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A B S T R A C T

In this study, strontium-doped lanthanum ferrite perovskite oxides (LSF) with different A-site occupancies were
used as cathode catalysts for CO2 electrolysis at 800 °C. XRD, EXAFS, XPS, FTIR, and temperature-programmed
desorption were used to characterize the properties of the material. Fe K-edge EXAFS indicated that oxygen
vacancy concentration and oxidation states of Fe atoms increased with concomitant improvement of electronic
and ionic conductivities with a decrease in the A-site occupancy. XPS spectra revealed that Sr atoms segregated
on the surface of A-site excess LSF92 to a greater degree than that on the A-site deficient LSF72. These segregated
A-site metal oxides, especially SrO, are alkaline in nature and hence strongly bind to acidic CO2 forming stable
SrCO3, which consequently facilitates carbon formation. This study highlights the effect of A-site stoichiometric
modulation on carbon formation during electrolysis of CO2, which is crucial for improving the long- term
performance of an SOEC.

1. Introduction

High-temperature electrolysis in a solid oxide electrolysis cell
(SOEC) is an attractive way of converting CO2 into fuel and value-added
chemicals [1–5]. At the high operating temperatures of such cells
(600−1000 °C), electric energy demand for CO2 electrolysis is much
lower as compared to that at low temperature, because part of the re-
quired energy comes from heat. Higher temperature also leads to faster
kinetics with relatively cheaper cathode catalyst materials. This makes
SOEC economically more attractive than its low operating temperature
counterparts, such as alkaline electrolyzers.

One of the main challenges behind the development of SOEC is
designing the cathode catalyst. Due to the high operating temperature,
thermally stable materials with a similar coefficient of thermal expan-
sion as the electrolyte is desired. Moreover, the cathode material should
have sufficient electronic and oxygen ion conductivity, electrochemical
activity, and long-term stability [1]. Various classes of materials such as
metal-ceramic composite, perovskite oxide - related structures, and
other mixed metal oxides have already been shown to exhibit these
properties when used as an SOEC cathode. Among these electrode
materials, perovskite oxides show significant potential. Perovskites are
mixed metal oxides with a general chemical formula: ABO3, where A is

an alkali or alkaline earth metal and B is a transition metal. A- and B-
site doped ferrites (e.g. La0.3Sr0.7Fe0.7Ti0.3O3, La0.6Sr0.4Fe0.8Ni0.2O3, Pd-
doped La0.6Sr0.4Co0.2Fe0.8O3, Ce-doped La0.7Sr0.3Cr0.5Fe0.5O3), titanates
(e.g. La0.2Sr0.8TiO3, (La0.3Sr0.7)0.9Ti0.95Ni0.05O3), chromates (e.g.
(La0.75Sr0.25)0.27Cr0.5Mn0.5O3) are some examples of perovskites that
have been investigated as CO2 reduction cathodes [1–4,6–17].

Certain modifications of the surface chemical nature of these per-
ovskite oxide cathodes can lead to further improvement of the cell
performance. For example, migration of B-site metal ions from a per-
ovskite oxide bulk to the surface of the material forming nanoparticles,
a phenomenon known as ‘exsolution,’ has been shown to significantly
enhance the CO2 reduction activity of perovskite oxide cathodes [1,18].
Exsolution creates oxygen vacancies in the material and the metal na-
noparticles improve the specific surface area and conductivity of the
electrodes, thereby decreasing the cell resistance and improving the
current density. Another problem often experienced at high operating
temperatures, which could be solved with surface modification of
perovskite oxide, is the weak adsorption of CO2 on the electrode. CO2
being a linear molecule lacks polarity at high temperatures, making its
adsorption onto the cathode surface difficult. In a recent study, it has
been shown that the exsolution of A-site metal oxides such as SrO to the
perovskite surface can improve CO2 adsorption [19]. These metal
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oxides being alkaline in nature can adsorb CO2, which is an acidic
molecule, with higher binding strength.

The presence of A-site deficiency in the perovskite structure pro-
vides a thermodynamic driving force for the exsolution of B-site metal
ions [18,20–23]. On the other hand, the presence of A-site excess helps
in exsoluting the A-site metal oxides [19,22,24]. As a result, one can
find numbers of research articles that study A-site non-stoichiometric
(either deficient or excess) perovskites as a potential cathode for high-
temperature CO2 reduction [1]. One phenomenon that can affect the
electrochemical performance of a cell, but did not get enough attention
in all these studies is the change in A-site segregation on the perovskite
surface as a function of A-site stoichiometry. A-site segregation on and
near the surface of a perovskite compared to its bulk is a well-known
phenomenon [25,26]. It is expected that as A-site stoichiometry in-
creases, the segregation of these ions towards the surface will also in-
crease. Such a change in the availability of A-site metal oxide on the
electrode surface can lead to a change in the adsorption of CO2, and
depending on the strength of adsorbed reactant species, carbon or coke
might form on the cathode surface.

While most of the studies on perovskite oxide cathode are focused
onreducing the cell resistance thereby improving the cell performance,
not enough effort has been put into studying the formation of carbon or
coke on the electrode surface during electrolysis of CO2. As mentioned
above, increasing the adsorption strength of CO2 on the electrode sur-
face may have repercussions in terms of coke formation. In addition,
when the activity of a cathode increases for CO2 reduction, there can be
coke formation either due to a complete reduction of CO2 or by the
Boudouard reaction initiated by the high concentration of the product
CO near the electrode surface. Therefore, it is important to study the
effect of A-site stoichiometry not only on CO2 reduction activity and cell
performance, but also on the unintended formation of coke, because the
deposition of stable coke can degrade the electrode performance over a
period of time.

As already mentioned, ferrite-, titanate- and chromite- based per-
ovskites are being studied as potential cathode materials for high
temperature CO2 reduction. In our earlier publications, we have shown
that Ni- and Co-doped lanthanum strontium ferrites can be good
cathode candidates for CO2 reduction [2,17]. However, these studies
were focused on the influence of the B-site dopants on the cathode
performance. In the current work, we chose lanthanum strontium fer-
rite as the model SOEC cathode to study the effect of A-site stoichio-
metry on the cathode properties. Three different compositions of cat-
alysts were used for electrolysis of CO2: La0.7Sr0.2FeO3-δ (LSF72),
La0.8Sr0.2FeO3-δ (LSF82), and La0.9Sr0.2FeO3-δ (LSF92), which are A-site
deficient, A-site stoichiometric and A-site excess perovskite oxides, re-
spectively. Here, δ represents the number of oxygen vacancies per
formula unit of the perovskite oxide. The effect of the cathode com-
position on the performance of the electrolysis cell was studied by
product gas analysis, current-voltage measurements, and electro-
chemical impedance measurements. The formation of coke as a func-
tion of A-site metal stoichiometry was also investigated. It was found
that the presence of A-site deficiency in the perovskite cathode im-
proves the electrochemical performance of the cell. Deposition of coke
is observed for the A-site excess cathode LSF92 owing to the greater
degree of A-site metal oxide segregation on the surface and higher
adsorption of CO2. In comparison, the A-site deficient cathode
LSF72 has a lower A-site concentration on the surface, which helps in
avoiding of coke formation during CO2 electrolysis.

We would like to note that the aim of this paper is not to report on a
high-current density cathode electrocatalyst for CO2 electrolysis, but to
explain some of the observed catalytic phenomena such as coking in
terms of the changes generated by the compositional variations in the
lanthanum strontium ferrites.

2. Experimental section

2.1. Preparation of materials and catalysts

Strontium-doped lanthanum ferrites were synthesized via an
Ethylenediaminetetraacetic acid (EDTA) -citric acid complexation route
with three different compositions: La0.7Sr0.2FeO3-δ (A-site deficient),
La0.8Sr0.2FeO3-δ (A-site stoichiometric), and La0.9Sr0.2FeO3-δ (A-site
excess). Metal nitrate salts La(NO3)3∙6H2O, Sr(NO3)2, and Fe
(NO3)3∙9H2O were dissolved in deionized water, and EDTA was added
to the solution with an EDTA-to-metal ion molar ratio of 1.5:1 at room
temperature, followed by heating. Citric acid was added to the solution
with a citric acid-to-metal ion molar ratio of 2:1 at 60 °C, and the
temperature was then raised to 90 °C. The pH of the complex solution
was adjusted to 6 by the dropwise addition of ammonium hydroxide
(NH4OH) under constant stirring. A viscous gel was formed at the end
of this wet-chemistry process, which was then dried at 150 °C for 12 h
and ground into a fine powder. This black amorphous precursor was
calcined at 1000 °C under air for 5 h to obtain the ferrite perovskite
oxide powder denoted as “as-calcined sample”. The term “treated
sample” refers to the samples subjected to CO/CO2 environment and
the term “post-reacton sample” refers to the cathode materials after
they were used for CO2 electrolysis as described below.

2.2. Characterization of As-calcined, CO/CO2 treated and post-reaction
samples

Powder X-ray diffraction (XRD) patterns were collected in a Bruker
D8 Advance X-ray Powder Diffractometer using Cu Kα radiation (40 kV,
40mA, 0.154 nm) with a step size of 0.014° and dwell time of 0.75 s.
General Structure Analysis System-2 (GSAS-2) was used to perform a
Rietveld refinement of room temperature patterns to obtain Miller in-
dices of the diffraction peaks [27]. X-ray absorption spectroscopy (XAS)
experiments were performed in Sector 10-ID of the Advanced Photon
Source of Argonne National Lab. Extended X-ray absorption fine
structure (EXAFS) data were subjected to calibration, background cor-
rection, normalization, and fitting of the k2 weighted Fourier trans-
formed EXAFS data in R-space was carried out in the WinXAS software
package [28].

Mössbuaer spectra were collected at room temperature and 77 K in a
SEE Co. Mössbauer spectrometer using a 57Co/Rh γ-ray source. The
deconvolution of the Mössbauer spectra was done using Lorentzian line
shape in the Fit ;o) software [29]. X-ray photoelectron spectra (XPS)
was measured by a Kratos Axis Ultra XPS instrument with a mono-
chromated Mg Kα radiation source (1254.6 eV, 12 kV, 10 mA) and a
charge neutralizer at 2.1 A current and 0.8 V bias. The binding energy
was calibrated using standard C 1s peak at 284.5 eV during data ana-
lysis.

For the measurement of electronic conductivity, sample pellets were
prepared using a hydraulic press and sintered at 1300 °C for 5 h under
air. The pellets were placed in a furnace with silver wires connected to a
Keithley 6182 Nanovoltmeter for the measurement of voltage drop and
to a Keithley 6220 Precision Current Source for application of DC
current. Oxygen evolution from the perovskite samples was in-
vestigated by monitoring the signal of m/z=32 for O2 with a mass-
spectroscope while heating a 50mg sample (pretreated under 10 % O2/
He at 1000 °C) under 30 ccm He flow.

To investigate the type of carbonate species formed on the samples
under a reaction environment, the samples were pretreated with 1.6 %
CO+40 % CO2/He (approximate composition at 14mA/cm2 electro-
lysis current density) at 800 °C for 5 h and were then characterized by
Fourier transform infrared spectroscopy (FTIR), Temperature-pro-
grammed desorption (TPD), and XPS analysis. FTIR spectra of the
pretreated samples mixed with KBr in a weight ratio of 1:20 were
collected at room temperature in a Thermoelectron Nicolet 6700 FTIR
instrument equipped with an MCT detector. The m/z=44 signal (for
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CO2) was recorded with a mass-spectroscopy for TPD profile by heating
the CO/CO2 pretreated samples up to 1000 °C at a rate of 10 °Cmin−1

under 30 ccm of helium.
Post-electrolysis cells were examined by their temperature-pro-

grammed oxidation (TPO) profile, laser Raman spectroscopy, XPS
measurement, and scanning electron microscopy (SEM). All cells were
used for CO2 reduction at 14mA cm−2 for 48 h at 800 °C. TPO profile
was collected by monitoring the m/z=44 signal for CO2 by heating the
sample to 1000 °C at a ramp rate of 10 °Cmin-1 under 30 sccm of 10 %
O2/He flow. Laser Raman spectra were collected on a Horiba LabRAM
HR-800 Raman Spectrometer at room temperature with a 5mW argon
ion at 514.5 nm as the excitation source. In order to distinguish be-
tween the surface and subsurface atomic composition of the post-re-
action cathodes, XPS was performed before and after etching the sur-
face of the cathodes. Sputtering was done inside the vacuum chamber
by argon ion beam at 2.4 μA current and 4 keV energy for a duration of
3min for each sample. SEM backscattered electron images were taken
in an FEI Apreo instrument at an accelerating voltage of 1 kV and 6.3
pA beam current.

2.3. Electrochemical CO2 reduction

The electrochemical CO2 reduction was performed on button cells
consisting of yttria-stabilized zirconia (YSZ; ESL Electroscience
Laboratory) as an electrolyte, a 50/50 wt% mixture of lanthanum
strontium manganite and YSZ (LSM-YSZ; ESL Electroscience
Laboratory) as an anode, and synthesized LSF catalysts as cathodes. YSZ
green tape with 125 microns of thickness was punched out with one
inch of outer diameter and sintered at 1450 °C for 2 h under air. A slurry
of LSF cathode mixed with ink vehicle (Nexceris) was screen printed
onto one side of the YSZ disc and sintered at 1300 °C for 5 h at a ramp
rate of 2 °Cmin−1. LSM-YSZ anode was prepared on the other side of
the disc with the same procedure, except for the sintering temperature
at 1200 °C. For CO2 electrolysis, the prepared button cell was sealed
onto one side of an alumina tube using a glass seal, and the anode side
was open to the atmosphere for the evolution of oxygen. Fabrication of
the button cell and the electrochemical activity test setup are shown in
Figure S1 and S2 of the supplementary section. 10 sccm of 40 % of CO2/
He flowed into the cathode side at 800 °C, and the outlet of the reactor
was connected to a gas chromatograph (Shimadzu 2014) equipped with
a pulsed discharge ionization detector (PDHID) for analyzing CO, CO2,
and H2. Gold wires were attached with gold paste on both sides of
electrodes as current collectors, and the cell was connected to a Biologic
potentiostat (SP-150) along with current booster (VMP3) for electro-
chemical measurements. The Faradaic efficiency reported in the results
and discussion section is calculated as the ratio of the total moles of
supplied electrons to the moles of electrons needed to form the amount
of CO detected by the GC.

3. Results and discussion

3.1. Bulk property characterization

3.1.1. X-ray diffraction
Fig. 1 shows the room-temperature powder XRD patterns of LSF72,

LSF82 and LSF92, and the associated Rietveld refinement. All three
samples show a perovskite oxide structure without any impurity phase,
and the patterns could be matched to that of La0.8Sr0.2FeO3 (JCPDS file
no. 35-1480), which has a structure with orthorhombic symmetry. This
indicates that pure perovskite phases of both A-site stoichiometric and
non-stoichiometric samples could be synthesized with the EDTA-citric
acid complexation method adopted for this study. Rietveld refinement
results further confirmed the structure of these perovskites to be or-
thorhombic, which can be pictorially depicted by the crystal structure
shown as inset in Fig. 1 (c). The lattice volume increased slightly with
an increase in A-site stoichiometry. Such an expansion of the lattice is

due to the decrease in the average oxidation state of Fe-ions caused by
the excess La3+ ions in the perovskite lattice, as Fe-ions with lower
oxidation state has larger ionic radii [2]. The crystallite sizes calculated
using the Scherrer equation were also found to increase with the in-
crease in A-site stoichiometry, the values being 44 nm for LSF72, 54 nm
for LSF82, and 58 nm for LSF92. Thus, even though A-site non-

Fig. 1. Rietveld refinement of the X-ray diffractograms of (a) LSF72, (b) LSF82,
and (c) LSF92 perovskite oxide powders. Each pattern belongs to an orthor-
hombic perovskite oxide crystal structure (inset of Fig. 1 (c)). V= Lattice Vo-
lume, a/b/c= Lattice Parameters.

D.J. Deka, et al. Applied Catalysis B: Environmental 283 (2021) 119642

3



stoichiometry can be successfully realized without disrupting the per-
ovskite structure, it modifies the lattice parameters and crystallite sizes
of the samples.

3.1.2. Extended X-ray absorption fine structure
Changes in the stoichiometry of the A-site can also change the

number of oxygen vacancies present in the material. For example, an A-
site deficiency can lead to expulsion of oxygen ions from the perovskite
structure to uphold charge neutrality, thereby creating oxygen va-
cancies. Fe K-edge EXAFS measurements were performed on the ferrite
perovskite samples to quantitatively study such oxygen vacancy crea-
tion. Figure S3(a)-(c) in the supplementary section show the Fourier
transform magnitude of the EXAFS data collected from LSF92, LSF82,
and LSF72, respectively, and the fit results of these data are shown in
Table 1. The Fe–O bond distance is found to be 1.97–1.98 Å and does
not change appreciably among the samples. These bond distances are
similar to those reported in the literature for lanthanum strontium
ferrite-type materials [30,31]. The first shell surrounding the absorber
Fe-atom consists of oxygen atoms. For a perovskite without any oxygen
vacancy, this co-ordination is six, leading to the formation of FeO6
octahedra. However, the oxygen coordination might change depending
on the A-site and B-site stoichiometry, oxidation state, and ionic radii of
the dopant metal ions. From Table 1, it is observed that the coordina-
tion number is 6.0 for LSF92, then decreases with a decrease in A-site
occupancy and reaches 5.7 for the A-site deficient sample LSF72. Based
on these fit results, the stoichiometric formulae of the perovskite sam-
ples can be approximated as La0.7Sr0.2FeO2.85 for LSF72,
La0.8Sr0.2FeO2.95 for LSF82 and La0.9Sr0.2FeO3.0 for LSF92. This in-
dicates that the number of inherent oxygen vacancies per formula unit
increases with a decrease in A-site occupancy, which is a consequence
of the decrease in cationic charge in the material when A-site ions are
removed. Some of the oxygen ions must leave the structure to balance
these lost cationic charges. Since having oxygen vacancies helps in
improving the ionic conductivity, we expect that the ionic conductivity
for LSF72 would be higher.

3.1.3. Mössbauer spectroscopy
Mössbauer spectroscopy is widely used to differentiate between

different species of iron. Mössbauer spectra of LSF72 and LSF92 col-
lected at room temperature are shown in Figure S.4 of the supple-
mentary information. Due to the large broadening and asymmetry of
the peaks, it was not possible to deconvolute these spectra. However, it
is clear that the spectra for LSF92 have sharper peaks than that for
LSF72, indicating that LSF72 crystal structure has a wider distribution
of the type of iron species than LFS92 [32,33]. This is caused by the
higher degree of distortions and oxygen vacant sites available in LSF72
created by the A-site non-stoichiometry. For a more detailed analysis of
the oxidation states of iron, Mössbauer spectra of LSF72, LSF82, and
LSF92 were collected at 77 K, which allowed a better S/N due to the
slower relaxation of the excited nucleus at low temperature, as shown
in Fig. 2. The spectra for LSF72 and LSF82 could be resolved into two
sextets with different magnetic hyperfine fields (Bhf), quadrupole
splitting (QS), and isomeric shifts (IS) as shown in Table 2 and can be
assigned to Fe3+ and Fe5+ species in the perovskite crystal [33,34]. The
higher valent iron ions are assigned to Fe5+ instead of Fe4+ because

these tetravalent ions disproportionate into Fe3+ and Fe5+ at such low
temperatures (Fe4+ ↔ Fe3+ + Fe5+). The spectra for LSF92 contains a
contribution from only one sextet that belongs to Fe3+. This indicates
that the oxidation state of Fe in the perovskite structure decreases when
A-site occupancy is increased and supports similar observations ob-
tained from EXAFS data.

3.1.4. Electronic conductivity
Fig. 3(a) shows the electronic conductivity of the three samples as a

function of temperature. At each test temperature, the electronic con-
ductivity of LSF72 was found to be the highest, and that of LSF92 was
found to be the lowest. Lanthanum strontium ferrite perovskites are
known to have p-type conductivity, which means that the conductivity
in these materials is provided by Fe4+/Fe3+ redox couples as charge
carriers, as already mentioned. Therefore, higher conductivity can be
achieved by having a higher average oxidation state of Fe. Using the
room-temperature formulae obtained from the EXAFS results, the oxi-
dation state of Fe can be calculated to be 3.2, 3.1, and 2.9 in LSF72,
LSF82, and LSF92, respectively. Having a higher average oxidation
state of Fe in LSF72 and a lower average oxidation state in LSF92 leads
to the conductivity differences seen here. It is also noted that con-
ductivity initially increases with increasing temperature, then plateaus
for LSF72, whereas it decreases for LSF82 and LSF92 with a further
increase in temperature. This observation can be explained by the fact
that p-type conduction behavior of ferrite perovskites follows the Ar-
rhenius-type equation [35,36]:

= A
T

E
kT

exp a

Table 1
Fe K-edge EXAFS fitting results: C.N.= Coordination number, R= Fe–O bond
distance, σ2= Mean square relative displacement or the Debye-Waller factor,
ΔE=Energy shift.

Sample C.N. R (Å) σ2 (Å2) ΔE (eV)

LSF92 6 (± 0.1) 1.98 (± 0.0004) 0.001 (±0.0001) 0.22 (± 0.03)
LSF82 5.9 (± 0.1) 1.98 (± 0.0004) 0.002 (±0.0001) 0.48 (± 0.03)
LSF72 5.7 (± 0.1) 1.97 (± 0.0002) 0.002 (±0.00005) 0.37 (± 0.01)

Fig. 2. Mossbauer spectra of LSF72, LSF82 and LSF92 collected at 77 K and
associated deconvolution.

Table 2
Parameters obtained by deconvoluting the Mossbauer spectra collected at 77 K.

Sample Cation Magnetic
Field (Bhf)

Quadrupole
Splitting (QS)

Isomeric
Shift (IS)

Intensity (%)

LSF72 Fe3+ 55.1 −0.02 0.56 93
Fe5+ 26.3 −0.13 0.05 7

LSF82 Fe3+ 55.4 −0.03 0.56 94
Fe5+ 26.9 −0.07 0.08 6

LSF92 Fe3+ 54.2 −0.06 0.42 100
Fe5+ – – – –
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where is electronic conductivity, T is temperature, A is a pre-ex-
ponential factor, Ea is polaron conduction activation energy, and k is
the Boltzmann constant. The Fe4+/Fe3+charge carriers in ferrite per-
ovskites are also known as polarons. At lower temperatures, Ea > kT
and hence the conductivity is dominated by the exponential term,
which increases with increasing temperatures. At very high tempera-
tures, however, the exponential term becomes smaller compared to the
pre-exponential term. The electronic conductivity then depends on the
pre-exponential factor (A), which is a function of properties of the
material, including charge carrier density [35,36]. At higher tempera-
tures, the creation of oxygen vacancies decreases the oxidation state of

the B-site, thereby decreasing the concentration of Fe4+/Fe3+ charge
carriers. This leads to a decline in the pre-exponential factor and hence
the conductivities of the samples. The temperature at which the max-
imum conductivity occurs (Tmax) can be predicted for materials ex-
hibiting pure polaron conduction mechanism using the following
equation [35]:

=E k T.a max

The activation energies calculated for LSF72, LSF82, and LSF92
were 0.105 eV, 0.071 eV, and 0.054 eV, respectively, using the
Arrhenius-type plot shown in Figure S5. These activation energies
predict that the maximum conductivities for LSF72, LSF82, and LSF92
should be achieved at 355 °C, 550 °C, and 945 °C, respectively. Even
though the actual temperatures for maximum conductivities were
slightly off these calculated values, as seen in Fig. 3(a), the same pre-
dicted trend was observed experimentally.

3.1.5. Oxygen vacancy formation
As discussed above, electronic conductivity is dependent on the

concnetration of Fe4+/Fe3+ redox couples. Higher the number of such
charge cariers, higher is the electronic conductivity. In a similar
manner, the ionic conductivity of perovskites is a function of the
number of oxygen vacancies available in the material. Therefore,
quantification of such vacancy formation can be used as an indirect way
of comparing ionic conductivities of the samples. Fig. 3(b) shows the m/
z=32 signal (oxygen) as a function of temperature collected during
temperature-programmed heating of the samples under helium flow. It
can be observed that oxygen is released from the samples with an in-
crease in temperature, and the amount of oxygen evolved increases
with a decrease in A-site occupancy. The evolved oxygen was quanti-
fied, and the results are shown in Table 3. The number of oxygen atoms
evolved per mg (denoted as ‘X’) of LSF72 at 800 °C is approximately 45
% and 375 % higher than that released from LSF82 and LSF92, re-
spectively. At 1000 °C, this evolved oxygen is still 30 % and 255 %
higher for LSF72 than that for LSF82 and LSF92, respectively. The table
also shows the oxygen vacancy created per formula unit (denoted as
‘δ’), which is the highest for LSF72 and the lowest for LSF92. Thus, A-
site deficiency can enhance the oxygen mobility in the perovskite
structure, which in turn can improve the oxygen ion conductivity.
Starting with the room temperature stochiometric formulae of the
samples as obtained from EXAFS fits and considering the oxygen atoms
evolved per formula unit (δ), their formulae at an operating tempera-
ture of 800 °C can be approximated as La0.7Sr0.2FeO2.82 for LSF72,
La0.8Sr0.2FeO2.93 for LSF82 and La0.9Sr0.2FeO2.99 for LSF92. At a higher
temperature of 1000 °C, these formulae become La0.7Sr0.2FeO2.79 for
LSF72, La0.8Sr0.2FeO2.90 for LSF82 and La0.9Sr0.2FeO2.98 for LSF92.
Oxygen evolution at high temperature, therefore, does not change the
formula unit to an appreciable extent, which helps in retaining the
perovskite oxide crystal structure intact while facilitating oxygen ion
transport.

Fig. 3. (a) Electronic conductivity and (b) oxygen vacancy formation as a
function of temperature for the samples LSF72, LSF82, and LSF92.

Table 3
Oxygen evolution from ferrite perovskites as a function of temperature. X specifies the cumulative amount of oxygen atoms evolved from RT up to 800 °C, 900 °C and
1000 °C during heat treatment of ferrite perovskite materials under helium flow. δ specifies the oxygen vacancy created per formula unit (LaxSr0.2FeO3-δ, x= 0.7, 0.8,
or 0.9) during the same temperature periods.

Sample Amount of O atoms in at RT
(μmol/mg)

X=Cumulative evolution of O atoms from RT to T (μmol/mg)
δ= Oxygen vacancy formation per formula unit from RT to T

T=25 °C (RT) T=800 °C T=900 °C T=1000 °C

X δ X δ X δ X δ

LSF72 13.181 0 0.15 0.124 0.177 0.197 0.193 0.269 0.208
LSF82 12.731 0 0.05 0.086 0.069 0.147 0.084 0.206 0.098
LSF92 12.176 0 0 0.026 0.006 0.048 0.012 0.076 0.019
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3.2. Surface characterization

3.2.1. X-ray photoelectron spectra
Fig. 4(a)–(d) shows the La 3d, Sr 3d, Fe 2p, and O 1s regions, re-

spectively, of the X-ray photoelectron spectra of as-calcined LSF72,
LSF82, and LSF92 samples. La 3d region shows La 3d5/2 and La 3d3/2
peaks centered at around 833.3 eV and 850.1 eV, respectively, with a
spin-orbit splitting of 16.8 eV. Each of these two transitions is accom-
panied by a corresponding satellite peak positioned at a 3.7 eV higher
binding energy. All these characteristics of the spectra indicate that
lanthanum is primarily present in the La3+ oxidation state coordinated
by an oxide ion environment [2,37]. Fig. 4(b) shows the Sr 3d regions of
the three samples. Sr is present as two different species with an oxi-
dation state of +2 in each. The Sr3d5/2 peak at 131.2 eV belongs to
strontium oxide species, whereas the one at 133.1 eV comes from
strontium carbonate species [38,39]. The amount of strontium carbo-
nate species shows an increasing trend as the stoichiometry of the A-site
increased. Fe is present at oxidation states of +3 and +4, as shown by
the Fe 2p3/2 peaks at 709.6 eV and 712.4 eV, respectively, in Fig. 4(c)
[2]. The overall oxidation state of Fe marginally increases as the A-site
stoichiometry is decreased in the order: LSF92, LSF82 and LSF72, as
indicated by the increasing contribution from the peak at 712.4 eV.
Such an increase in the oxidation state of Fe increases the density of
Fe4+/Fe3+ redox couples, and since these couples act as charge carriers
in p-type conducting perovskites, an improvement in the electronic
conductivity of the materials is brought about by A-site deficiency.

Fig. 4(d) shows the O 1s XPS spectra of the three perovskite oxide
samples. The deconvolution of these spectra shows the contribution
from three oxygen species, which includes the lattice oxygen ion (528.4
eV) and two types of adsorbed oxygen ions (530.9 eV and 532.5 eV)
which may be hydroxides and carbonates [26,40]. The percentage of
adsorbed oxygen seems to increase with an increase in A-site stoi-
chiometry, which may be a result of the increasing formation of
strontium carbonate with the increase in A-site occupancy.

Table 4 shows the relative atomic compositions on the surfaces of
LSF72, LSF82, and LSF92. The atomic concentration of oxygen on the
surface of each of the three samples is around 70 %, which is higher

than the theoretical value of 60 % calculated from the ideal perovskite
formula, ABO3. This oxygen-rich surface is typical of perovskite oxide
materials [41,42]. Table 4, in conjunction with Fig. 5, also shows the
concentrations of the metal ions and the ratio of A-site ion concentra-
tion to B-site ion concentration. Stoichiometrically, LSF72, LSF82, and
LSF92 should have La/Fe ratios of 0.7, 0.8, and 0.9, respectively.
However, from XPS, these ratios are calculated to be significantly

Fig. 4. (a) La 3d, (b) Sr 3d, (c) Fe 2p and (d) O 1s regions of the X-ray photoelectron spectra of as calcined LSF72, LSF82 and LSF92 perovskite powders.

Table 4
Relative composition of the ferrite perovskite surface calculated from respective
XPS spectra.

Sample Relative Atomic Composition (%) La
Fe

Sr
Fe

+La Sr
Fe

La Sr Fe O

LSF72 6.3 12.7 7.1 73.9 0.9 1.8 2.7
LSF82 6.1 16.3 6.8 70.8 0.9 2.4 3.3
LSF92 7.6 15.3 5.5 71.6 1.4 2.8 4.2

Fig. 5. Ratio of the surface atomic compositions of A-site and B-site metals.
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higher on the surface. Similarly, Sr/Fe ratios are also much higher on
the surface than the average value of 0.2. The overall A-site/B-site
{(La+ Sr)/Fe} ratios are 2.7, 3.3 and 4.2 for LSF72, LSF82 and LSF92,
respectively. These findings show that the surface of these perovskites is
rich in the A-site metals. Such surface segregation of the A-site ions is
seen to increase with the increase in A-site stoichiometry, i.e., in the
order of LSF72, LSF82 and LSF92. An interesting consequence of this
phenomenon can be the increase of surface basicity of the ferrite per-
ovskites with an increase in A-site stoichiometry because the A-site
metal oxides (e.g., La2O3, SrO) are basic in nature. This will result in
increased adsorption of the acidic molecule of CO2, thereby affecting
the catalytic activity during CO2 electrolysis.

3.2.2. Infrared spectroscopy and temperature- programmed desorption
In order to prove this claim, samples of LSF72, LSF82, and LSF92

were exposed to a simulated reaction environment of 1.6 % CO+40 %
CO2 / He at 800 °C, and the treated samples were then subjected to FTIR
and temperature-programmed desorption analysis. FTIR spectra of
these treated samples are shown in Fig. 6(a). The band at 1222 cm−1 is
due to the scissoring mode of COH group in bicarbonate, and the ones
at 1630 cm−1 and 1715 cm−1 can be assigned to the CeO stretching
modes of bicarbonate species [43,44]. It is worth mentioning that hy-
droxyl groups are commonly present on perovskite surfaces due to the
adsorption of atmospheric moisture onto the oxygen vacant sites of the
material. Since LSF72 has the highest number of oxygen vacancies at
any temperature, as shown before, the concentration of adsorbed hy-
droxyl species is expected to be highest on this sample. That is why,
strong bands of bicarbonates formed due to reaction of CO or CO2 with
hydroxyl species are seen on LSF72, which is not the case for LSF82 or
LSF92 due to the lower availability of oxygen vacancies. The adsorption
bands between 1350–1500 cm−1 can be assigned to polydentate car-
bonate species (CO3

2 ), which mainly arise due to the formation of
strontium carbonate [45,46]. Because strontium atoms migrate to the
surface and their oxide form (SrO) is not stable [19], they readily form
stable strontium carbonates (SrCO3) under CO and CO2 atmosphere.
LSF92 has the strongest intensity of the band because the excessive
number of A-site atoms (especially Sr) for the stoichiometric number of
perovskite (ABO3) segregate more preferentially to the surface, and
have a higher chance of coming in contact with CO and CO2 molecules

than A-site deficient LSF72.
Fig. 6 (b) shows the m/z=44 signal obtained from a mass spec-

trometer during temperature-programmed heating of the treated sam-
ples under helium flow. All three samples show varied signals below
500 °C, which are due to the desorption of weakly adsorbed carbonates.
The peaks in the range 600 °C–700 °C are due to strongly adsorbed
carbonate species, which shift to higher temperatures in the order
LSF72, LSF82 and LSF92. This shows that the adsorption strength of
such carbonate species increases with an increase in A-site stoichio-
metry. Another sharp peak is observed for LSF92 at 830 °C, which is not
present in LSF72 and is weak for LSF82. This feature arises due to the
desorption of a firmly bound carbonate species [47,48], most likely
from the strontium carbonates, as also seen in the FTIR spectra. As
mentioned earlier, the surface of A-site excess ferrite perovskite is more
basic than the other samples, which leads to stronger adsorption of CO2.
These strongly bound carbonates desorb at higher temperatures when
the samples are heated under helium.

3.3. Electrochemical activity for CO2 reduction

Fig. 7(a) shows the CO production rates during CO2 electrolysis on
the ferrite perovskite cathodes, and Fig. 7(b) shows the Faradaic effi-
ciencies corresponding to these production rates. LSF72 cathode shows
the highest CO production rate and hence the highest Faradaic effi-
ciency. Production rates and Faradaic efficiencies are observed to de-
crease with an increase in A-site occupancy, i.e., in the order of LSF72,
LSF82, and LSF92. Interestingly, even though LSF92 leads to the max-
imum number of adsorbed carbonates under the reaction environment
as seen from FTIR and TPD experiments, this cathode shows the lowest
Faradaic efficiency for CO formation. This means that not all adsorbed
species are converted into CO. It is shown later that this decrease in
Faradaic efficiency on LSF92 cathode is due to the formation of coke
during electrolysis.

Fig. 7(c) shows the current-voltage relationship obtained from the
electrolysis cells during the CO2 conversion process. The open-circuit
voltage (OCV) of the three cells were around 0.16 V. Under the flow of
CO2/He without any reducing gas (such as CO or H2) in the stream, the
OCV values of the cells are decided by the oxygen partial pressure
differences between the anode and cathode chambers. When the Nernst

Fig. 6. (a) FTIR spectra, and (b) Temperature- programmed desorption under helium flow of LSF72, LSF82, and LSF92 treated with CO/CO2 at 800 °C.
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equation is used to calculate the equilibrium cell voltage assuming an
oxygen partial pressure of 0.21 atm on the anode side and 10−5 atm
(0.001 % impurity in the CO2 cylinder used) on the cathode side, a
value of 0.23 V is obtained for 800 °C operating temperature. OCV of
around 0.1 V has been reported in the literature where cathode feed
streams of CO2 were used without any reducing gas [2]. At lower
current values, there is a steep rise in the I–V curve, and this rate of
voltage increase with current gradually decreases at higher current
densities. The rapid increase in cell voltage at lower current values is
due to kinetic overpotential and activation of the cathode. It is observed
that the cell voltage at each current density is the highest for the cell
with LSF92 cathode and the lowest for the one with LSF72 cathode.
Such an increase of cell voltage for the cell with LSF92 cathode could be
due to the lower electronic and ionic conductivity of this material
compared to LSF72 or LSF82. Therefore, it can be said that the Faradaic
efficiency and electrochemical performance deteriorates when the A-
site occupancy of the ferrite perovskite oxide is increased. A-site defi-
cient cathode performs much better than A-site excess cathode due to
multiple reasons. The B-site of perovskite is widely regarded as the
catalytically active site. A higher atomic percentage of the B-site in the
A-site deficient perovskite compared to the A-site excess perovskite
makes its activity higher. Moreover, the higher electronic conductivity
and oxygen vacant sites make the A-site deficient perovskite a better
cathode catalyst. In addition, the presence of the higher amount of
segregated SrCO3 on the LSF92 cathode blocks part of the B-site ions,
causing its activity to deteriorate.

Fig. 8(a)–(c) shows the Nyquist plots of the electrochemical im-
pedance spectra (EIS) obtained from cells with LSF72, LSF82, and

LSF92 cathode, respectively, during CO2 electrolysis at 800 °C and
current densities of 3.5, 6.9 and 13.8mA/cm2. The Re(Z)- axis intercept
of these EIS curves can be considered as the total resistance of the cells.
This total resistance at each current density is observed to be the
highest for the cell with LSF92 cathode and the lowest for the cell with
LSF72 cathode. This trend is consistent with the observations from the
I–V relationships of the electrolysis cells. Impedance for each cell is
found to decrease with increasing current density. The EIS plots are
observed to be comprised of two semicircular arcs, one at high-fre-
quency values and the other at low-frequency values. An equivalent
circuit containing one resistor (R1) and two resistor-constant phase
element circuits (R2Q2 and R3Q3) in series, as shown inside each of
Fig. 8 (a)-(c) was used to fit the EIS data, and the results are tabulated in
Table S1. Similar equivalent circuit has been used in other studies in the
literature to fit the EIS data collected during CO2 electrolysis
[18,49–52]. Each of the RQ circuits helps in fitting one of the arcs that
form the overall EIS. Both the high-frequency resistance (R2) and the
low-frequency resistance (R3) are found to increase with the increase in
the A-site occupancy of the cathode material. The high-frequency arc of
the EIS curve arises from charge transfer resistance, and the low-fre-
quency arc comes from the mass transfer and diffusional resistances.
Therefore, it can be said that both the charge transfer resistance and
mass transfer resistance during CO2 electrolysis increases with increase
in A-site occupancy of the cathode material. Moreover, the table also
shows the overall polarization resistance (Rp) of the cells, which in-
creases with an increase in A-site occupancy, indicating better elec-
trochemical performance by the A-site deficient cathode. The polar-
ization resistances for each cell, however, decrease with an increase in

Fig. 7. (a) CO production rates obtained from LSF72, LSF82 and LSF92 cathodes, (b) Faradaic efficiency corresponding to the CO production rates shown in Fig. 7(a),
(c) current-voltage relationship obtained during CO2 electrolysis in cells containing LSF72, LSF82, and LSF92 cathodes. The absolute values of electrolysis current
density are used instead of negative current density values for simplicity.

Fig. 8. Nyquist plots of the electrochemical impedance spectra collected during CO2 electrolysis at 800 °C in cells containing (a) LSF72 cathode, (b) LSF82 cathode,
and (c) LSF92 cathode.
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current density, mainly due to the improved kinetics of adsorption and
desorption.

Fig. 9 shows the results of a long-term electrolysis experiment per-
formed on LSF72 and LSF92 cathodes at a constant current density of
7mA/cm2 and an operating temperature of 800 °C. The cathode feed
was a 10 sccm stream of 40 % CO2/He. The initial rise in the Faradaic
efficiency for CO production for both cells is a result of the flow sta-
bilization taking place in the lines connecting the cell outlet and the gas
chromatograph as well as stabilization in the GC injections, which
needs approximately four hours for the system used in this study, as
also mentioned in our earlier studies [2,53]. The Faradaic efficiency for
CO production obtained from the LSF72 cathode reached a steady-state
value of ca. 100 % while that from LSF92 cathode achieved a steady-
state value of 90 %. This lower Faradaic efficiency showcased by the
cell with LSF92 cathode indicates that a portion of the electrons sup-
plied to the cell is not being used for CO production. It is shown by post-
reaction investigation on the cells that these unaccounted electrons are
used for forming coke on the LSF92 cathode over the long operation
duration.

3.4. Post-reaction characterization of the cathodes

As mentioned earlier, the Faradaic efficiency for CO formation de-
creases when LSF92 is used as the cathode as compared to LSF72
cathode. However, since these are constant current experiments, the
supplied electrons must be “consumed” to form some other product, if
not CO, in the case of LSF92. Therefore, it was suspected that this
cathode might form coke during CO2 electrolysis, which can explain the
observed lower Faradic efficiency for CO formation. Post-reaction cells
containing LSF72, LSF82, and LSF92 cathodes were subjected to tem-
perature-programmed oxidation (TPO) and Raman spectroscopy ex-
periments for validating this hypothesis. Fig. 10 (a) shows the m/z=44
(CO2) signal obtained during TPO of the cells under 10 % O2/ He flow.
The peaks at temperatures lower than 500 °C is due to the adsorbed
carbonate species. At higher temperatures, no other feature is observed
for LSF72 cathode, which means that this material has only the ad-
sorbed carbonates on the surface. LSF82 cathode shows a small peak at
700 °C, which could be due to carbonaceous species. Due to the lower
intensity of this peak, we can say that the carbon formed on this
cathode is small in quantity. LSF92 cathode, however, shows a strong
peak centered around 760 °C and can be assigned to a stable carbon
species. These results are also confirmed by the Raman spectra of the
post-reaction cathodes shown in Fig. 10 (b). The bands at 1152 cm−1

and 1315 cm−1 Raman shifts are due to second-order phonon vibra-
tions in the perovskite structure. While the band at 1588 cm−1 ob-
served for LSF82 and LSF92 can be assigned to the G-band of carbo-
naceous species, the peak at 1358 cm−1 can be due to the D-band of the
same species. The appearance of D and G bands indicates that the stable
carbon species shown by the TPO results on LSF92 may be graphitic in
nature. It is worth mentioning that the band at 1315 cm−1 is not dis-
tinct for LSF82 and LSF92, because it may have overlapped with the D-
band due to their proximity. From both the TPO and Raman spectro-
scopy results, it is concluded that LSF92 cathode leads to the formation
of coke during CO2 electrolysis, whereas LSF72 cathode does not.

SEM backscattered images were captured from the post-reaction
LSF92 cathode, as shown in Fig. 10 (c). SEM backscattered electron
images show Z-contrast, meaning that region of the image that contains
lighter elements will appear darker compared to those comprising of
heavier elements. The constituent elements for the cathode are La, Sr,
and Fe, which are considerably heavier than carbon, and hence any
deposited carbon will appear as dark features on the image. From the
images shown here, carbon deposition is clearly visible (dark feature)
on the cathode surface (brighter region). We could not find any region
on the LSF72 cathode with carbon deposition and therefore did not
collect any backscattered electron images. A secondary electron SEM
image of the LSF72 cathode is shown in Figure S7 showing a clean
surface.

While discussing the XPS spectra of LSF72, LSF82, and LSF92 in
Fig. 4, it was mentioned that the A-site metal ions, especially Sr, pre-
ferentially segregates onto the surface of the perovskite oxide. This
segregation was found to be very high for LSF92 and SrO being alkaline
in nature accordingly can make the surface of LSF92 more basic in
nature. This phenomenon led to higher adsorption of CO2 on the surface
of LSF92, as seen from Fig. 6. Strong adsorption of CO2 can lead to a
complete reduction of the molecule, thereby forming coke. The post-
reaction cells were used to carry out X-ray photoelectron spectroscopy
experiments to further confirm this argument. Spectra were taken from
the post-reaction cathode surface before and after etching with an
argon ion gun. Such etching enabled us to find the elemental compo-
sition underneath the surface of the cathode. Fig. 12 (a1) and (b1)
shows the La 3d spectra before and after etching, respectively. It is
observed that there is a contribution from both lanthanum carbonate
and oxide to the La 3d spectra collected before etching [54,55]. The
presence of lanthanum carbonate is also verified by the entire La 3d
region before and after CO2 electrolysis (without etching) shown in
Fig. 11. The spectra after electrolysis are shifted by about 1 eV for all
three samples compared to that collected before electrolysis. This shift
confirms the presence of a lanthanum carbonate species on the post-
electrolysis cathode [54]. Once the surface was etched, lanthanum
oxide was the only contributor to the spectra for all three cathodes.
Fig. 12 (a2) and (b2) show Sr 3d spectra before and after etching, re-
spectively. The spectra collected before etching show the presence of
strontium mainly in the form of strontium carbonate for all the cath-
odes [38,39]. After etching, however, both strontium oxide and car-
bonate species are visible in the spectra. The percentage of strontium
oxide and strontium carbonate after etching was observed to be a
function of the cathode material. In general, the percentage of stron-
tium carbonate increased with an increase in A-site occupancy. Hence,
LSF92 cathode showed the highest amount of strontium carbonate after
etching. A more quantified representation of these spectra is shown in
Fig. 12 (c). This figure shows that all the cathodes contained A-site
carbonate species before etching, with LSF92 having the highest per-
centage of the species (> 90 %). After etching, LSF92 still has around
30 % of these carbonates left, while less than 5 % is found on LSF72
cathode. Therefore, as shown schematically in Fig. 12 (d), we can infer
that the A-site excess cathode (LSF92) forms a thicker layer of carbo-
nates on the surface compared to that formed on LSF72.

The formation of A-site carbonate species is also confirmed by the
XRD patterns of the post-reaction LSF72, LSF82, and LSF92 cathodes, as

Fig. 9. Faradaic efficiency for CO production during long-term electrolysis test
carried out on LSF72 and LSF92 cathodes for approximately 2000min at a
constant current density of 7mA/cm2 and operating temperature of 800 °C.
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shown in Fig. 13. All three cathodes show diffraction lines of SrCO3
(ICDD 71-2393) along with which an additional La2O2CO3 phase (ICDD
23-321) is detected on LSF92 cathode. Such carbonate species can lead
to the formation of carbon during high-temperature electrolysis of CO2.

4. Conclusion

In this study, the effect of A-site occupancy of a perovskite oxide
cathode on the electrochemical activity for CO2 reduction is evaluated.
A-site deficiency was found to improve the electronic and ionic con-
ductivity of the materials, which also led to improved electrochemical
performance. Lower electronic and ionic conductivities of A-site excess
cathode resulted in diminished performance. XPS data showed that the
A-site ions, especially that of strontium, segregates onto the surface of
the material, and such preferential migration increases with an increase
in A-site occupancy. SrO being alkaline in nature can adsorb CO2 more
strongly, which is proven by FTIR and temperature-programmed des-
orption of CO/CO2 treated samples. XPS of post-electrolysis cathode
shows that such stronger interaction of CO2 with the catalyst surface
results in a thicker layer of carbonate on LSF92 cathode compared to
LSF72. Stronger adsorbed carbonate can lead to a complete reduction of
CO2 during electrolysis to form carbon. The presence of such carbon
was verified by temperature-programmed oxidation, Raman spectro-
scopy, and SEM results collected from the post-electrolysis cathodes.
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