
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 1

/1
1/

20
26

 1
1:

22
:0

2 
A

M
. 

 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
View Journal  | View Issue
A nanocrystalline
Jihwan An

D
c
o
a
G
c
D
n
s
E
K
h
M
M

Stanford University. He is a memb
of Science and Technology (Y-KAST
Nanotechnologies award in 2023
Science and Technology, Korea.
interface and surface engineeri
conversion and storage devices.

aDepartment of Mechanical Engineering,

Technology (POSTECH), Pohang, Gyeongs

E-mail: jihwanan@postech.ac.kr; hyongjune
bDepartment of Mechanical Engineering, Da

gu, Yongin-si, Gyeonggi-do, 16890, Republic

Cite this: J. Mater. Chem. A, 2025, 13,
14743

Received 10th February 2025
Accepted 2nd April 2025

DOI: 10.1039/d5ta01063b

rsc.li/materials-a

This journal is © The Royal Society o
La0.6Sr0.4Co0.4Fe0.6O3−d

interlayer for an enhanced oxygen electrode–
electrolyte interface in solid oxide cells†
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A catalytically active and intimate interface between the electrode and electrolyte is crucial for the

performance of solid oxide cells (SOCs). Here, we show that the nanocrystalline La0.6Sr0.4Co0.4Fe0.6O3−d

(LSCF) functional interlayer fabricated by the sputtering process establishes an active and mechanically

stable oxygen electrode/electrolyte interface and thereby reduces contact resistance with improving

electrolysis cell (EC) durability. The LSCF interlayer with a thickness of over 100 nm enlarged the active

electrochemical region, containing finely nanostructured grains and grain boundaries. This enhances ion

transport and ionic charge transfer kinetics at the interface, resulting in threefold higher maximum power

density in fuel cell (FC) mode and fourfold greater current density in EC mode compared with those in

the reference cell at 650 °C. The EC durability test revealed a little cell voltage difference at 650 °C for

100 h. We clearly demonstrate that the precise control of the nanoscale morphology and crystallinity of

the LSCF interlayer by thin-film deposition is important for developing high-performance thermally

stable SOCs.
r Jihwan An has been an asso-
iate professor in the Department
f Mechanical Engineering and
lso an adjunct professor in the
raduate School of Semi-
onductor Technology and the
epartment of Battery Engi-
eering at POSTECH, Korea,
ince 2023. Before joining POST-
CH, he worked at SeoulTech,
orea (2014–2022). He received
is PhD degree (2013) in
echanical Engineering (major)/
aterials Science (minor) from

er of the Young Korean Academy
) and the recipient of the Top 10
, awarded by the Ministry of
His research interests include
ng of next-generation energy

Pohang University of Science and

angbuk-do 37673, Republic of Korea.

kim@postech.ac.kr

nkook University, 152, Jukjeon-ro, Suji-

of Korea

f Chemistry 2025
Introduction

Over the past two decades, the energy crisis and environmental
pollution have accelerated global warming through greenhouse
gas emissions, leading to climate change. Fossil fuels currently
account for a major portion of our energy needs, but the CO,
CO2, SO2, and many other toxins emitted from fossil fuels
severely pollute the environment.1,2 Recently, various energy
devices have been developed to enhance the efficiency of
batteries, capacitors, fuel cells, and water electrolysis, and they
are expected to play a key role in the future energy industry.3–7

Solid oxide cells (SOCs) are electrochemical energy conver-
sion devices attracting signicant attention for overcoming the
intermittency of renewable resources such as solar and wind
power energy.8–11 SOCs can reversibly operate in two modes with
high efficiency: (i) the fuel cell (FC) mode to generate electrical
energy from the chemical energy of fuels (e.g., H2 and CH4) or
(ii) the electrolysis cell (EC) mode to produce H2 from electrical
energy. However, the sluggish oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER) at the SOC electrode
hinder the practical viability of SOC devices. Thus, the
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development of SOC oxygen electrode materials and structural
modications are mandatory.

Currently, LaxSr1−xMnO3−d (LSM), LaxSr1−xCoO3−d (LSC),
and LaxSr1−xCoyFe1−yO3−d (LSCF) have been adopted as
conventional SOC oxygen electrode materials due to their
affordable electronic conductivity and catalytic activity. In
particular, LSCF comprises superior mixed ionic-electronic
conducting (MIEC) characteristics that can simultaneously
transfer oxygen ions and electrons and lead to better thermo-
chemical stability in contact with SOC electrolyte materials.12,13

However, oxygen electrodes in SOCs inevitably undergo various
thermal and chemical degradation phenomena. Several critical
degradation issues were reported in SOCs, including Cr and
sulfur poisoning of the oxygen electrode,14,15 Sr segregation,16,17

secondary phase formation between the oxygen electrode and
the electrolyte,18,19 and microstructural deformation.20 Among
these, the chemically and mechanically induced instability at
the oxygen electrode/electrolyte interface is considered the most
devastating issue because it can lead to complete cell failure in
the entire SOEC system.21 High-voltage, high-current, and long-
term operation in EC mode can facilitate the formation of
cracks, pores, and delamination along the oxygen electrode/
electrolyte interface.22 According to multiple studies on this
delamination phenomenon, the prevailing hypothesis is that
oxygen species generated by the OER become locally accumu-
lated at the oxygen electrode/electrolyte interface, causing
a buildup of oxygen gas pressure when gas migration or release
through the oxygen electrode structure is hindered.22–27

Extensive research was conducted to address this issue by
enhancing the OER kinetics through electrode surface coatings
with catalytic materials28,29 or by structural modications,
including the addition of porous electrolyte materials to
promote oxygen gas release.30–33 However, the application of
catalytic materials does not directly address the underlying
adhesion issues at the oxygen electrode/electrolyte interface,
which can lead to inherent delamination under high-current
conditions in SOECs. Furthermore, from a fundamental
perspective, incorporating a porous electrolyte material at the
interface can increase the ohmic resistance in proportion to the
thickness of the added interlayer, which in turn may increase
the overvoltage.33 Thus, modifying the electrode surface and the
electrode/electrolyte interface presents various practical chal-
lenges, highlighting the need for ongoing research on unre-
solved physical and chemical issues through the use of
appropriate materials and optimized electrode designs.

To overcome these challenges and develop a durable oxygen
electrode/electrolyte interface for SOCs, we employed a nano-
crystalline LSCF functional interlayer deposited by sputtering at
the oxygen electrode/electrolyte interface. The sputtering
process induces strong adhesion of the lm to the substrate due
to the elevated thermal and kinetic energies during the process,
with versatility in precisely controlling the composition (e.g.,
alloys and multicomponent oxides) and microstructural
features (e.g., lm thickness, grain size, and porosity).34–40 We
focused on structural modications to enhance interfacial
properties and clarify the relationship between the micro-
structure of the LSCF interlayer and the electrochemical
14744 | J. Mater. Chem. A, 2025, 13, 14743–14750
performance of the cell. The SOC incorporating an LSCF inter-
layer (>100 nm) exhibits an approximately threefold (177 mW
cm−2 vs. 544 mW cm−2) and fourfold (93 mA cm−2 vs. 471 mA
cm−2) increase in maximum power density in FC mode and
current density (at 1.3 V) in EC mode at 650 °C, respectively.
Long-term stability testing in EC mode over 100 h at 650 °C and
250 mA cm−2 showed a threefold reduction in the degradation
rate. This study provides a comprehensive insight into the
rational design of functional interlayers at oxygen electrode/
electrolyte interfaces to enhance the performance and dura-
bility of intermediate-temperature SOCs (IT-SOCs).
Experimental
Solid oxide cell fabrication

Solid oxide cells with a NiO–Y2O3 stabilized ZrO2 (NiO–YSZ) fuel
electrodejY2O3 stabilized ZrO2 (YSZ)jSm2O3 doped CeO2 (SDC)j
LSCF interlayerjLSCF (oxygen electrode) conguration were
fabricated using a commercialized anode-supported cell (1 × 1
cm2, Kceracell), as illustrated in Fig. S1.† These anode-
supported cells consisted of 650, 30, and 8 mm NiO–YSZ
composite supports, a NiO–YSZ anode functional layer, and
dense YSZ electrolyte, respectively. To avoid the formation of
zirconates and improve the contact properties between the
oxygen electrode and electrolyte,41 a 700 nm samaria-doped
ceria (SDC) electrolyte was deposited using radio-frequency
(RF) sputtering with an SDC target (Sm 10 at%/Ce 90 at%,
iTASCO) on top of the YSZ electrolyte. The working pressure was
maintained at 3 mTorr at room temperature (RT). The sputter-
ing power was 40 W at an Ar ow rate of 30 sccm. The LSCF
interlayer was subsequently deposited on top of the SDC elec-
trolyte. The samples were prepared with interlayer thicknesses
of 0, 50, 100, 150, and 300 nm. The LSCF interlayer was
deposited via RF sputtering from an LSCF target (La0.6Sr0.4-
Co0.4Fe0.6O3−d, Advanced Engineering Materials Limited). The
Ar plasma pressure in the sputtering chamber was 75 mTorr,
and the deposition was performed at RT. The sputtering power
was 40 W at an Ar ow rate of 30 sccm. The elemental compo-
sitions of the deposited LSCF interlayers are presented in Table
S1.† On top of the LSCF interlayer, the LSCF oxygen electrode
was deposited using a conventional screen-printing process. For
the process, the LSCF slurry was rst prepared by mixing LSCF
powder (LSCF, Kceracell) with a binder (Kceracell), screen-
printed, and sintered at 900 °C for 2 h.
Morphological and compositional analysis

The microstructures of the LSCF interlayers were investigated
using eld-emission scanning electron microscopy (FE-SEM,
JSM-7800F Prime, JEOL) with energy-dispersive X-ray spectros-
copy (EDS). The surface morphology was characterized using
atomic force microscopy (AFM, Jupiter XR, Oxford Instru-
ments). To evaluate the crystallinity of the LSCF interlayer, X-ray
diffraction (XRD, Bruker DE/D8 Advance) with Cu Ka radiation
was performed in 2q scan mode. The samples were either used
as-deposited or aer annealing at 900 °C for 2 h on a Si (100)
wafer. X-ray photoelectron spectroscopy (XPS, Nexsa) with a low-
This journal is © The Royal Society of Chemistry 2025
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power Al Ka X-ray source was used to examine the chemical
composition of the LSCF interlayer. Prior to measurement, the
sample underwent Ar etching at 1 keV for 30 s. The detachment
experiment was conducted by applying a consistent 1.5 kg load
to pull off the LSCF electrode under controlled measurement
conditions across the entire cell area. The detached surface was
subsequently examined by SEM-EDS.
Fig. 1 (a) XRD survey spectra and cross-sectional SEM images and XPS
spectra of (b) La 3d, (c) Sr 3d, (d) Co 2p, and (e) Fe 2p of the La0.6-
Sr0.4Co0.4Fe0.6O3−d (LSCF) interlayer, as deposited and annealed at
900 °C for 2 h on a Si (100) wafer.
Electrochemical analysis

For the cell test, an anode-supported cell (active area: 0.283 cm2)
was xed onto a metal jig and sealed with sealing paste (Are-
mco). Porous Ni foam and Au mesh were used as current
collectors for the fuel and oxygen electrodes, respectively,
ensuring current collection. To enhance interface contact
between the electrodes and collectors, a 1.5 kg load was applied
during operation. The electrochemical performance of the cell
was characterized using electrochemical impedance spectros-
copy (EIS) and linear sweep voltammetry (LSV) with a potentio-
stat (Bio-Logic SP-300) in a customized probe station. EIS was
performed at open circuit voltage (OCV) in the frequency range
from 0.1 Hz to 1 MHz with a constant AC amplitude of 70 mV.
The distribution of the relaxation time (DRT, DRTtools) was also
used to characterize and deconvolute the EIS results related to
multiple electrochemical reactions.42 LSV was conducted by
sweeping the voltage at a scan rate of 20 mV s−1.

The cell performance was evaluated in both FC and EC
modes at 600, 650, and 700 °C. For the FC test, dry H2 was
supplied to the NiO–YSZ fuel electrode at 150 sccm, whereas the
LSCF oxygen electrode was provided with 150 sccm of dry air.
For the EC operation, a 50 : 50 mixture of H2 and H2O, supplied
with 150 sccm of dry H2, was fed into the fuel electrode. The fuel
composition was adjusted to achieve an OCV close to the Nernst
potential.43 This humidied fuel was directly supplied to the
NiO–YSZ fuel electrode. For the LSCF oxygen electrode, 150
sccm of dry air was supplied to maintain a constant ambient air
ow. The durability test was conducted in EC mode, and each
sample was measured for approximately 100 h under the
conditions of 650 °C and 250 mA cm−2. For the current inter-
ruption test, a polarization current density of 250 mA cm−2 was
applied for 30 s, aer which the current was interrupted and the
subsequent relaxation process was observed.
Fig. 2 Surface SEM and AFM images: (a and f) 0 nm, (b and g) 50 nm, (c
and h) 100 nm, (d and i) 150 nm, and (e and j) 300 nm La0.6Sr0.4-
Co0.4Fe0.6O3−d (LSCF) interlayer. (k) Comparison of surface coverage
and surface area as a function of LSCF interlayer thickness, demon-
strating the morphological evolution of the LSCF interlayer on the
samaria-doped ceria electrolyte sintered at 900 °C for 2 h (after heat
treatment).
Results and discussion
Microstructure of the LSCF oxygen electrode interlayer

The change in the crystal structure of the LSCF interlayer was
analysed using XRD (Fig. 1a). An amorphous LSCF interlayer
with a thickness of approximately 200 nm was deposited by
sputtering (blue areas in Fig. 1a). Aer annealing, distinct LSCF
peaks were clearly observed (red parts in Fig. 1a, rhombohedral
phase, JCPDS 48-0124), with no secondary phases. Using the
Debye–Scherrer equation, the average grain size was deter-
mined to be 20.7 ± 2.8 nm, conrming the nanocrystalline
nature of the annealed LSCF interlayer. XPSmeasurements were
performed to further conrm the chemical composition of the
as-deposited and annealed LSCF interlayer, and the results aer
This journal is © The Royal Society of Chemistry 2025
Ar etching are shown in Fig. 1b–e and Table S1.† For the
amorphous LSCF sample, the cation ratios of La, Sr, Co, and Fe
were 30%, 19%, 19%, and 32%, respectively. Aer heat treat-
ment, XPS results (Table S1†) conrmed that the composition of
La, Sr, Co, and Fe remained largely unchanged compared to the
as-deposited LSCF.

The surface morphologies of LSCF interlayers annealed at
900 °C as a function of lm thickness (0–300 nm) were analysed
using SEM and atomic force microscopy (Fig. 2). In the top-view
SEM images, the as-deposited LSCF lms show a morphology
J. Mater. Chem. A, 2025, 13, 14743–14750 | 14745
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similar to that of the bare SDC layer surface regardless of the
thickness, which is likely due to the amorphicity of the lms
(Fig. S2†). Upon annealing at 900 °C for 2 h, the 50 nm-thick
LSCF layer is coarsened and pores are formed, partially
covering the SDC layer with a surface coverage ratio of approx-
imately 70% (Fig. 2b, g and S3†). When the thickness exceeds
100 nm, the LSCF interlayer continues to fully cover the SDC
surface, exhibiting a nanocrystalline granular structure with an
average grain size of approximately 200 nm, as shown in the
surface images. Nanotextures also developed across the entire
surface, accompanied by a slight increase in the surface area as
the lm thickness increased. For instance, at 2.5 × 2.5 mm2, the
measured surface areas are 6.53 and 6.66 mm2 for the 100 nm
and 300 nm samples, respectively (Fig. 2c–e and h–k).

Fig. 3 shows cross-sectional SEM images (with EDSmapping)
of the LSCF oxygen electrode/LSCF interlayer/SDC electrolyte
interfaces and their microstructural evolution upon annealing.
In the 0 nm sample (Fig. 3a and f), a well-connected interface
was scarcely formed, which limited the ion transfer between
SDC and LSCF, leaving the SDC surface away from the LSCF–
SDC interface inactive to the ORR/OER, which also implies the
possible mechanical vulnerability of the interface at elevated
temperatures. Contrastingly, samples with LSCF thicknesses
greater than 50 nm (Fig. 3b–e and g–j) clearly show continuous
LSCF oxygen electrode-LSCF interlayer-SDC channels (red
circles in Fig. 3g–j), signifying the formation of facile ion
transfer and transport pathways between the SDC electrolyte
and LSCF oxygen electrode.44 The primary reason for the
formation of continuous interfaces is that the originally amor-
phous LSCF layer was oxidized upon annealing in air, which
fostered oxidative interactions with adjacent LSCF electrodes.45

From the perspective of solid–solid interactions, the mobility of
small particles at elevated temperatures is easily driven by high
thermal energy, promoting interfacial diffusion and strength-
ening bonding forces at the interfaces. In this context, the
thermally active environment at 900 °C may have triggered the
facile atomic movement of the amorphous LSCF layer with high
surface energy and tightly integrated the LSCF oxygen electrode
and interlayer. Additionally, the use of the same material
between the electrode and interlayer may further enhance the
tight integration via lattice matching.46,47

Simultaneously, high-temperature crystallization of the
LSCF interlayer resulted in the formation of a nanocrystalline
Fig. 3 Cross-sectional SEM images of the LSCF oxygen electrode/
LSCF interlayer/SDC electrolyte interfaces with LSCF interlayer thick-
ness variations: (a and f) 0 nm, (b and g) 50 nm, (c and h) 100 nm, (d and
i) 150 nm, and (e and j) 300 nm.

14746 | J. Mater. Chem. A, 2025, 13, 14743–14750
surface containing numerous grains and grain boundaries
(Fig. S4†). On the LSCF interlayer surface, the OER/ORR occurs,
where the ne nanostructure promotes ion transport and
charge transfer through high-density grain boundaries.48,49 This
observation provides valuable insights into the inuence of the
nanocrystalline structure of the LSCF catalyst, further
advancing our understanding of its catalytic roles.
Electrochemical performance in fuel cell mode

Fig. 4 shows the electrochemical performance of the NiO–YSZ
supported full cell in the H2–air FC mode as a function of the
LSCF interlayer thickness. Both the I–V–P curve and EIS
measurements were performed at an operating temperature of
650 °C; the electrochemical data at various temperatures (600,
650, and 700 °C) are shown in Fig. S5.† The open-circuit voltage
(OCV) was maintained at 1.1 V, close to the Nernst potential.
The I–V–P curves at 650 °C of reference, 50, 100, 150, 300 nm
samples are shown in Fig. 4a, corresponding to a maximum
power density (Pmax) of 177, 341, 500, 540, and 544 mW cm−2,
respectively; the cell performance was almost saturated at the
thickness of 100 nm, and slightly increased as the thickness
further increases. The SOFC with the LSCF interlayer was also
evaluated using EIS analysis. In the Nyquist plot obtained at
OCV and at 650 °C (Fig. 4b and c), the ohmic resistance (Ro) was
0.43 U cm2 in the reference, and slightly decreased to 0.16–0.21
U cm2 at all thicknesses due to the improved contact between
Fig. 4 Electrochemical performances of the SOFC with the reference
sample and La0.6Sr0.4Co0.4Fe0.6O3−d (LSCF) interlayered samples
evaluated at 650 °C with dry H2 in the Ni-YSZ fuel electrode and dry air
in the LSCF oxygen electrode: (a) I–V–P plots, (b) comparison of
impedance spectra with those of Nyquist plots, (c) ohmic and polari-
zation resistances, (d) Arrhenius plots for Rp in the temperature range
from 600–700 °C under OCV and (e) distribution of the relaxation time
plots, and (f) Rp values at LFs, MFs, and HFs for all prepared samples as
a function of LSCF interlayer thickness.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Electrochemical performances of the SOEC with the reference
sample and LSCF interlayered samples evaluated at 650 °C with dry H2

and H2O (50 : 50) in the fuel electrode and dry air in the LSCF oxygen
electrode: (a) I–V plots, (b) comparison of impedance spectra with
Nyquist plots, (c) ohmic and polarization resistances, (d) DRT plots, and
(e) Rp values at high- (HF), medium- (MF), and low-(LF) frequencies for
all prepared samples as a function of LSCF interlayer thickness.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 1

/1
1/

20
26

 1
1:

22
:0

2 
A

M
. 

 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
the electrode and electrolyte; the polarization resistance (Rp)
decreased from 7.78 U cm2 in the reference and saturated at
1.26 U cm2 in the >150 nm sample. Fig. 4d further presents the
Arrhenius plots for Rp at temperatures between 600 and 700 °C.
Compared with that of the activation energy of the reference
sample (1.19 eV), a gradual decrease in the activation energy was
observed as the LSCF interlayer became thicker: 50 nm (1.12
eV), 100 nm (0.97 eV), 150 nm (0.99 eV), and 300 nm (0.95 eV).
The DRT was further investigated for a more in-depth analysis
of the origin of the polarization resistance (Fig. 4e). Based on
previous reports, the DRT plots were divided into three elec-
trochemical processes: high- (HF), medium- (MF), and low-(LF)
frequencies. The HF range (>104 Hz) is related to oxygen ion
transport in the MIEC network and ion transfer at the oxygen
electrode–electrolyte interface, the MF range (101 to 104 Hz)
includes the effect of oxygen surface exchange and oxygen
reduction (in FC)/evolution (in EC) reactions on the oxygen
electrode surface, and the LF range (<101 Hz) is related to
oxygen gas diffusion in the pores of the oxygen electrode.50,51 To
quantitatively analyse the DRT peak distribution, the areal ratio
of the DRT peaks and the values of the total Rp were utilized,
and the values of RHF, RMF, and RLF in each frequency range
were calculated (Fig. 4f). Overall, the Rp resistance was distrib-
uted in the order of RMF > RHF > RLF, with RMF and RHF making
the dominant contributions, i.e., more than 90% of total Rp,
which is consistent with that of the ndings of an earlier
study.52 The peaks related to RHF, RMF, and RLF showed
a tendency to decrease with increasing thickness; RMF was 4.67,
2.86, 2.02, 1.02 and 1.08 U cm2, and RHF was 2.91, 0.67, 0.32,
0.12, and 0.14 U cm2 in the reference, 50, 100, 150, and 300 nm
samples, respectively, as summarized in Table S2.† The
decrease in resistance corresponding to these HF and MF
signals can be attributed to the enhancement of ionic charge
transfer kinetics triggered by the expansion of the heteroge-
neous interfaces between the LSCF interlayer and SDC and the
increase in active surface area with the facilitated catalytic
reaction resulting from the numerous grain boundaries near
the LSCF surface. The resistance to gas diffusion in the oxygen
electrodes was almost negligible, as conrmed by the absence
of the RLF.
Electrochemical performance in electrolysis cell mode

Fig. 5 shows the electrochemical performance of the NiO–YSZ-
supported full cell in the EC mode with varying LSCF interlayer
thicknesses. A humidied gas containing 50% H2 and 50% H2O
was supplied to the fuel electrode, and dry air was delivered to
the oxygen electrode. Fig. 5a shows that the OCV is approxi-
mately 0.95 V under the corresponding humidied conditions,
which is close to that of the Nernst potential (∼1 V) at 650 °C by
supplying 50 : 50 H2/H2O.53,54 For evaluation of I–V curves in EC
operation, the current densities at 1.3 V, which is close to that of
the thermoneutral voltage of 1.29 V, and the relatively high
voltage of 1.6 V, are summarized in Fig. S6.† At 1.3 V, reference,
50, 100, 150, and 300 nm samples showed current densities of
93, 330, 456, 471, and 428 mA cm−2, respectively. Similar to that
of the FC mode results, no signicant change was observed in
This journal is © The Royal Society of Chemistry 2025
the thickness range of >100 nm, with a marginal decrease in the
300 nm sample. Compared with that of the reference, the
current densities were 4 times larger in the 100 nm sample. EIS
was conducted, as shown in Fig. 5b and c. The Nyquist plots
extracted from the EIS spectra showed ohmic resistances (Ro) of
0.77, 0.21, 0.18, 0.19, and 0.20 U cm2. The polarization resis-
tances (Rp) were 7.16, 2.05, 1.11, 0.73, and 0.73 U cm2, which
demonstrate that the reduction in Rp was a dominant factor in
the increased current density. Additionally, using DRT analysis,
Rp was deconvoluted into several peaks (Fig. 5d and e). Similar
to those in the FC mode, RMF and RHF sharply dropped from
4.30 and 2.57 U cm2 in the reference to 0.61 and 0.10 U cm2 in
the 150 nm sample, and thereaer saturated (Table S3†).
Durability test in electrolysis cell mode

Prominently, SOECs suffer from mechanical degradation such
as pores, cracks, and delamination at the oxygen electrode–
electrolyte interface.55 Therefore, we investigated the impact of
the LSCF interlayer on the durability of the cells: the reference
vs. the cell with the 100 nm LSCF interlayer at 650 °C, 250 mA
cm−2 for 100 h (Fig. 6a). The performance of the reference
sample clearly showed a signicant decrease over time; the
voltage increases from 1.4–1.6 V aer 80 h. Contrastingly, the
voltage of the 100 nm sample started at 1.2 V and only increased
by about 0.06 V aer 100 h of operation. In EIS analysis
(Fig. S7†), the ohmic resistance of the reference sample showed
a linear increase of about 54% from 0.49–0.75 U cm2 during
100 h. This increase in the ohmic resistance seems to be due to
a structural defect occurring at the oxygen electrode–electrolyte
interface, which is mainly caused by the accumulation of oxygen
species resulting from the OER at the oxygen electrode and
electrolyte interface during EC operation.55 In the case of the
J. Mater. Chem. A, 2025, 13, 14743–14750 | 14747
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Fig. 6 (a) Long-term durability test for comparison of stability of
reference and modified samples at 650 °C, 250 mA cm−2 for 100 h in
EC mode. (b) Scanning electron microscopy images after the
detachment experiment with SOCs long-term operated and (c)
comparison between the contact coverage ratio and increased frac-
tion of Ro. (d) The change of the oxygen partial pressure at the LSCF
oxygen electrode/SDC electrolyte interface for reference and modi-
fied samples in the current interruption experiment conducted at an
operating temperature and current density of 650 °C and 250 mA
cm−2, respectively.

Fig. 7 (a) Comparison of the structural characteristics and electro-
chemical performances. Schematic illustrations of the proposed
reaction mechanisms: (b) reference (w/o the LSCF interlayer) and (c)
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modied samples, little difference was observed in ohmic
resistance (0.15 U cm2) possibly due to the improved interfacial
stability. Fig. S8† illustrates the structural differences observed
in the reference and modied samples before and aer 100 h of
electrochemical operation, indicating that the LSCF interlayer
effectively suppressed the formation of interfacial defects. The
preservation of the intimate interface by stronger adhesion was
also clearly shown in the electrode detachment test aer the
operation (Fig. 6b and c). The surface coverage ratio of the
remaining LSCF electrode was 20.5 ± 3.7% in the reference and
50.8 ± 5.3% in the 100 nm sample. Indeed, in previous studies
on the adhesion strength at these interfaces,56,57 it was shown
that such a high contact coverage on the surface of the elec-
trolyte causes an increase in the tensile strength at the
electrode/electrolyte interface, thereby reinforcing the wetta-
bility and cell durability, which is the case for the oxygen elec-
trode interface of the LSCF-interlayered cell in our experiment.

Additionally, we characterized the release of oxygen species
at the oxygen electrode–electrolyte interface using the current
interruption method (Fig. 6d). Mechanical issues at the oxygen
electrode–electrolyte interface of SOECs are known to be mainly
due to the oxygen gas species formed by the OER not being
rapidly released from the oxygen electrode and accumulating at
the interface, which causes signicant stress. In particular,
electrolyte surfaces are known to exhibit critical mechanical
defects when not combined with electrodes, likely due to the
restricted release of oxygen species along electrochemically
inactive surfaces.58 It is understood that the relaxation rate at
which the oxygen pressure on the oxygen electrode side reaches
0.21 atm right aer a current interruption is related to the
extent of oxygen species release from the interface.59,60 Here,
a polarization current density of 250 mA cm−2 was applied for
about 30 s, and a relaxation process was observed aer the
14748 | J. Mater. Chem. A, 2025, 13, 14743–14750
current was interrupted (Table S4†). As a result, once the current
ow was interrupted, the interfacial oxygen partial pressure of
the reference sample was found to saturate at 0.21 atm aer
about 2 s, whereas in the modied (100 nm) sample, the pres-
sure reached 0.21 atmwithin only 0.2 s, showing amuch steeper
gradient. These ndings suggest that the enlarged electro-
chemical region at the interface allowed the OER to occur in
a broader interfacial region rather than in a localized region,
such as around the LSCF electrode particles, which facilitated
the diffusion of oxygen gas species in the closed pores or cavi-
ties present at the interface into the air.

Furthermore, to support the proposed mechanism of
mechanical defects at the interface, we analysed compositional
changes caused by differences in oxygen potential before and
aer EC operation (Fig. S9†). Linear intensity proles of Ce, Sm,
and O were measured across the SDC electrolyte region. For the
reference sample, the oxygen intensity increased near the SDC
surface (<200 nm), which implies the accumulation of oxygen at
the SDC–LSCF interface. In contrast, the modied sample
exhibited negligible compositional changes both at the surface
and within the bulk of SDC. These results strongly suggest that
the LSCF interlayer effectively suppressed oxygen accumulation
at the interface due to facilitated oxygen ion transfer.

In summary, the LSCF interlayered SOC showed improved
cell performance and durability (Fig. 7a). Fig. 7b and c represent
possible mechanisms in multiple aspects for our results:

(i) Electrochemical performance: the enlarged heteroge-
neous interfaces between the LSCF interlayer and SDCmay have
facilitated ionic transfer by offering more pathways compared
to the reference cell for oxygen ion movement across the
interfaces (yellow arrows in Fig. 7b and c). Furthermore, high-
density grain boundaries of the LSCF interlayer may have
expedited the oxygen ion transport across the interlayer (blue
modified (w/o the LSCF interlayer) samples.

This journal is © The Royal Society of Chemistry 2025
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arrows in Fig. 7b and c).48,49 The enlargement of the LSCF
surface with nano-grains also promoted the surface exchange
and charge transfer reactions, which are the rate-limiting steps
in the overall ORR/OER process.61

(ii) Stability: the facilitated oxygen evolution at the LSCF
surface may have suppressed oxygen ion species buildup at the
LSCF/SDC interface (red region in Fig. 7b), which is one of the
main reasons for mechanical degradation in SOECs.55 The tight
integration between the LSCF oxygen electrode and interlayer
aer annealing is also benecial for thermal stability (white
circle in Fig. 7c).

As a result, the combined effects of the mechanisms above
seem to have contributed to the high performance and stable
operation of nanocrystalline LSCF-interlayered SOECs.
Conclusion

Here, we proposed a novel strategy to boost the performance
and enhance EC durability by adding a nanocrystalline LSCF
interlayer at the oxygen electrode/electrolyte interface through
sputtering deposition. The LSCF interlayered SOC (>100 nm)
showed a high peak power density threefold higher at 650 °C
under FC operation and a current density more than fourfold
higher under EC operation (at 1.3 V). The EIS and DRT data
revealed that the reduction in cell resistance was mainly due to
a decrease in the polarization resistance. These performance
improvements are attributed to the enlarged electrochemically
active area, heterogeneous junctions at the interfaces, and
oxidative interactions at the LSCF oxygen electrode/LSCF
interlayer/SDC electrolyte interfaces. The EC mode operation
for approximately 100 h demonstrated that the LSCF interlayer
also mitigated EC delamination, thereby improving the SOC
durability.
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