carbon deposition.
At this condition, the cell performance starts deteriorating. 13 Alternatively, at high temperature or reduced
partial pressure of oxygen, doped ceria materials are
likely to be electrocatalytically active owing to their
mixed ion-electron conductive nature. Adler group have
utilized Gd-doped ceria (GDC) as a cathode to perform
CO2 reduction to CO in SOEC. 14 Similarly, Cu-GDC
composite cathode used to reduce CO2 to CO with 100%
faradaic efﬁciency. 15 Although GDC electrode is electrocatalytically active at an intermediate temperature,
it shows a transition behavior towards kinetic limitation at relatively higher temperatures (700 − 950 ◦ C)
and lower PO2 = 10−18 − 10−14 atm. 14 Under kinetic
limitations, the entire electrode thickness is expected
to be electrocatalytically inactive. Alternatively, LSM
with a high electronic conductivity of 200–485 S cm−1
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at 1000 ◦ C, 16 has been extensively used as conventional
cathode material for oxygen reduction reaction in a solid
oxide fuel cell. 17 Electron conducting LSM, composited
with YSZ to form a mixed conducting phase, has been
utilized in a fuel cell as a stable cathode to provide a reasonably high power density. 18 In addition, recent studies
have utilized LSM as an active catalyst for thermal
catalytic reduction of CO2 . 19,20 Study on solar isothermal thermochemical dissociation of CO2 has indicated
LSM to be superior catalyst than ceria as it has shown
higher activity for isothermal splitting (at 1400 ◦ C) of
CO2 than that of ceria (at 1500 ◦ C) at a relatively lower
temperature. 19
In this present work, LSM is applied as both cathode
and anode to fabricate solid oxide cell with YSZ as an
electrolyte. Physical characterizations are carried out to
see the phase purity of electrodes on sintering at high
temperature on YSZ substrate. Recent studies on CO2
reduction on ceria surface have reported that the energy
required for CO2 adsorption followed by dissociation to
CO was decreased in the presence of adsorbed hydrogen. 21–23 Therefore in this study, the cell performances
are analyzed for the reduction of CO2 by varying the
CO2 /H2 gas. The experiments are conducted to observe
the CO2 conversion and faradaic efﬁciencies of the cell
for varying compositions of feed gas (a mixture of CO2
and H2 ).

2. Experimental
A solid oxide cell of diameter 22 mm was fabricated with
an active electrode area of 0.78 cm2 . The prepared cell was
comprised of yttria stabilized zirconia (YSZ) electrolyte of
thickness 0.7 mm, anode and cathode each one made of lanthanum strontium manganite (LSM) of thickness 40 μm. YSZ
powder (TZ-8Y, Morimura Bros., Inc., Tosoh, Japan) was
mixed with 5% poly vinyl alcohol (PVA) solution and dried
at 120 ◦ C for 3 h. The dried paste was grounded to a ﬁne
powder in an electric agate mortar pastel (Ikon Instrument,
Model: IK-169, India) at a speed of 120 rpm. The electrolyte
pellets were prepared by pressing PVA (poly vinyl alcohol)
mixed YSZ powder in a uniaxial press (Contass, Continental
Scientiﬁc Syndicate, India) at 5 ton in a 25 mm diameter die
and sintered at 1500 ◦ C for 10 h with a ramp rate of 2◦ C/min
for heating and cooling. Anode and cathode ink was prepared
by mixing LSM (Sigma Aldrich) with glycerol and 20 wt.%
starch (to the LSM wt.) as the pore former. A 10 mm diameter
of the electrolyte was brush painted with the prepared ink and
sintered at 1150 ◦ C at a ramp rate of 1◦ C/min for heating and
cooling.
The solid oxide cell was mounted on alumina tube using
cerama bound (Lot No. 552-VFG, Aremco, NY, USA) sealant
and assembled with quartz tube to allow the feed gas ﬂow

through cathode side chamber of the cell. Anode compartment of the cell was maintained at an atmospheric pressure
in presence of the air. The solid oxide cell with ﬂow system
was kept inside the temperature controlled furnace and cell
temperature increased to 750 ◦ C at the ramp rate of 2◦ C/min.
During the rise of temperature, the cathode side of the cell was
exposed to pure H2 gas at a ﬂow rate of 60 sccm (standard
cubic centimeter).
The electrochemical performance of the cell was measured
using potentiostat/galvenostat (PGSTAT 128 N, Metrohom
Autolab B.V., Netherland). Impedance spectroscopies were
recorded in potentiostatic mode. A small alternating electrical
signal of magnitude 10 mV applied across the cell and phase
shifted response in the form of impedance was observed, by
varying the frequency of the AC signal over several orders of
magnitude from 100 kHz to 0.01 Hz to obtain the suppressed
semicircular Nyquist plot. The complex impedance spectra
were ﬁtted to an equivalent RQ circuit model using ZSimpWin (Ametek, PA, USA). The high-frequency intercept on
the real axis represents the electrolyte resistance or ohmic
resistance (R ) and the span of the arcs, denoted as the polarization resistances R1 and R2 corresponding to anode and
cathode respectively. Linear sweep voltammetry was measured at the scan rate of 5 mV/s. Currents were measured at
different applied potentials and feed gas ratio. The outlet gas
was collected and analyzed by a gas chromatogram (Clarus508, PerkinElmer, MA, USA).
X-ray Diffraction (XRD, Rigaku, MiniFlex, Japan) patterns were recorded in the range of 2 θ = 20 − 80◦ , using
Cu-Kα radiation with a scan rate of 4◦ /min and a step width
of 0.02◦ . Scanning electron microscopy (SEM, Zeiss EVO 50)
was used to analyze the fractured cross-section at the interface
of electrolyte and electrodes.

3. Results and Discussion
XRD pattern of YSZ and LSM powders and sintered
LSM cathode are illustrated in Figure 1. The peaks of
LSM cathode compares well with the corresponding
peak of YSZ and LSM powder. The SEM of the cathodeelectrolyte interface, Figure 2(a), suggests LSM cathode
having sufﬁcient porosity and is perfectly adhered to
the dense YSZ electrolyte. The magniﬁed view of the
cathode, Figure 2(b), illustrates well-connected sintered
nanoparticles of LSM in the fabricated SOFC.
To set up the basis performance of the cell, H2 gas is
fed to cathode side and open circuit potential (OCV) is
measured to be 1.11 V at 750 ◦ C. The measured OCV
value in the pure H2 atmosphere is consistent with the
theoretical Nernst potential value 1.14 V at 750 ◦ C, suggesting no gas leakage between the two compartments of
the fabricated cell. AC impedance spectroscopy of cell
are recorded for the CO2 /H2 ratio of 92/08, 74/26, 56/44,
38/62, and 18/82 at OCVs as shown in Figure 3(a).
The semi-circular arc of the EIS response is ﬁtted to an
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Figure 1.
cathode.

XRD pattern of YSZ, LSM powders and LSM

equivalent circuit (Figure 3(a)) with a pure resistor, representing the electrolyte resistance, connected in series
with two analogous parallel RC circuits, each represent-
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ing the response of an electrode. Pure capacitors are
replaced
with constant phase element (Q1 and Q2 ) to represent the suppressed arc. The arc spanning from the
high to low-frequency domain represented the total
polarization resistance (Rp ) offered by the two individual electrodes. The polarization resistance of anode
(R1 ) and cathode (R2 ) were calculated from the ﬁtted
model of the impedance response. The measured ohmic
(R ), total polarization (Rp ) and cathode polarization
(R2 ) resistances for varying ratio of CO2 /H2 are summarized in Table 1. As the relative content of H2 in
feed gas increases from 8% to 82%, ohmic resistances
are observed to be slightly increased from 2.59  cm2
to 2.70  cm2 . Although, ohmic resistance is mainly
attributed to the thick electrolyte, however the lateral
interaction at the LSM-YSZ interface has a small con-

Figure 2. SEM images of the (a) electrolyte (YSZ)-cathode (LSM) interface and (b)
magniﬁed LSM cathode showing electrode morphology and microstructure.

Figure 3. (a) EIS and (b) j-V characteristics of SOEC with LSM cathode, YSZ as electrolyte and LSM as
an anode, in varying ratio of CO2 /H2 at 750 ◦ C.
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Table 1. Open circuit voltage (OCV), ohmic resistance
(R ), total polarization resistance (Rp ) and cathode polarization resistance (R2 ) for varying ratio of CO2 /H2 .
CO2 /H2 OCV [V] R [ cm2 ] R P [ cm2 ] R2 [ cm2 ]
92/08
76/24
56/44
38/62
18/82

0.89
0.96
1.00
1.03
1.06

2.59
2.65
2.68
2.69
2.70

17.20
10.40
8.20
6.79
5.70

16.20
9.40
7.20
5.79
4.70

tribution to R . 24 As the LSM is p-type conductor and
its resistivity increases with the drop of oxygen partial pressure, 16 which may be responsible for the slight
increase of R with the increase of H2 content from 8%
to 82% on the cathode side atmosphere of the solid oxide
cell. On the contrary, the total polarization resistance
is decreased from 17.20 to 5.70  cm2 as the CO2 /H2
ratio decreased from 92/08 to 18/82 respectively. Similarly, the polarization resistance offered by the cathode
electrode, R2 , decreased signiﬁcantly from 16.20, 9.40,
7.20, 5.49 to 4.70  cm2 with the increase of H2 concentration from 8%, 24%, 44%, 62% to 82% (Table 1),
respectively. This may be due to the reduction of LSM
cathode which is likely to enhance the activity for CO2
reduction. A similar trend of polarization resistance has
been observed, when CO was used as reducing gas on
(La0.75 Sr0.25 )0.97 Cr0.5 Mn0.5 O3−δ (LSCM) 25 and GDC 14
based cathode materials. On LSM cathode, the total
polarization resistances are observed to be of lower values (17.07 − 5.70  cm2 , Table 1) as compared to the
value for Cu-GDC based cathode (17.96 − 7.36  cm2 )
reported in an earlier study. 15
The current-voltage (j-V) characteristics of LSM
cathode measured under SOEC mode of operation
for varying ratio of CO2 /H2 , are illustrated in Figure 3(b). Due to the reduction of CO2 , generated
electrolysis currents are measured to the values of
−0.28, −0.30, −0.31, −0.32 and −0.30 A cm−2 at
2.5 V for CO2 /H2 ratio of 92/08, 76/24, 56/44, 38/62,
18/82 respectively. The inset image of Figure 3(b)
clearly implies the slight improvement of negative current from -0.28 to −0.32 A cm−2 at 2.5 V as the
relative percentage of H2 is increased from 8% to 62%.
The observation is consistent with the EIS response
which suggested a signiﬁcant decrease of cathode
polarization resistance with the increase of H2 percentage in the feed gas composition from 8 to 62%.
In contrast to the trend, a slight decrease of reduction current from −0.32 A cm−2 (CO2 /H2 = 38/62) to
−0.30 A cm−2 (CO2 /H2 = 18/82) at 2.5 V is observed

Figure 4. Impedance spectra recorded at varying applied
potential in SOEC mode with LSM cathode, YSZ as electrolyte and LSM as an anode for the CO2 /H2 ratio of 92/08
at 750◦ C.

on increasing the H2 content from 62% to 82% (Figure 3(b)), suggesting an optimum CO2 concentration is
essential for achieving higher reaction rates.
In order to assess variation of polarization resistances with respect to varying applied potentials, the
impedance spectra are recorded for the CO2 /H2 ratio
of 92/08. The ohmic and polarization resistances measured at ﬁve different potentials, OCV (0.89 V), 1.2 V,
1.5 V, 1.8 V and 2.0 V are illustrated in Figure 4
and Table 2. As the applied potential increased from
OCV to 2.0 V, the measured ohmic resistance are
constant to the value of 2.59  cm2 , whereas, the cathode polarization resistances are improved signiﬁcantly
from 16.20  cm2 (OCV 0.89 V), 14.41  cm2 (1.2 V),
3.70  cm2 (1.5 V), 2.00  cm2 (1.8 V) to 1.91  cm2
(2.0 V). It is assumed that the polarization resistance
reﬂects the impedance from the surface kinetics of CO2
reduction reaction on the cathode. At the biased potentials in SOEC mode of operation, the LSM electrodes
could become more active 17 and hence, kinetics of CO2
electrolysis reaction commences at a relatively faster
rate, resulting in a successive decrease of R2 with an
increase in biased potential. At 1.5 V of applied potential, the estimated anodic contribution of polarization
resistance has become signiﬁcant (1.0  cm2 , Table 2)
to the corresponding cathode resistance (3.70  cm2 ,
Table 2) leading to split the total polarization curve into
a bimodal arc curve (Figure 4).
Outlet gas collected from the reaction system is analyzed in the GC by using thermal conductivity detector.
Inlet gas composition, operating potential, percentage
conversion of CO2 , and faradaic efﬁciency are summarized in Table 3. Product gases are analyzed for
ﬁve different compositions of inlet gas CO2 /H2 : 92/08,
76/24, 56/44, 38/62 and 18/82 at the applied potential
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Table 2. Open circuit voltage (OCV), ohmic resistance (R ), total
polarization resistance (Rp ) and cathode polarization resistance (R2 )
for varying applied potentials (VApp ) at a CO2 /H2 ratio of 92/08.
VApp [V]

R [ cm2 ]

OCV(0.89)
1.2
1.5
1.8
2.0

2.59
2.59
2.59
2.59
2.59

RP [ cm2 ]

R2 [ cm2 ]

17.20
15.41
4.70
2.80
2.71

16.20
14.41
3.70
2.00
1.91

R1 [ cm2 ]
1.0
1.0
1.0
0.8
0.8

Table 3. Percentage conversion of CO2 , CO production rate (NCO ), corresponding current density (j) and faradic
efﬁciency (η) measured at 2.5 V of applied potential for varying CO2 /H2 .
CO2 /H2

Applied potential (V)

CO2 conversion (%)

NCO (ml/min)

j (A cm−2 )

Faradic efﬁciency (η) %

2.5
2.5
2.5
2.5
2.5

3.1
5.0
5.5
6.0
4.7

0.35
0.55
0.79
0.97
0.83

−0.28
−0.30
−0.31
−0.32
−0.30

23
33
46
55
50

92/08
76/24
56/44
38/62
18/82

of 2.5 V. For CO2 /H2 ratio of 92/08, percentage conversion measured to be 3.1% with a CO production rate
and faradaic efﬁciency of 0.31 ml/min and 23% respectively (Table 3). CO2 conversion is further improved to
5.0%, 5.5% and 6.0% as the H2 content increases to
24%, 44%, and 62% respectively. Faradaic efﬁciency
is enhanced to 33%, 46% and 55% as the CO2 /H2
decreases to 76/24, 56/44, and 38/62 respectively. Similarly, the CO production rate is slightly increased from
0.55 to 0.97 ml/min with the increase of H2 percentage
from 24 to 62%, suggesting a subsequent improvement
of CO2 electrolysis performance with an increase of relative H2 content in the feed composition. In contrast, if
the H2 percentage is further increased to 82%, the cell
performance in terms of CO2 conversion, CO production rate, and faradaic efﬁciency is decreased to 4.7%,
0.83, 55% respectively. The results are consistent with
the j-V characteristics (Figure 3(b)) of solid oxide cell,
which has indicated a subsequent increase of electrolysis
current from -0.28 to −0.32 A cm−2 as H2 percentage
increased from 8% to 63% and then a slight decrease of
current to −0.30 A cm−2 with further increase of H2 to
82% (Table 3).

4. Conclusions
Solid oxide cells are fabricated with LSM as a cathode
and the anode and YSZ as an electrolyte for the reduction
of CO2 . Cathode polarization resistances are improved
with the increase of H2 percentage in the feed gas and it

further decreases with the increase of applied potentials
in the SOEC mode of operation. Current-voltage characteristic has shown a maximum reduction current of
−0.32 A cm−2 at 2.5 V for CO2 /H2 ratio of 38/62. CO2
conversion up to 6% is achieved at the applied potential
of 2.5 V and at a relative H2 content of 62%.
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