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.5O6�d perovskite cathode for
highly efficient CO2 electrolysis†

Yunan Jiang,a Yi Yang,a Changrong Xia *a and Henny J. M. Bouwmeester *ab

High-temperature solid oxide cells afford chemical storage of renewable electricity. In particular, the

electrochemical conversion of the greenhouse gas CO2 is attracting increasing interest to facilitate

a sustainable energy technology. In this work, the effectiveness of perovskite-structured

Sr2Fe1.4Mn0.1Mo0.5O6�d (SFMM0.1) for use as cathode material for CO2 electrolysis has been investigated.

Both parent Sr2Fe1.5Mo0.5O6�d (SFM) and SFMM0.1 are found to be redox stable in air and 5% H2/Ar at

850 �C. Electrical conductivity relaxation experiments and first-principle calculations reveal that oxygen

transport, CO2 adsorption and reduction kinetics are enhanced upon doping of SFM with Mn. The faster

CO2 reduction kinetics observed for SFMM0.1 relative to SFM is reflected in a lower polarization

resistance when both materials are used as single-phase electrodes in symmetrical cells. The polarization

resistance in 50% CO/CO2 at 800 �C decreases from 1.15 U cm2 for SFM to 0.60 U cm2 for SFMM0.1.

Under similar conditions, the polarization resistance decreases further to 0.50 U cm2 for a symmetrical

cell with dual-phase SFMM0.1-SDC (samaria-doped ceria) electrodes. Unprecedented performance is

demonstrated when SFMM0.1-SDC is integrated as the cathode in a solid oxide cell for electrolysis of

pure CO2, achieving a current density of 1.35 A cm2 at 800 �C at 1.5 V.
Introduction

There is a worldwide interest to convert surplus electricity
generated from renewables to storable fuels such as
hydrogen, methane and liquid fuels.1–3 In particular, solid
oxide electrolysis of the greenhouse gas CO2, with subsequent
conversion of the products to useful fuels, attracts great
interest.4 Currently, the nickel–yttria-stabilized zirconia (Ni–
YSZ) cermet electrode is the most commonly used cathode in
high-temperature solid oxide electrolysis cells (SOECs) due to
its high electrocatalytic activity toward CO2 reduction. Its
inherent drawback, however, is the limited redox stability of
Ni. Under typical operating conditions of an SOEC device, Ni
is easily oxidized to NiO, Ni(OH) or highly volatile Ni(OH)2,
when the concentration of the reducing gas is too low and,
hence, the oxygen partial pressure gets too high.5 Further-
more, degradation and/or delamination may occur when the
current density exceeds values of the order of �1 A cm�2.3

Consequently, researchers still endeavor to nd alternative
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cathode materials, thereby focusing on mixed ionic-electronic
conducting oxides capable of redox changes, while retaining
(long-term) stability under the harsh conditions of SOEC
operation. Compared to the Ni-YSZ cermet electrode, where
the electrochemical reduction is conned to the vicinity of the
triple-phase boundary (TPB) lines, ceramic oxides with mixed
ionic-electronic conductivity have the advantage in that they
extend the active region over the entire gas/solid phase
interface. Many mixed-conducting perovskite-type oxides
have been tested for use as cathode for CO2 electrolysis such
as La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM),6–8 LaxSr1�xTiO3�d

(LST),9–11 La0.8Sr0.2FeO3�d (LSF),12 and Sr2Fe1.5Mo0.5O6�d

(SFM).13–15 Amongst these, the iron-based materials LSF and
SFM are reported to exhibit the highest electrocatalytic
activity for CO2 reduction in the intermediate to high
temperature range (600–850 �C).

Isomorphic substitution of A- or B-sites by other types of
cations is a known strategy to optimize the performance of
perovskite oxide electrodes.16–25 In previous research,13–15 we
showed that the double perovskite SFM is a promising electrode
material for pure CO2 electrolysis. Aiming at further promoting
the rate of CO2 reduction at the SFM surface, we have investi-
gated in this work the inuence of partial substitution of Fe in
SFM by Mn (to produce Sr2Fe1.4Mn0.1Mo0.5O6�d (SFMM0.1)) on
its effectiveness as a cathode material for CO2 electrolysis.
Density functional theory (DFT) computations are performed to
evaluate oxygen migration and the interaction between adsor-
bed CO2 and the Mn-doped SFM surface.
J. Mater. Chem. A, 2019, 7, 22939–22949 | 22939
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Experimental
Synthesis

The citric acid-glycine combustion method was used to
synthesize Sr2Fe1.5�xMnxMo0.5O6�d (SFMMx; x ¼ 0, 0.1, 0.2, 0.3,
0.4, 0.5) powders. Sr(NO3)2, Fe(NO3)3$9H2O, (CH3COO)2-
Mn$4H2O and (NH4)6Mo7O24$4H2O (purity of 99.0%) in the
appropriate stoichiometric ratios were dissolved in distilled
water. To this solution glycine and citric acid were added in
a molar ratio of citric acid : glycine : total metal cations of
1.5 : 2 : 1. All the above chemicals with high purity (>99.0%)
were purchased from Sinopharm Chemical Reagent Co., Ltd.
Aer stirring with a magnetic mixer for 2 h, the solution was put
into an induction cooker and heated to self-combustion,
producing dark brown ashes. The ashes were collected and
annealed at 1100 �C for 5 h in air, using a heating rate of
3 �C min�1, and subsequently furnace-cooled to room temper-
ature. Ce0.8Sm0.2O1.9 (SDC) was used as electrode additive and
was prepared using a similar sol–gel method. The combustion
product was annealed at 600 �C for 2 h to form the phase-pure
uorite phase as checked by X-ray powder diffraction (see
below). Powders of La0.9Sr0.1Ga0.8Mg0.2O3�d (LSGM) and La0.6-
Sr0.4Co0.2Fe0.8O3�d (LSCF), both from Fuel Cell Materials, USA,
were used without any further treatment.
Characterization methods

The phase purity of powders was checked by X-ray diffraction
using a Rigaku D/Max 2100 diffractometer with Cu-Ka radia-
tion (l ¼ 1.5418 �A). XRD patterns were recorded in the range
20–80� with a step size of 0.02� and a scan speed of 1� min�1 at
40 kV and 200 mA. The GSAS soware package with the
EXPGUI interface was used for Rietveld analysis.26 The JSM-
6700F (JEOL GmbH, Germany) scanning electron microscope
(SEM) was used for microstructural investigations. X-ray
photoelectron spectroscopy (XPS) analysis on powder
samples was conducted using a Kratos Analytical AXIS 165
with a monochromatic Al-Ka source for determination of the
oxidation states. Measurements were performed on as-
synthesized SFMM0.1 powder and that obtained aer ex situ
reduction at 850 �C in owing 5%H2/Ar (30 ml min�1) for 12 h.
The reduced powder was furnace-cooled to room temperature
aer which the gas ow was stopped. Care was taken to avoid
re-oxidation of the sample (enclosed in a plastic sealed bag)
during transfer to the XPS apparatus. Temperature-
programmed desorption (TPD) was examined from 25 �C to
900 �C at 10 �C min�1 in Ar (30 ml min�1), using a Thermo-
Finnigan TPDRO 1100 (Thermo Scientic, USA). Powder
samples were pre-treated in pure CO2 at 200 �C for 30 min. The
TPD signal was normalized to the surface area of the sample.
Brunauer–Emmett–Teller (BET) surface area measurements
were performed on a 3H-3000A system (Beishide instrument
S&T Co., Ltd, China) using nitrogen as probe gas at 77 K. Prior
to measurements the samples were degassed under vacuum at
150 �C. Raman measurements were performed on a Renishaw
inVia reex Raman spectrometer (Renishaw plc, Wotton-
under-Edge, UK).
22940 | J. Mater. Chem. A, 2019, 7, 22939–22949
Electrical conductivity and electrical conductivity relaxation
measurements

Dense SFM and SFMM0.1 bars were prepared for electrical
conductivity and electrical conductivity relaxation (ECR)
measurements. To this end, the corresponding powder was
mixed with 4 drops of a dispersed PVA solution per gram of
powder andmilled for 2 h. The inltrated powder was uniaxially
pressed into a rectangular bar under 300 MPa, and subse-
quently sintered at 1400 �C in air for 5 h to dimensions of�20�
4.8 � 0.5 mm3. The relative density was in excess of 99.6% as
measured by Archimedes' method. Conductivity measurements
were performed in the temperature range 700–850 �C, using
a dc four-probe technique (Keithley, 2001-785D). Silver wires
were used as probes, and silver gel (DAD87, Shanghai Institute
of Synthetic Resin) was used to improve the contacts between
the wires and the sample. The temperature was changed step-
wise with intervals of 50 �C, using heating and cooling rates of
5 �Cmin�1. The sample was held at each temperature for 10 h to
ensure full equilibration with the ambient before data acqui-
sition. For ECR measurements, the transient conductivity was
measured following switching of the gas stream from 66.7%
CO/CO2 to 50% CO/CO2 at 200 ml min�1 (STP). The gas
switching was achieved in less than 1 s. All gases were
purchased from Nanjing special gas factory Co., Ltd. The tran-
sient conductivity was normalized and t to the appropriate
solution of Fick's second law to obtain the surface exchange
coefficient (kchem) and the chemical diffusion coefficient
(Dchem). Detailed descriptions of the ECR technique and the
model used for data tting are given elsewhere.27
Electrochemical measurements

Electrolyte-supported symmetrical cells and full solid oxide
electrolysis cells were prepared to test the performance of
electrodes. Pure SFMM0.1 powder or SFMM0.1-SDC mixed
powders (weight ratio SFMM0.1 : SDC ¼ 6 : 4) were grounded
for 1 h and dispersed in a solution of ethyl cellulose in a-
terpineol. The obtained electrode ink was screen-printed 3
times with intermediate drying at 90 �C for 2 h onto a 400 mm
thick LSGM electrolyte disc (of 9 mm in diameter), followed by
calcination at 1000 �C for 2 h under stagnant air to form a 10–12
mm thick porous electrode (with effective area of 0.91 cm2).

For symmetrical cells, two identical electrodes were screen-
printed on both sides of the electrolyte disc. The symmetrical
cells were employed to measure the polarization resistance of
the SFMM0.1 and SFMM0.1-SDC electrodes in 50% CO/CO2. For
the solid oxide electrolysis cells, LSCF-SDC and SFMM0.1-SDC
composites were screen printed on opposite sides of the elec-
trolyte disc, as oxygen and fuel electrode, respectively. The ink
for the oxygen electrode was prepared in a similar way as
described above. The cell was sealed to one end of an alumina
tube, using silver paste, calcined at 800 �C for 2 h in stagnant
air, and then the cathode exposed immediately to owing CO2

(30 ml min�1). Silver mesh current collectors were attached to
each electrode using silver paste for both the symmetrical-cell
and the solid-oxide-electrolysis-cell tests. The schematics of
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Unit cell of Sr2Fe1.5Mo0.5O6 (SFM) in which one Fe atom is
substituted by Mn to produce Sr2Fe1.25Mn0.25Mo0.5O6 (SFMM0.25).
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the electrochemical cell and experimental set-up used for CO2

electrolysis tests is shown in Fig. S1.†
The electrochemical tests were performed in the tempera-

ture range 700 �C–850 �C. The impedance of the symmetrical
cells was measured using a Solartron 1260 impedance/gain
phase analyzer in the range of frequencies from 0.01 Hz to 1
MHz under open circuit conditions and at an excitation voltage
of 10mV. Polarization curves (linear sweep rate of 0.1 V s�1 from
0 to 1.6 V) and impedance of the solid oxide electrolysis cells
were measured using a Princeton electrochemical workstation
(VMC-4 multichannel). The impedance spectra were tted to an
equivalent circuit using ZView® soware (Scribner, Associates
Inc., USA). The spectra obtained for the symmetrical cells were
further analyzed by the distribution of relaxation times (DRT)
method using a home-made soware program. The program
employs Tikhonov regularization to enable the DRT
deconvolution.
Computational methods

Density functional theory (DFT) calculations were carried out
using the Vienna ab initio simulation package (VASP).28,29 The
generalized gradient approximation (GGA) with the Perdew–
Burke–Ernzerhof (PBE) functional was adopted to approximate
the exchange-correlation term.30 The projector augmented wave
(PAW) method with C (1s22s22p2), O (1s22s22p4), Mn ([Ar]
3d54s2), Fe ([Ar]3d64s2), Sr ([Kr]5s2), and Mo ([Kr]4d55s1) was
used to describe the interaction between the ionic core and
valence electrons. Following previous DFT studies on SFM,31,32

the exchange correlation energy of the 3d electrons was calcu-
lated within the generalized gradient approximation (GGA) with
an Ueff parameter of 4 eV for Mn and Fe, and with no Ueff

parameter for Mo. The kinetic energy cutoff was 520 eV, and the
energy convergence criterium was set to 10�5 eV. Structure
optimization was carried out until the forces on each atom were
less than 0.03 eV �A�1. All the calculations were spin-polarized
and ferromagnetic states were used.

Calculations were performed on the basis of the 40 atoms-
containing (Sr8Fe6Mo2O24) unit cell of the double perovskite
structure of Sr2Fe1.5Mo0.5O6 represented in space group Fm�3m.
A 6 � 6 � 6 Monkhorst–Pack34 k-point grid was used to sample
the Brillouin zone. For Mn-doped SFM, one Fe atom was
substituted by Mn in the optimized cell, leading to Sr2Fe1.5�x-
MnxMo0.5O6 with x ¼ 0.25 (SFMM0.25), as shown in Fig. 1.
Oxygen vacancies were modeled by removing a single neutral
oxygen from the unit cell, leading to Sr2Fe1.5�xMnxMo0.5O6�d

with d ¼ 0.25. The oxygen formation energy was calculated
according to

Ev ¼ Edefect � Eideal þ E

�
1

2
O2

�
(1)

where Edefect and Eideal are the total energies of the non-stoi-
chiometric and stoichiometric structures, respectively, and

E
�
1
2
O2

�
is the energy of a free O2 molecule. The projected

densities of states (PDOS) were obtained as output of the VASP
code. Atomic charges were calculated using the Bader approach.
This journal is © The Royal Society of Chemistry 2019
The minimum energy path (MEP) of oxygen migration and the
energy of the transition state (TS) were computed using the
climbing image nudged elastic band (CINEB) method.35 A total
of 5 intermediate images was created with the forces minimized

to 0.03 eV �A�1.
We used eight-layer SFM(001) and SFMM0.25(001) slabs,

separated by 15 �A of vacuum, to investigate the interaction
between CO2 and their (001) surfaces with different surface
terminations. The bottom four layers were xed at their bulk
position, while the top four layers were relaxed. A dipole
correction was applied to the direction normal to the surface,
while the Brillouin zone center was sampled at the gamma point
with a 3 � 3 � 1 k-point grid. The adsorption energy of a single
CO2 molecule was computed according to

Eads ¼ ECO2/(001)
� E(001) � E(CO2) (2)

where ECO2/(001) is the total energy of one CO2molecule adsorbed
on the (001) surface, E(001) is the total energy of the free surface,
and E(CO2) is the energy of a free CO2 molecule.
Results and discussions
Phase analysis, structural and chemical stability

Fig. S2† shows room temperature X-ray diffraction patterns of
samples Sr2Fe1.5�xMnxMo0.5O6�d (SFMMx, x ¼ 0, 0.1, 0.2, 0.3,
0.4, 0.5). Consistent with previous work SFM (x ¼ 0) is found to
adopt a cubic structure (space group Fm�3m). The XRD patterns
of the Mn-doped samples resemble those of undoped SFM (x ¼
0), demonstrating that the former compositions adopt a struc-
ture similar to that of the parent phase. No shis in the
diffraction peaks are observed upon substitution of Fe by Mn,
which may be accounted for by the very similar radii of Fe3+ and
Mn3+ ions.36 However, some extra weak reections are found in
the patterns of samples with x¼ 0.3, 0.4 and 0.5. Their presence
is assigned to SrMoO4 impurity phase. Previous research has
revealed that SFM forms a solid solution up to composition
Sr2Fe1.34Mo0.58O6�d aer annealing in air.37 Higher concentra-
tions of Mo result in second phase formation of SrMoO4. It is
argued here that dissolution of additional Mn in the structure
lowers the solid solubility of Mo. More research is needed to
J. Mater. Chem. A, 2019, 7, 22939–22949 | 22941
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clarify this. To avoid any phase coexistence, SFMM0.1 was
selected for further investigations in this study.

The structural stability of SFMM0.1 was tested by ring in
5% H2/Ar at 850 �C for 12 h. Rietveld renements of the XRD
patterns (Fig. 2) show that the perovskite structure is retained
aer ring and no extra peaks are observed. Lattice parameters
and reliability factors obtained from Rietveld renements of the
patterns obtained aer ring in air or 5% H2/Ar are shown in
Table S1.† The cubic lattice parameter of as-synthesized
SFMM0.1 slightly increases from 7.84176(4) �A to 7.86728(4) �A
aer ring under reducing conditions. This increase correlates
with a lowering in the average oxidation state of the B-site
cations (Fe, Mo, Mn) in SFMM0.1 and, hence, with an
apparent increase in the concentration of oxygen vacancies.

Fig. 3a shows XPS spectra for the B site elements in as-
synthesized SFMM0.1. The Fe 2p3/2 peak can be deconvoluted
into three constituents, corresponding to Fe2+, Fe3+ and Fe4+,
Fig. 2 Rietveld refinements of room temperature X-ray powder
diffraction patterns of SFMM0.1: (a) as-synthesized in air at 1100 �C,
and (b) after firing in 5% H2/Ar at 850 �C.

22942 | J. Mater. Chem. A, 2019, 7, 22939–22949
while the Mo 3d5/2 peak can be deconvoluted into Mo5+ and
Mo6+ peaks.38 Compared with pure SFM,13 Mn-doping reduces
the average oxidation state of Fe from +3.16 to +3.04, while the
value of 6.00 for Mo remains unaffected. The Mn 2p3/2 peak can
be deconvoluted into Mn2+, Mn3+ and Mn4+ peaks centered at
641.8 eV, 643.1 eV and 643.5 eV, respectively,38,39 yielding an
average oxidation state for Mn of +2.70. The XPS results thus
conrm that the average oxidation state of the B site cations in
as-synthesized SFM is reduced from +3.87 to +3.76 in SFMM0.1.
Upon treatment of SFMM0.1 in 5% H2/Ar (Fig. 3b), the average
oxidation states of Mn, Fe and Mo reduce from +2.7 to +2.27,
from +3.04 to +2.92 and from +6.0 to +5.9, respectively (see
Table S2†), demonstrating the high redox activity of the Mn
dopant. The average oxidation state of the B site cations in
reduced SFMM0.1 is calculated to be +3.63. Experimental and
deconvoluted O 1s XPS spectra for as-synthesized SFMM0.1 at
1100 �C in air and aer reduction at 850 �C in 5% H2/Ar are
given in Fig. S3.†

To analyze the inuence of vacancy formation on oxidation
states, we computed effective Bader charges of the atoms in
SFMM0.1 before and aer creation of an oxygen vacancy, which
gives a semi-quantitative picture of the redistribution of the
electron density upon removal of oxygen. Corresponding results
are listed in Table S3.† The Bader charges of the redox active
ions are +1.69 e for Fe and +1.86 e for Mn, both of which are
much lower than the corresponding values derived from data of
XPS, suggesting a signicant degree of covalency in the Fe–O
and Mn–O bonds.40 Aer removal of neutral oxygen, the redis-
tribution of the electrons leads to Bader charges of +1.62 e for Fe
and +1.67 e for Mn. The obtained results demonstrate the high
redox ability of the Mn dopant relative to that of atoms of the
host lattice.

Finally, the chemical stability of SFMM0.1 powder in CO2

atmosphere was checked. XRD analysis revealed no phase
change aer exposure to pure CO2 at 850 �C for 12 h.
Electrical conductivity

Electronic transport in SFM occurs by a small polaron hopping
mechanism and proceeds via percolation pathways along the Fe–
O–Fe bonding network in the crystal. As shown in Fig. S4,† the
conductivity of SFM in air reaches a value of about 20 S cm�1 at
800 �C. With the addition of Mn the conductivity at this temper-
ature decreases to 16 S cm�1, suggesting that under oxidizing
conditions the concentration of p-type charge carriers is slightly
reduced by the doping with Mn. Arrhenius plots of the electrical
conductivities of SFM and SFMM0.1 in both 5% H2/Ar and 50%
CO/CO2 are shown in Fig. 4, clarifying that under the prospective
operating conditions of CO2 electrolysis the conductivity of SFM is
enhanced upon doping with Mn. The conductivity found for SFM
in 5% H2/Ar, 16 S cm�1 at 800 �C, is in good agreement with
previous results,41 increasing to a value of 25 S cm�1 for SFMM0.1.
The higher conductivity exhibited by both materials in the more
reducing atmosphere, i.e., in 5% H2/Ar relative to that in 50% CO/
CO2, occurs on account of the predominant n-type conductivity
under reducing conditions. Introducing Mn and/or oxygen non-
stoichiometry in SFM may trigger uctuations in the electronic
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Experimental and deconvoluted Fe 2p2/3, Mn 2p2/3 and Mo 3d5/2 XPS spectra for SFMM0.1 (a) as-synthesized at 1100 �C in air, and (b) after
reduction at 850 �C in 5% H2/Ar.

Fig. 4 Arrhenius plots of the total electrical conductivity of SFM and
SFMM0.1 in 5% H2/Ar and 50% CO/CO2.

This journal is © The Royal Society of Chemistry 2019
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band structure. Previous PDOS calculations on SFM showed that
the Fe 3d and O 2p states are strongly hybridized, accounting for
the high electronic conductivity of SFM and other Fe-rich perov-
skites.40,42 Our calculations show that hybridization around the
Fermi level is preserved in perfect (d¼ 0) and oxygen-defective (d¼
0.25) SFMM0.25.
Electrical conductivity relaxation

ECR experiments on SFM and SFMM0.1 ceramics were con-
ducted to determine the inuence of partial substitution on
oxygen diffusion and the material's CO2 reduction ability.
Normalized conductivity curves for both samples acquired at
different temperatures following switching of the gas stream
from 66.7% CO/CO2 to 50% CO/CO2 are shown in Fig. 5. Relative
to that for SFM, faster re-equilibration kinetics is found for
SFMM0.1. This difference in re-equilibration time scales is more
pronounced at lower temperatures. The solid lines in Fig. 5 are
from curve tting of the data to model equations, revealing that
under the conditions of the experiments the relaxation behavior
J. Mater. Chem. A, 2019, 7, 22939–22949 | 22943
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Fig. 5 Normalized conductivity relaxation curves for (a) SFM and (b)
SFMM0.1 at different temperatures, following switching of the gas
stream from 66.7% CO/CO2 to 50% CO/CO2. The solid lines are from
least squares fitting of the data to model equations.

Fig. 6 Arrhenius plots of (a) kchem and (b) Dchem for SFM and SFMM0.1.
Error bars are within the used symbols.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 1
2:

28
:5

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
of both samples is under mixed control of bulk diffusion and
surface exchange. Arrhenius plots of Dchem and kchem are shown
in Fig. 6, which makes evident that below about 850 �C partial
substitution of Fe with Mn in SFM increases the magnitude of
both parameters. At 700 �C, the increase of both parameters
relative to the values observed for pure SFM is about 3–4 times.
Further note from Fig. 6a and b that substitution leads to
a profound decrease in the apparent activation energies of both
parameters Dchem and kchem. Secondary electron SEM images of
SFM and SFMM0.1 recorded aer the ECR experiments are
22944 | J. Mater. Chem. A, 2019, 7, 22939–22949
shown in Fig. S5.† Comparison with SEM images taken before
the experiments (not shown) indicated no apparent changes in
the morphology of both samples.

Oxygen migration

A high concentration of oxygen vacancies in SFM andMn-doped
SFM facilitates transport of O2� ions via a vacancy diffusion
mechanism. Another factor that dominates the O2� diffusivity is
the migration barrier (Emigr) associated with hopping along the
diffusion path to the nearest-neighbor vacancy. Our CINEB
calculations predict the formation energy of oxygen vacancies,
Ev(Fe–VO–Fe), corresponding with the removal of oxygen in Fe–
O–Fe bonds, in both structures to be the lowest compared with
values for formation of oxygen vacancies between dissimilar
metal atoms. For SFMM0.25 it is found that Ev(Fe–VO–Fe) is
0.17 eV, while Ev(Fe–VO–Mo) and Ev(Fe–VO–Mn) are 1.32 eV and
0.36 eV, respectively. The higher values for the latter two may be
expected on the basis of the weaker Fe–O bond compared to
This journal is © The Royal Society of Chemistry 2019
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Mn–O andMo–O bonds. The value obtained for Ev(Fe–VO–Fe) in
SFM is 0.13 eV, which is notably lower than that for SFMM0.25,
indicates that beyond breaking of the two Fe–O bonds the
formation of an oxygen vacancy is also affected by the local
surroundings. On account of the low values of Ev(Fe–VO–Fe) in
SFM and SFMM0.25, we envision that O2� transport in both
structures is dominated by hopping between adjacent (Fe–O–
Fe) sites and (Fe–VO–Fe) sites such migration involves passage
over a saddle point on the potential energy surface and,
consequently, the O2� ion will follow a curved path as sche-
matically depicted in Fig. 7a. The MEPs obtained by our CINEB
calculations (Fig. 7b) show that Emigr reduces from 0.36 eV in
SFM to a value as low as 0.15 eV in SFMM0.25. For the activation
energy of oxygen self-diffusion, which is given by the sum of
Ev(Fe–VO–Fe) and Emigr, we thus nd values of 0.49 eV and
0.32 eV for SFM and SFMM0.25, respectively. The calculations
were carried out for d ¼ 0.25. Though it cannot be excluded that
higher migration enthalpies are obtained for lower, probably
more realistic oxygen deciencies, the results clearly indicate
that the presence of Mn lowers the migration energy despite the
migration path being near the Fe atoms, corroborating with the
results from ECR experiments.
CO2 adsorption

Theoretical calculations were carried out to study the interac-
tion of CO2 with the SFM and SFMM0.25 surfaces. Primary
calculations on SFM showed the SrO (100) termination to be the
most stable surface. To study the inuence of Mn-doping on
Fig. 7 (a) Schematic presentation of oxygen ion migration pathways in

This journal is © The Royal Society of Chemistry 2019
CO2 adsorption, however, we focused our calculations on the
(Fe, Mn, Mo) O2-terminated surface. We rst calculate the CO2

adsorption energies on the perfect (i.e., non-defective) surfaces,
and then proceed with considering the effect of an oxygen
vacancy created next to the adsorption site. CO2 adsorption
energies, C–O bond lengths and O–C–O angles calculated for
different adsorbed CO2 congurations are listed in Table S4.†

CO2 chemisorbs atop surface oxygen atoms. Chemisorption
involves charge transfer to the adsorbed CO2 molecule (and
bending of the initially linear CO2 molecule due to electron
transfer to the antibonding p* orbitals of CO2) with as a result
more negative adsorption energies compared to physisorption.
Different oxygen sites are available on the (100) surfaces of SFM
and SFMM0.25. These are the Fe–O–Fe and Fe–O–Mo sites on the
(Fe, Mo) O2-terminated (100) surface of SFM, with respective
adsorption energies of �0.98 eV and �0.91 eV. On the (Fe, Mn,
Mo) O2-terminated (100) surface of SFMM0.25 these are the Fe–O–
Mn and Fe–O–Mo sites with respective adsorption energies of
�1.00 eV and �1.11 eV. Hence, CO2 adsorbs preferentially atop
the oxygen atomwith the lowest oxygen vacancy formation energy.
The calculations further show that the CO2 molecule adsorbs as
amonodentate surface carbonate (CO3

2�) species as illustrated for
adsorption on preferential oxygen sites on both surfaces in Fig. 8a
and c. For both SFM and SFMM0.1, it is found that the O–C–O
angles are bent to about 131�, and that the C–O bond lengths are
elongated to values close to 1.27�A, relative to the gaseous values of
180� and 1.18�A, respectively. The ideal carbonate ion has trigonal
planar symmetry with C–O bond lengths of about 1.28 �A.12 The
SFM and SFMM0.25, and (b) corresponding minimum energy profiles.

J. Mater. Chem. A, 2019, 7, 22939–22949 | 22945
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Fig. 8 Different adsorption configurations of CO2 on the (a) perfect and (b) oxygen-defective (Fe, Mo)O2-terminated (100) surface of SFM, and
the (c) perfect and (d) oxygen-defective (Fe, Mn, Mo) O2-terminated (100) surface of SFMM0.25. Only part of the unit cell (Fig. 1) used in the
calculations is shown. Oxygen vacancies are created at the Fe–O–Fe site for SFM, and at the Fe–O–Mn site for SFMM0.25, corresponding with
the lowest formation energies (seemain text). Iron is blue, manganese is purple, molybdenum is green, oxygen is red, and carbon is black. O1 and
O2 are oxygen atoms from the CO2 molecule, and O3 stems from the oxide lattice. Calculated C–O bond lengths, O–C–O angles, and CO2

adsorption energies are listed in Table S4 in the ESI.†
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surface carbonate ion is considered to be an important interme-
diate for activation and reduction of CO2.12

Next, the effect of a nearest-neighbor oxygen vacancies on
CO2 adsorption is considered. A different conguration for CO2

emerges compared with that found upon adsorption on the
vacancy-free (100) surfaces as the CO2 molecule now forms
a bidentate carbonate conguration with one of the C–O bonds
strongly elongated to about 1.31 �A (See Table S4†). The biden-
tate conguration results in a more negative adsorption energy
relative to that of the monodentate conguration found on the
vacancy-free surface. For SFM the adsorption energy is lowered
from �0.98 eV to �1.23 eV, while for SFMM0.1 it is lowered
from �1.11 eV to �1.37 eV. Apart from the lower adsorption
energies the distorted CO2 molecule is presumed to be highly
activated. The more exothermic values of the CO2 adsorption
energies found for SFMM0.25 than for SFM substantiated by the
theoretical calculations indicate that partial substitution of Fe
with Mn enhances CO2 adsorption. This is further corroborated
by the results from temperature-programmed desorption
measurements on SFM and SFMM0.1 powder samples that have
been treated in pure CO2 at 200 �C for 30 min. Fig. S6† shows
that much enhanced desorption is found for SFMM0.1 as
compared to SFM which extends up to about 900 �C.
22946 | J. Mater. Chem. A, 2019, 7, 22939–22949
Electrochemical performance

Both LSGM electrolyte-supported symmetrical and full elec-
trolysis cells were fabricated. Symmetric cells were employed to
measure the polarization resistance (Rp) of single-phase
SFMM0.1 and dual-phase SFMM0.1-SDC electrodes under
reducing conditions. Fig. 9a shows corresponding impedance
spectra recorded at 800 �C in 50% CO/CO2. Also included for
comparison is the impedance spectrum for a symmetrical cell
with SFM electrodes recorded under identical conditions from
our previous study.14 The latter cell was fabricated similarly to
the symmetrical cells employed in the present study. Under the
specied conditions, Rp for SFM is 1.12 U cm2, while 0.60 U cm2

is found for the SFMM0.1 electrode. Corresponding values at
700 �C are 8.76 U cm2 and 4.36 U cm2 for the SFM and SFMM0.1
electrode, respectively, conrming that Rp decreases signi-
cantly with partial substitution of Fe by Mn. The electrode
performance further improves for the SFMM0.1-SDC composite
electrode: 0.5 U cm2 at 800 �C, and 0.90 U cm2 at 700 �C. The
results from symmetrical cells are compiled in Table S5.†

A distribution of relaxation times (DRT) analysis was per-
formed on the impedance spectra recorded at 800 �C. In a DRT
plot, the location of a peak reects a characteristic relaxation
time, while the integral peak area is a measure of the
This journal is © The Royal Society of Chemistry 2019
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Fig. 9 (a) Impedance spectra of electrolyte-supported symmetrical
cells SFM|LSGM|SFM, SFMM0.1|LSGM|SFMM0.1 and SFMM0.1-SDC/
LSGM/SFMM0.1-SDC recorded under open circuit conditions, at
800 �C, in 50% CO/CO2, and (b) corresponding results from DRT
analyses of the spectra. Impedance spectra are shown after subtrac-
tion of the apparent electrolyte resistance. Data for SFM in (a) is
replotted from ref. 14.

Fig. 10 Electrochemical performance of a single electrolyte-sup-
ported electrolysis cell, LSCF-SDC/LSGM/SFMM0.1-SDC, incorpo-
rating composite SFMM0.1-SDC as fuel electrode: (a) I–V curves, and
(b) impedance spectra at open circuit voltage. The drawn lines
represent fitted data. Measurements were conducted at different
temperatures, as indicated. Air was supplied to the anode and pure
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polarization loss. In general, low frequency peaks are assigned
to gas diffusion and surface processes such as adsorption/
desorption, while high frequency peaks are linked to charge
transfer and ion migration processes.42 As seen from Fig. 9b
multiple peaks can be identied in the DRT curves of the
spectra. The high frequency peaks are probably caused by the
transformation procedure and have no direct physical meaning.
Comparison of the DRT curves shows that doping of SFM with
Mn notably lowers the low frequency-peak in the range 0.1–
1 Hz, which we tentatively ascribe to lowering of the polariza-
tion losses due to enhanced CO2 adsorption and associated
reduction kinetics consistent with the results from DFT calcu-
lations and ECR (see above sections Oxygen migration and
Electrical conductivity relaxation). For the SFMM0.1-SDC
composite electrode, the peak at 0.1–1 Hz has virtually van-
ished. Fig. S7† shows impedance spectra of the symmetrical
cells recorded at different operating temperatures and corre-
sponding DRT plots. More measurements are needed (e.g., as
a function of gas phase composition, current density and elec-
trode microstructure) to identify unambiguously the
This journal is © The Royal Society of Chemistry 2019
physiochemical processes in the impedance spectra and corre-
sponding DRT plots.

The performance of the SFMM0.1-SDC composite electrode
for CO2 electrolysis was further tested in a full electrolyte-
supported electrolysis cell using LSCF-SDC as oxygen elec-
trode and LSGM as the electrolyte. Corresponding results are
shown in Fig. 10a. Using pure CO2, without addition of reducing
gas (e.g., H2) or pre-reduction of the electrode, the current
density at an applied voltage of 1.5 V is found to increase from
0.47 A cm�2 at 700 �C to 1.80 A cm�2 at 850 �C. The I–V curves
exhibit distinct non-linear behavior. This phenomenon has also
been observed in other studies where perovskite-type oxides are
used as electrodes for CO2 or H2O electrolysis, without pre-
mixing of the feed gases with CO or H2,7,9,10,43–45 and which is
in contrast to the linear I–V curves observed when Ni-YSZ based
cathodes are used.

Nyquist plots of the single cell measured at OCV at different
temperatures are given in Fig. 10b. The spectra can be tted
using the equivalent circuit Rs(R1Q1)(R2Q2)(R3Q3), where Rs is
the apparent ohmic resistance of the electrolyte, Ri (i ¼ 1, 2 and
3) is a resistance, and Qi (i ¼ 1, 2 and 3) is a constant phase
element. At 800 �C, the total electrode polarization resistance
(Rp ¼ R1 + R2 + R3) at OCV is 0.58 U cm2, noting that the LSCF-
SDC anode minorly contributes to the value of Rp.12 The excel-
lent performance of the SFMM0.1-SDC electrode is immediately
CO2 to the cathode.

J. Mater. Chem. A, 2019, 7, 22939–22949 | 22947
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Table 1 Comparison of literature values of current densities achieved
in pure-CO2 electrolysis over different all-ceramic cathodes in elec-
trolyte-supported cells operated at 1.5 V at 800 �C with the value
obtained in this study

Fuel electrodea
Current density
[A cm�2] Reference

La0.75Sr0.25Cr0.5Mn0.5O3�d-SDC 0.075 7
(La0.75Sr0.25)0.95(Cr0.5Mn0.5)O3�d-GDC/YSZ 0.26 8
(La0.75Sr0.25)0.95(Cr0.5Mn0.5)O3�d-GDC 0.18 8
La0.75Sr0.25Cr0.5Fe0.5O3�d 0.09 17
La0.75Sr0.25Cr0.4Fe0.5Ti0.1O3�d 0.075 17
La0.2Sr0.8Ti0.9Mn0.1O3�d-SDC 0.15 10
La0.2Sr0.8Ti0.9O3�d-SDC 0.06 10
La0.2Sr0.8TiO3�d 0.105 11
La0.2Sr0.8Ti0.9Mn0.1O3�d 0.26 11
(La0.2Sr0.8)0.95Ti0.9Mn0.1O3�d 0.22 11
(La0.2Sr0.8)0.95Ti0.9Cr0.1O3�d 0.24 11
(La0.2Sr0.8)0.95Ti0.85Mn0.1Ni0.05O3�d 0.45 11
(La0.2Sr0.8)0.95Ti0.85Cr0.1Ni0.05O3�d 0.36 11
Sr0.95Ti0.8Nb0.1Mn0.1O3�d 0.17 16
Sr0.95Ti0.8Nb0.1Cr0.1O3�d 0.17 16
Sr0.95Ti0.9Nb0.1O3�d 0.12 16
La0.3Sr0.7Fe0.7Ti0.3O3�d 0.30 18
La0.8Sr0.2FeO3�d 0.76 12
La0.8Sr0.2FeO3�d-SDC 1.06 12
La0.5Sr0.5FeO3�d-GDC 0.36 21
La0.5Sr0.5Fe0.95V0.05O3�d-GDC 0.57 21
La0.5Sr0.5Fe0.9V0.1O3�d-GDC 0.43 21
La0.5Sr0.5Fe0.85V0.15O3�d-GDC 0.35 21
SFM-SDC 1.09 13
SFMM0.1-SDC 1.35 This work

a SDC and GDC refer to Sm0.2Ce0.8O2�d and Gd0.2Ce0.8O2�d, respectively.
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apparent from Table 1, which lists current densities achieved in
pure CO2 electrolysis using different electrolyte-supported cells
operated at 1.5 V at 800 �C from literature. It should be noted
that comparison in Table 1 is limited to SOECs incorporating
all-ceramic cathodes, thereby excluding mixed metal–metal
oxide electrodes such as Ni–YSZ and perovskite electrodes with
exsolved metal or alloy particles. For completeness, literature
performance data on the latter two types of electrodes are given
in Table S6 and S7,† respectively, conrming the excellent
performance of the SFMM0.1-SDC electrode for direct CO2

electrolysis. As shown in Fig. S8a,† a short-term test was con-
ducted to test for possible coke formation. The cell was operated
in the CO2 electrolysis mode at 750 �C at a current density of 0.6
A cm�2 for 50 h. SEM micrographs taken before and aer the
experiments are shown in Fig. S9,† conrming good adherence
of the SFMM0.1-SDC electrode to the LSGM electrolyte and
stability of the electrode. Inspection of the SEM images recor-
ded aer operation as well as data from Raman spectroscopy
(See Fig. S8b†) conrmed that the SFMM0.1-SDC cathode
remains free from coke formation.
Conclusions

In conclusion, an all ceramic cathode has been developed which
combines a high stability with a high performance in direct CO2
22948 | J. Mater. Chem. A, 2019, 7, 22939–22949
electrolysis. When SFMM0.1-SDC is incorporated as cathode in
an electrolyte-supported SOEC for electrolysis of pure CO2

a current density of 1.35 A cm2 is achieved at 800 �C under an
applied bias of 1.5 V, without the addition of a reducing gas
such as H2. The enhanced cell performance can be accounted
for by data from electrical conductivity relaxation experiments
and rst-principle calculations, revealing that oxygen transport,
CO2 adsorption and reduction kinetics are enhanced upon
doping of parent SFM with Mn. The SFMM0.1-SDC composite
electrode further exhibits excellent coking resistance. This work
shows that SFMM0.1-SDC is a promising alternative to replace
metal-based electrodes for direct CO2 electrolysis.
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