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This work is focused on La0.6Sr0.4CoO3-δ (LSC) infiltrated La0.58Sr0.4Co0.2Fe0.8O3-δ (LSCF) oxygen electrode for high temperature
steam electrolysis aimed at efficient hydrogen production. In this respect, first the chemical and structural stability of both LSCF
and LSC materials are investigated as a function of temperature under air and oxygen. The electrochemical performance of LSC
infiltrated LSCF oxygen electrode is then investigated for steam electrolysis and compared with conventional LSCF electrode. The
symmetrical half-cell as well as single cell containing LSCF oxygen electrode with and without LSC infiltration are characterized
using electrochemical impedance spectroscopy in the temperature range 700–900◦C. It is observed that the symmetrical cell as
well as single cells with LSC infiltrated LSCF electrode performs better than the conventional LSCF electrode. The degradation
experiments were performed with the symmetrical cells under polarizations. Post-test analysis using SEM-EDX was performed to
investigate the changes of electrode and electrode/electrolyte interface microstructures.
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Solid Oxide Electrolysis Cells (SOECs) have attracted consid-
erable interest in the attainment of zero emission and high purity
hydrogen production.1–3 Additionally, the SOECs can be used for
electrolysis of CO2 and H2O to produce syngas (H2 + CO) which
can be further used for the production of synthetic fuels.4–7 The high
temperature electrolysis (SOECs) has main advantage over the low
temperature electrolysis (like alkaline electrolysis or PEM electroly-
sis) of its high efficiency. Moreover, the renewable energy sources like
solar or wind can be combined with SOEC systems to store electrical
energy as chemical energy in the form of hydrogen, methane, methanol
etc. Notwithstanding these advantages, the commercialization of high
temperature SOEC is still an issue. In general for the commercializa-
tion of SOECs, the system must meet the certain criteria such as low
cost, modularity, easy maintenance and durability.

Recently, a lot of research focuses on the long term durability of
SOECs.8–11 Several degradation phenomenon have been reported, for
instance in the fuel electrode, redistribution of nickel or formation of
nanoparticles of nickel; for the electrolyte, the formation of oxygen
bubbles at the grain boundaries, close to oxygen electrode which leads
to delamination of the oxygen electrode.

Generally during solid oxide cells (SOC) operation, the electrode
polarizations induce large voltage losses especially at the oxygen elec-
trode compared to the fuel electrode,12–15 therefore the modification in
the existing material as well as investigation of new oxygen electrode
materials are still required in order to enhance the oxygen electrode
reaction kinetics. Moreover, the enhancement in oxygen electrode
reaction kinetics will be further beneficial to increase the hydrogen
production rate from water electrolysis using SOECs.

With respect to oxygen electrode, several Mixed Ionic and Elec-
tronic Conducting (MIEC) oxide materials have been comprehen-
sively studied for solid oxide cells.16–28 Usually, oxygen electrode
functions include several contributing processes: (a) transport of gases
through the pores of the electrode; (b) chemical and electrochemical
processes on the electrode surface associated with oxygen adsorption,
dissociation and/or reduction; (c) transport of ionic and electronic
defects along surfaces, across interfaces, and through the bulk; and
(d) incorporation of oxygen species into the electrolyte. The ele-
mentary electrode property requirements include sufficient porosity,
excellent surface catalytic activity and high electronic and sufficient
ionic conductivity.29,30 Moreover, to confirm system reliability and

∗Electrochemical Society Member.
zE-mail: v.vibhu@fz-juelich.de

durability through thermal cycling, ideal oxygen electrode materials
should have a suitable thermal expansion coefficient (TEC) and chem-
ical compatibility with the electrolyte and the interconnect materials
as well as superior stability under oxidizing atmosphere.

In this respect, cobaltite based mixed ionic and electronic con-
ducting oxides, like (La,Sr)(Co,Fe)O3 (LSCF) have been extensively
studied. Usually a Gd-doped ceria (GDC) interlayer is used between
LSCF electrode and yttria stabilized zirconia (YSZ) electrolyte to
avoid the formation of insulating phases like La2Zr2O7 and SrZrO3.
If the GDC layer is not sufficiently dense then the high mobility
of surface segregated SrO on the LSCF grain surface and the high
chemical driving force are assumed responsible for the long range
transport of SrO and formation of SrZrO3 occurs at the GDC/YSZ
interface. The formation of Sr- and/or Co-rich particles on the sur-
face of dense LSCF while only Sr-enrichment on the surface of aged
porous LSCF electrode during short term SOEC operation is usually
observed.31,32 When the cell is kept for long duration at operating
conditions, then particularly the delamination of oxygen electrode
at the electrode/electrolyte interface is the most common mode of
failure.33,34 Two mechanisms are possible for such kind of delamina-
tion, (a) the oxygen evolution reaction at the oxygen electrode leads
to a locally high partial pressure of oxygen (pO2) in the electrode and
at the electrode/electrolyte interface forming pores and/or (b) change
in stoichiometry of electrode causing pores, in SOEC mode, further
leads to increase in electrode overpotential.33,35 Other possible reasons
for the degradation of LSCF electrode containing cells could be the
surface modification such as the formation of Sr- and /or Co-rich par-
ticles on the surface of LSCF electrode which further leads to decrease
the oxygen electrode reaction kinetics.31,35,36 It is also possible that
the formation of both La-rich region and Sr-rich regions are increased
during ageing process.31,37 Moreover, the change of LSCF phase from
rhombohedral to cubic is also probable under anodic polarization in
the bulk of electrode, as reported by Kim et al.38

One way to avoid such difficulties could be to increase the activity
of oxygen electrodes by introducing highly active catalyst materials
by infiltration.39–41 Surface modification through infiltration is an ef-
fective approach to enhance electrode functionality while retaining
advantageous qualities of each constituent material. There are three
main advantages of surface modification of electrodes through infil-
tration, (a) it is an effective approach to enhance the electro-catalytic
activity at low cost with high stability of electrode, (b) utilization of a
wide variety of active materials that cannot be used in a conventional
electrode fabrication process due to high reactivity with the other
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components of the SOC or high cost, (c) it allows production of nano-
sized and/or nano-structured electrodes thus creating higher surface
areas of electro-catalytic active materials. Recently a lot of work has
been published on the preparation of oxygen electrodes with several
different MIEC materials using infiltration techniques,17,42–49 show
improvement in the performance of the electrode due to enhancement
of active reaction sites/electro-catalytic activity of the electrode.

In general, it can be seen that the infiltration of additives/catalyst
to the electrode leads to an improvement in the cell performance,
however in different extent, and their effect during long term is also
dependent on the nature of catalyst.41,46 For instance Ding et al. have
reported the effect of infiltration of LSM, PSM (Pr0.75Sr0.2MnO3-δ),
PSCM (PrSrCoMnO6-δ) in LSCF backbones. The best performance
was obtained for PSCM infiltrated LSCF electrode.46,50 More precisely
the lowest Rp is observed for PSCM electrode with the YSZ electrolyte
and SDC buffer layer. Samson et al. have reported the infiltration of
Co-based materials in a GDC backbone.17,49 Electrochemical charac-
terization revealed that the lowest polarization resistance (Rp) value at
600◦C is obtained for La0.6Sr0.4Co1.05O3-δ (LSC) (62 m�.cm2), then
for LaCoO3 (79 m�.cm2) and highest (more than three times of LSC)
for Co3O4 infiltrated electrodes (270 m�.cm2). This could be related
to the both ionic and electronic conductivities of the materials. The
electronic conductivity of LSC is highest among all these materials,
following the order LSC (2000 S.cm−1) > LaCoO3 (600 S.cm−1) >
Co3O4 (2 S.cm−1) at 600–800◦C.51–53 Moreover, LSC has significantly
high value of ionic conductivity (0.01–0.45 S.cm−1) in addition to
high electronic conductivity at the operating temperature range 650–
1000◦C,54 leading to a very promising electrode material. It means that
the activity of the catalyst is somehow important for the electrochem-
ical performance of the cell. Bidrawn et al. have reported the effect of
different additives in the LSF-YSZ and LSM-YSZ cathodes and found
that the improvement in the performance of the cell is more associated
with the electrode structure.55 In addition, the electrode performance
strongly depends on the surface area of the infiltrated catalyst.56 All
these results clearly indicate that the improvement through infiltration
could be associated with the electro-catalytic properties as well as the
structure of the infiltrated electrode.

In this work we have focused our work to stabilize the LSCF oxy-
gen electrode under anodic polarizations by performing LSC infiltra-
tion in LSCF electrode. As in the SOEC mode the oxygen evolution
reaction takes place at oxygen electrode, therefore the stability of the
oxygen electrode in oxidizing atmosphere is very important. In this
study we have compared the stability of both LSCF and LSC oxy-
gen electrodes in air and oxygen atmosphere using high temperature
in-situ XRD experiments. Further, we studied the influence of LSC
infiltration in LSCF electrode on both performance and degradation
during operation, by both symmetrical as well as single cells compris-
ing conventional LSCF and LSC infiltrated LSCF electrodes.

Experimental

Powder preparation.—Both La0.58Sr0.4Co0.2Fe0.8O3-δ (LSCF) and
La0.6Sr0.4CoO3-δ (LSC) powders were synthesized by a standard solid
state route. La2O3 (99.99%, Sigma Aldrich), SrCO3 (99.9%, Sigma
Aldrich), Fe2O3 (99%, Sigma Aldrich) and Co3O4 (99%, Alfa Aeser)
powders were used as precursors. La2O3 was initially heat-treated at
900◦C overnight to remove residual water before weighing. The pow-
ders were weighed according to the compositions and then ball-milled
for 4 h at 250 rpm using zirconia balls and isopropanol (98.8%, VWR).
After drying at 80◦C overnight, the mixtures were then calcined in air
at 1080◦C for 8 h. After getting the pure phase, the powders were again
ball-milled for 4 h in order to get the average particle size ∼1μm.

X-ray diffraction analysis.—The powders were first investigated
by X-Ray diffraction (XRD) at room temperature using a PANana-
lytical X’pert MPD diffractometer with Cu-Kα incident radiation to
check the purity of phase. The XRD vs. T (i.e. in situ XRD) were then
performed to check the stability of phase with temperature under air
and oxygen atmosphere. The data were recorded for both heating and

cooling, from room temperature up to 1000◦C, by steps of 100◦C. The
heating and cooling rate was fixed to 2◦C.min−1, the powder being
thermally equilibrated for 2 h at each particular temperature prior to the
XRD data recording. The X-ray diffractogram recorded on the pow-
der during cooling is preferentially reported here thanks to a thermal
equilibrium which is expected to be more easily reached in this case.

Each X-ray diffractogram was fitted by profile matching using the
Fullprof software.

Cells preparation.—Symmetrical half-cells (electrode//GDC/
/8YSZ//GDC//electrode) were prepared using dense sheets of 8YSZ
(8 mol.% yttria stabilized zirconia from, Kerafol) with diameter ≈ 20
mm and thickness ≈ 250 μm. Terpineol-based slurries were prepared
for LSCF and GDC powder. In order to increase the chemical stability
of the half-cells, a 3–4 μm GDC layer was initially screen printed on
both sides of the 8YSZ electrolyte sheets and sintered at 1350◦C for 1
h under air. The LSCF layer (thickness ≈ 40 μm, area ≈ 1 cm2) was
then screen printed on each side. The optimal sintering temperature
of the electrode in air was previously determined in our group was
1080◦C for 3 h.

For single cell measurements, commercial electrode supported
half-cells (CeramTec, ASC-10C type) made of a 400 μm thick Ni-
8YSZ cathode (Ø = 20 mm), a 10 μm thick 8YSZ electrolyte mem-
brane (Ø = 20 mm), a 3–4 μm thick GDC layer (Ø = 20 mm) and a
40 μm thick LSCF electrode (Ø = 10 mm) were used.

The LSC infiltration solution (0.05 M) was prepared by dissolv-
ing La(NO3)3.6H2O, Sr(NO3)2 and Co(NO3)2.6H2O in distilled water
with a molar ratio 0.6:0.4:1. Subsequently citric acid was added as
complexing agent. The infiltration cycle consisted in the deposition
of a droplet of LSC solution (10 μl) onto the LSCF electrode, fol-
lowed by the calcination of the nitrates at 450◦C for 20 min. This
cycle was repeated 4 times to reach the desired LSC/LSCF weight
ratio ∼30–35 wt%.47 One infiltration cycle with a 0.05 M solution
gives approximately ∼7–8 wt% of infiltrated LSC. The final calci-
nation was performed at 900◦C for 4 h to form the LSC perovskite
phase. Later on, the cells were also prepared in the same way with
La0.8Sr0.2MnO3 (LSM) infiltration in LSCF electrode to compare the
effect of infiltration of different catalyst.

Electrochemical characterizations.—Symmetrical half-cells.—
The electrochemical properties of symmetrical half-cells were char-
acterized by Electrochemical Impedance Spectroscopy (EIS) using a
three electrodes arrangement. A platinum point placed at the edge
of the electrolyte was used as reference electrode. The EIS measure-
ments were carried out in a 700–900◦C temperature range under zero
dc conditions and under polarization. Platinum grids (1024 mesh)
were used as current collectors.

The degradation experiments were carried out at 800◦C up to 408
h under polarizations. The symmetrical half-cell was polarized using
an initial voltage of V = +25 mV for 24 h applied on the working
electrode (WE) (upper electrode) for electrolysis mode (anodic polar-
ization). In this manner the counter electrode (CE) (lower electrode)
operates in fuel cell mode (cathodic polarization). The voltage was
increased gradually by 25 mV each day till 400 mV.

The impedance diagrams were recorded after each 24h at idc = 0
condition, at steady state under potentiostatic control with 50 mV ac
amplitude, from 106 Hz down to 10−1 Hz, using an IVIUM VERTEX
potentiostat/galvanostat with integrated frequency response analyzer
module. The complex impedance diagrams were analyzed by means of
the Zview (Scribner Associates) software. The polarization resistance
(Rp) values were calculated from the difference between the low (LF)
and the high frequencies (HF) diagram intercepts with the real axis of
the Nyquist representation.

Single cells.—i-V curves and impedance diagrams were investi-
gated in the 700–900◦C temperature range. In this case, platinum and
nickel grids (1024 mesh) were used as current collectors for oxygen
electrode and fuel electrode respectively. The i-V characteristic was
measured from fuel cell mode (0.6 V) to electrolysis mode (1.5 V)
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Figure 1. Variation of lattice parameters of (a) LSCF and (b) LSC as a function of temperature.

with 50% H2O and 50% H2 mixture. The impedance diagrams were
recorded at 0.7, OCV, 1.0, 1.1, 1.2, 1.3, 1.4 and 1.5 V.

SEM analyses.—The microstructures of electrodes and the post-
test analysis of cells were investigated by field emission Scanning
Electron Microscopy, Quanta FEG 650 (FEI) equipped with an EDS
detector.

Results and Discussion

The XRD characterization of as-prepared LSCF and LSC phases
show that these materials crystalize in a rhombohedral structure with
R-3c space group. The full pattern profile matching refinements leads
to determine the following lattice parameters a = b = 5.4810(4) Å,
c = 13.439(3) Å and a = b = 5.4335(4) Å, c = 13.217(3) Å for LSCF
and LSC respectively. These values are in good agreement with the
previously reported results.57,58

Thermal behavior of the materials with temperature under air
and oxygen (XRD vs. T).—The thermal variation of the X-ray pat-
terns under air shows that both LSCF and LSC phases remain stable
up to 1000◦C; with increasing temperature, the structure always keeps
the rhombohedral symmetry and is still indexed with the R-3c space
group. The Fullprof refinements were carried for all XRD pattern to
investigate the lattice constants. The absence of additional peaks with
regard to the room temperature diagram confirms the stability of both
materials up to 1000◦C under air and oxygen. In Figures 1a, 1b, the

variations of a, b and c lattice parameters as a function of tempera-
ture are plotted for LSCF and LSC, respectively. All of them show
almost linear increase throughout the temperature range, at least for
T > 200◦C.

The thermal expansion coefficients of LSCF and LSC were cal-
culated from the thermal variation of lattice parameters i.e. the slope
of (L-Lo)/Lo vs. T as shown in Figures 2a, 2b, where L and Lo are
the cubic root of the volume at a particular and room temperatures,
respectively. The values of the TEC are 17 × 10−6◦C−1 and 16 ×
10−1◦C−1 under air and oxygen respectively for LSCF. The values of
TEC are 23 × 10−6◦C−1 and 22 × 10−6◦C−1 under air and oxygen
respectively for LSC. A slight decrease in the TEC is then observed
for both LSCF and LSC material under oxygen compare to air. The
values of the TEC of LSCF and LSC under air are in good agreement
with the previous reported results.57,59,60

Phase, microstructure and electrochemical characterization of
LSC infiltrated LSCF symmetrical cell.—To investigate the phase
formation of LSC, the precursor’s solution (as described in the exper-
imental part) of LSC was first dried and decarbonized at 200◦C and
then calcined at 900◦C for 4 h under air, the resulting powder was
characterized by X-ray diffraction. Figure 3 shows the X−ray diffrac-
tion patterns of the LSC powder obtained after calcination. XRD of
the powder prepared from the precursor’s solution confirms the LSC
phase formation without the presence of any impurity. The LSC phase
formation test was not performed with the infiltrated electrode as the
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Figure 2. Variation of TECs of (a) LSCF and (b) LSC as a function of temperature.
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Figure 3. XRD pattern of LSC phase formation after calcination at 900◦C
for 4h.

peak positions of LSC and LSCF are very close and hence difficult to
distinguish.

Figures 4a, 4b shows SEM pictures of a fractured cross-section
after a heat-treatment at 900◦C for 4 h of conventional LSCF and LSC
infiltrated symmetrical cells respectively. The conventional LSCF
electrode shows the larger interconnected grains. For the infiltrated
sample, the LSCF grains are covered with a partly interconnected net-
work of small grains. It is clear that the infiltrated phase entirely covers
the LSCF grains and annealing treatment sintered the infiltrated phase
to the surface of the LSCF grains. The infiltrated LSC nanoparticles
with particle size less than 50 nm are uniformly distributed on the
LSCF scaffold with 30–35 wt% of LSC mass loading (Figure 4b).
As a result the surface area is greatly enhanced for the oxygen elec-
trode reaction process, which may enhance the overall performance
of oxygen electrode.

Polarization resistance measurements under air, idc = 0.—The
symmetrical cell was mounted into the measurement setup, with flow
of air. The cell was heated at 900◦C and the impedance diagrams were
investigated by EIS at idc = 0 condition.

The electrochemical behavior of symmetrical cells containing
LSCF electrode with and without infiltration were recorded in the
700–900◦C temperature range. The variation of impedance spectra of
symmetrical half-cells at 800◦C is shown in Fig. 5a, as an example.
The impedance spectra of all samples consist of two distinguished
arcs and can be fitted using three time constants (R//CPE) in addi-
tion to an ohmic resistance (Rs) and an instrument induced inductivity
(L) (Figure 5a) and the fitting parameters are given in the supporting
information Table S1. In the current study the fit was limited to the ex-
traction of the polarization resistance (Rp) value, therefore no attempt
was made to interpret the three elements representing the total elec-
trode processes. However, in general, these three electrode processes
could be linked with charge transfer process at electrode/ electrolyte
interface, adsorption/desorption and oxide ion diffusion inside the
porous electrode and molecular oxygen gas diffusion process.61

Figure 5b shows the variation of Rp with temperature for the LSCF
electrode with and without infiltration. An improvement in the Rp

value is observed with LSC infiltration. For instance, the Rp values
at 800◦C are 38 and 22 m�.cm2 for conventional LSCF and LSM

Figure 4. Fractured cross-section of the symmetrical half-cell with, a) con-
ventional LSCF electrode and b) LSC infiltrated LSCF electrode.

0.85 0.90 0.95 1.00 1.05
0.01

0.1

LSC infiltrated LSCF R
p

(Ω
.c

m
2 )

1000/T (K-1)

Conventional LSCF

LSM infiltrated LSCF

900 850 800 750 700
Temperature (°C)

(b)

Figure 5. (a) Impedance spectra (plotted in Nyquist form) recorded at 800◦C
under OCV conditions and (b) Arrhenius plots of Rp, for conventional LSCF
electrode, LSC infiltrated LSCF electrode and LSM infiltrated LSCF electrode.

infiltrated LSCF electrodes, respectively. The activation energies for
LSCF electrode with and without infiltration are 118 ± 0.07 kJ.mol−1

and 129 ± 0.05 kJ.mol−1, respectively. Importantly, the activation en-
ergies of the calculated Rp values show similar values. The activation
energy of the conventional LSCF electrode matches earlier reported
literature value.62–64 On the other hand, LSM infiltrated LSCF cell
shows slight improvement in the electrochemical performance com-
pared to LSC infiltration under same preparation and measurements
conditions. The Rp values at 800◦C are 38 and 33 m�.cm2 for conven-
tional LSCF and LSM infiltrated LSCF electrodes, respectively. It is
clearly evident that the polarization resistance is improved throughout
the whole temperature range for both LSC and LSM infiltrated sample
but the best performance is obtained for LSC infiltrated LSCF cell,
therefore we considered LSC infiltrated LSCF cell to perform the long
term degradation test. Zhu et al. have also reported the effect of LSM
infiltration in the LSCF oxygen electrode and found the improvement
in the performance under SOFC operation.65

Electrode degradation studies with symmetrical cells under
polarization.—Degradation studies of symmetrical cells containing
conventional LSCF and LSC infiltrated LSCF electrode were per-
formed under polarization at 800◦C, starting from 25 mV up to
400 mV with an increment of 25 mV each day. The impedance spectra
were recorded at idc = 0 after each 24 h up to 408 h. The obtained Rp

values are plotted as a function of time in Figure 6.
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Figure 6. Degradation experiment with symmetrical cells containing conven-
tional LSCF and LSC infiltrated LSCF electrode under electrolysis mode.

In electrolysis mode (i.e. under anodic polarization), an increase in
Rp values is noticed with increasing time and voltage for conventional
LSCF symmetrical cell. The Rp value at t = 0 is ∼ 38 m�.cm2 which
increases with time and reaches ∼52 m�.cm2 after 408 h, i.e. showing
∼37% overall degradation. The variation of impedance spectra with
time shows that there is a continuous increase in ohmic resistance
(Rs) in addition to Rp, as shown in the supporting information Figure
S1(a). The ohmic resistances were calculated from these spectra and
depicted their vitiation with time in Figure S2. A continuous increase
in observed throughout the experiment like the Rp of the LSCF cell.

For LSC infiltrated LSCF symmetrical half-cell, on the other hand,
almost no degradation (constant Rp) is observed in electrolysis mode
under same conditions, as shown in Figure 6. Moreover the Rs seems
also stable throughout the measurement (Figure S1 (b) and S2). To
understand the reason for such degradation post-mortem analysis were
performed after degradation test.

Post-test analyses of symmetrical cells.—SEM analyses.—The
symmetrical cells were inspected using SEM after electrochemical
measurement. There are mainly four regions for characterizing the
cross section i.e. electrolyte, electrodes, electrode/GDC interface and
GDC/electrolyte interface. As there is almost no change observed in
the bulk of the electrodes and the electrolyte, the electrode/GDC and
GDC/electrolyte interfaces are mainly discussed here. Figure 7 com-
pares the electrode//GDC//electrolyte interfaces after operation under
anodic polarization, for LSCF and LSC infiltrated LSCF symmetrical
cells. The electrode/GDC layer is partly delaminated from the elec-
trolyte for conventional LSCF symmetrical cell. Remarkably no such
delamination was observed after operation in cathodic polarization
(not reported).

A detailed analysis of these interfaces after operation under an-
odic polarization reveals that the partial delamination is present at the
electrode/GDC as well as the GDC/electrolyte interface after 408 h
of operation, as shown in Figure 7a. It can be expected that the de-

Figure 7. (a) Conventional LSCF and (b) LSC infiltrated LSCF symmetrical
half-cell after degradation experiment at 800◦C up to 408 h under anodic
polarization.
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LSC infiltrated LSCF oxygen electrode with 50% H2 + 50% H2O.

lamination could be even more severe if the cell is operated longer.
Indeed Mawdsley et al. have reported the partial delamination of oxy-
gen electrode in the stack test after 1000 h of operation, which became
more severe after 2000 h of operation, causes largest contribution to
the stack performance degradation under electrolysis conditions.34

The delamination could be linked with the high partial pres-
sure of oxygen at both interfaces (electrode/GDC as well as the
GDC/electrolyte).33,34 Another possible reason for the delamination
of GDC from the electrolyte could be the SrO mobility. In our case,
the GDC layer is not completely dense which means that it cannot stop
the migration of volatile SrO to electrolyte through the GDC layer.
Subsequently the SrO reacts with zirconia to form a SrZrO3 insulating
phase. An EDX analysis at the GDC/electrolyte interface confirms the
presence of Sr at the GDC/electrolyte interface, as shown in Figure
S3. Despite the stability of the electrode materials at high temperature
(XRD vs. T) the formation of SrO takes place during long term and/or
under operating conditions.

On the other hand, for LSC infiltrated LSCF symmetrical cell, no
delamination of electrode and/or electrode-GDC interface is observed
at the interfaces under anodic polarization, as shown in Figure 7b. This
could be due to enhancement of the electrode surface area, increase in
the catalytic activity of the infiltrated electrode, easier transport of the
oxide ions at the electrode/electrolyte interface as well as the mod-
ification of the electrode microstructure. In addition, the infiltrated
LSC particles can effectively shift the active reaction sites from elec-
trode/electrolyte interface to the surface of LSCF scaffold, this also
might be the additional reason to avoid delamination and significantly
enhance the structural stability of oxygen electrode. However, the
presence of Sr is also observed at GDC/YSZ interface for LSC infil-
trated LSCF cell but the extent is much lower compared to LSCF cell
(Figure S3), clearly indicating that the infiltration of LSC suppresses
the Sr-segregation.

Single cell measurements.—The single cell was mounted into the
measurement setup, with flows of air and N2 on the anode and cathode
sides, respectively. The cell was heated at 900◦C and N2 at the cathode
side was progressively replaced by dry hydrogen (H2) to reduce NiO
into metallic Ni. Then the temperature was decreased to 800◦C for the
electrochemical measurements. The open circuit voltage (OCV) was
around 1.15 V at dry conditions.

Figure 8 shows the Nyquist plots recorded for single cells with
LSC infiltrated LSCF and a conventional LSCF electrode, in both
cases with 50% H2 and 50% H2O at 800◦C under OCV condition. The
two cells have almost identical series resistance but the cell with LSC
infiltration shows lower Rp. The Rp value of 80 and 60 m�.cm2 are
obtained for conventional LSCF and LSC infiltrated LSCF electrode
containing single cells, respectively at 800◦C under OCV condition.
As expected, the Rp values measured on single cells are higher than
that of symmetrical cell (38 m�.cm2 and 22 m�.cm2 for conventional
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Figure 9. Current density-voltage relationship curves, at 800◦C for single cell
containing LSCF and LSC infiltrated LSCF oxygen electrode with 50% H2 +
50% H2O.

LSCF and LSC infiltrated LSCF electrode containing symmetrical
cells), as the contribution of cathode i.e. the fuel electrode is also
appearing in single cell.

Figure 9 shows the i-V relationship at 800◦C for cells with both
the conventional LSCF and LSC infiltrated LSCF electrode. The max-
imum current density reaches approximately 1.4 and 2 A · cm−2 for
conventional LSCF and LSC infiltrated LSCF single cell, respectively,
under fuel cell mode. In electrolysis mode, the maximum current
density reaches nearly −1.5 and −2 A · cm−2 for conventional and
infiltrated single cell respectively. It is seen that the single cell with
LSC infiltrated LSCF electrode performs better than the conventional
LSCF electrode in both SOFC and SOEC modes.

To further reveal the hydrogen production performance of the cells,
the hydrogen production rate in SOEC mode can be directly calculated
from the measured current using following equation:

NH2 = −I/
2F

Where NH2 is the molar rate of hydrogen production
(mol · cm−2 · s−1), I is the current density and F is Faraday’s con-
stant. For more clarity the unit of hydrogen production rate is further
converted into ml · cm−2 · h−1.

At 800◦C, the calculated hydrogen production rate can be up
to 627 ml · cm−2 · h−1 at 1.5 V with 50% H2 and 50% H2O
for the LSCF containing single cell whereas for LSC infiltrated
cell it is 835 ml · cm−2 · h−1 under same conditions, which is
much higher than that of recently reported LSCN infiltrated GDC
cells (543 ml · cm−2 · h−1).66 Other reported values in the litera-
ture for the single cells are for ex. LSCF-GDC//GDC//8YSZ//NiO-
YSZ (250 ml · cm−2 · h−1 at 750◦C67), Nd2NiO4+δ//TZ3Y//NiO-
GDC (376 ml · cm−2 · h−1 at 800◦C),26 BSCF//8YSZ//NiO-YSZ cell
(200 ml · cm−2 · h−1 at 850◦C),68 SSC-SDC73//8YSZ//NiO-YSZ (327
ml · cm−2 · h−1 at 850◦C).69 These results indicate that LSC infiltrated
LSCF electrode can be very promising oxygen electrode for high
temperature electrolysis applications. The long term electrolysis ex-
periments with the single cells are currently under progress and will
be reported in a forthcoming paper.

Conclusions

This work reports the results on the study of LSC infiltrated LSCF
oxygen electrode and comparison with conventional screen-printed
LSCF oxygen electrode under electrolysis conditions (anodic polar-
ization). Chemical and structural stability of both LSCF and LSC
phases were first investigated as a function of temperature (XRD vs.
T), revealing that these phases are very stable under air and oxygen,
as no peaks of impurities such as SrO is detected.

The polarization resistance (Rp) values obtained for
“8YSZ//GDC//LSCF” symmetrical half-cells with and without
infiltration are 22 m�.cm2 and 38 m�.cm2 respectively, at 800◦C
under idc = 0 condition. An improvement in the Rp value is observed
for LSC infiltrated sample throughout the temperature range of
700–900◦C. A degradation experiment was performed with the
symmetrical cells till up to 408 h with an increase of potential 25
mV each day. The overall degradation rate of ∼37% and ∼0%
are observed for conventional LSCF and LSC infiltrated LSCF
symmetrical cell respectively after 408 h under anodic polarization.
The post-mortem analysis of these symmetrical cells containing
LSCF electrode reveals that the partial delamination of oxygen
electrode occurs under anodic polarization, leading to an increase
in Rp values. Interestingly, no delamination is observed with LSC
infiltrated symmetrical half-cell under the same condition.

The behavior of Ni-YSZ supported single cells “Ni-
YSZ//8YSZ//GDC//oxygen electrode is investigated in the 700–
900◦C temperature range with 50% H2 and 50% H2O. An improve-
ment in the performance is obtained with LSC infiltration. A maximum
current density value of −1.5 and −2 A.cm−2 is obtained for conven-
tional LSCF and LSC infiltrated LSCF single cell at 800◦C under an
applied electrolysis voltage of 1.5 V. The hydrogen production rate is
627 and 835 ml · cm−2 · h−1 at 800◦C for LSCF and LSC infiltrated
LSCF cells.

Finally, it can be concluded that the infiltration of LSC in a LSCF
scaffold significantly improves the electrochemical performance of
oxygen electrode and enhance the hydrogen production rate under
high temperature electrolysis conditions. The long term electrolysis
experiments with the single cells are currently under progress and will
be reported in the forthcoming paper.
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