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ABSTRACT: A new heterostructured (La,Sr)2FeO4−δ (LSF214)-La0.8Sr0.2FeO3−δ (LSF113) electrode has been synthesized to
improve the oxygen reduction reaction (ORR). This new materials system was fabricated by the deposition of Sr(NO3)2 into the
LSF113 framework followed by subsequent heat treatment, resulting in a new three-dimensional (3D) LSF214-LSF113
heterostructured electrode. This material system consists of a with Ruddlesden−Popper (R−P) LSF214 phase formed on the
surface of the LSF113 framework. The ORR activity has been enhanced by 1 order of magnitude using the LSF214-LSF113
heterostructured electrode. The ORR enhancement was the result of higher catalytic activity of the LSF214 phase and a mismatch
in the lattice parameter between LSF214 and LSF113 regions which results in oxygen molecule adsorption and oxygen vacancy
formation become more favered. Impedance spectroscopy measurements revealed that the presence of LSF214 reduced the
polarization resistance of the LSF113 electrode on a ceria-based electrolyte. The high frequency resistance (RH) and low frequency
resistance (RL) decreased substantially due to the enhanced oxygen transport process and accelerated oxygen incorporation rate
in the LSF214-LSF113 heterostructured electrode. The heterostructured LSF214-LSF113 electrode provides a promising new
approach to improve the oxygen reduction reaction activity through multiphase materials systems with tailored microstructures.

KEYWORDS: oxygen reduction reaction, oxygen surface exchange, Ruddlesden−Popper phase, lanthanum strontium ferrite,
solid oxide fuel cell

■ INTRODUCTION

The cathode of solid oxide fuel cell (SOFC) provides reaction
sites to catalytically reduce oxygen to oxygen anions.1

Inadequate electrocatalytic activity of the cathode is still a
major obstacle to advance low-temperature SOFCs. Both
experimental and modeling studies have shown that oxygen
surface process plays a dominant role in the oxygen reduction
reaction (ORR).2 The main challenge to achieving acceptable
chemical to electrical conversion efficiency in SOFC is the
sluggish ORR kinetics on the cathode.3 Transition metal oxides
with the perovskite structure possess a rich variety of properties
originating from the mutual coupling between spin, charge, and
lattice degrees of freedom.4 Moreover, the capability of

tolerating large oxygen or cation nonstoichiometry in their
lattice enables tailoring the perovskite structured oxides into
high performance cathodes.4

Many studies have revealed that the creation of a new surface
will break the symmetry of a crystal and thus induce various
electronic, magnetic, and geometrical changes.5 As a result of
the transition of the surface, the surface free energy will be
different from that of the bulk, inducing surface segregation and
therefore changing the chemical composition of the surface
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region.6 Of particular interest are the heterostructures as they
offer symmetric boundary conditions and a high density of
heterointerfaces. Heterostructured interfaces of oxides, which
can exhibit transport and reactivity characteristics remarkably
different from those of the bulk oxides, are interesting systems
to explore for high active cathodes for ORR. The field of ionic
heterostructures has already been characterized by a variety of
results of fundamental importance and of technological
relevance.5,7,8

In design of heterostructured cathode, surface decoration of
the conventional cathode materials with secondary phases has
been shown to be a promising strategy to enhance ORR
kinetics and cathode performance.9 A highly active secondary
phase such as a Ruddlesden−Popper phase9,10 has been
reported to form at the cathode surface that can drastically
enhance the ORR activity. Previous studies have found that
there are fast oxygen-incorporation paths along the heterophase
boundary of (La,Sr)2CoO4−δ (LSC214)/La0.8Sr0.2CoO3−δ
(LSC113) using secondary ion mass spectrometry, and such
heterostructure can significantly enhance the kinetics of surface
oxygen exchange.11−13 Using electrochemical impedance spec-
troscopy measurements, Crumlin et al. have reported an ORR
activity enhancement of 103−104 times at 550 °C on the thin
film LSC113 cathodes whose surfaces are decorated with LSC214
islands (and thus with a high density of LSC113/LSC214
interface).10 Gadre et al.14 have used density functional theory
(DFT)-based simulations to demonstrate that Sr enrichment in
LSC214 is expected to enhance the oxygen vacancy concen-
tration by 2−2.5 orders of magnitude under typical
experimental conditions. An increased oxygen vacancy
concentration in LSC214 near the LSC113 interface can explain
most of the enhanced oxygen kinetics observed in these
heterostructures.
Mutoro et al.9 used pulsed laser deposition (PLD) to deposit

Sr on LSC film surface and found that “Sr” decoration with
nanoparticle coverage in the range from 50% to 80% of the
LSC surface enhanced the oxygen surface exchange coefficient
(Kchem) by 1 order of magnitude. The enhanced Kchem is due to
the formed (La,Sr)2CoO4−δ phase between SrO and
La0.8Sr0.2CoO3−δ film. However, it seems that the heterostruc-
tured thin films can only be prepared on the flat substrate by
physical vapor deposition such as molecular beam epitaxy
(MBE) and PLD.5 Moreover, only two-dimensional (2D)
heterostructures have been obtained from the physical vapor
deposition technique, and the overall process is complex and
costly. Other methods to synthesize core−shell particles such as
the coprecipitation method, assembly process, and templating
method15,16 can also be used to produce heterostructured
oxides. On the other hand, the microstructure of electrode is
also an important factor for the cathode electrochemical
performance. A nanoporous morphology is preferred since such
microstructures have large effective surface areas for the
electrocatalytic reactions, leading to lower cathodic over-
potentials.
Here we report a novel 3D heterostructured cathode,

consisting of stoichiometric La0.8Sr0.2FeO3−δ (LSF113) as the
core and concentration graded (La,Sr)2FeO4−δ (LSF214) as the
shell, prepared by infiltrating Sr(NO3)2 solution into porous
LSF113 backbone followed by heat treatment. Electrical
conductivity relaxation experiments revealed that the oxygen
reduction activity of the LSF113 electrode was drastically
enhanced by LSF214 nanoislands on the LSF113 surface. The
higher oxygen catalytic activity of LSF214 and mismatch in

lattice parameter promoted the oxygen incorporation process.
In the LSF214-LSF113 electrode, the polarization resistance was
reduced due to the enhanced oxygen ion transport rate and
accelerated oxygen surface reduction process. Single cell testing
was employed to examine the electrochemical performance of
the LSF214-LSF113 heterostructured cathode in an operational
solid oxide fuel cell.

■ METHODS AND MATERIALS
Powder Synthesis and Sample Preparation. LSF113

(La0.8Sr0.2FeO3−δ) and LSF214 (La0.8Sr1.2FeO4−δ) powers were made
by glycine−nitrate and glycine−citrate method, respectively. To
synthesize LSF113, stoichiometric amounts of precursors La(NO3)3,
Sr(NO3)2, and Fe(NO3)3 (Sinopharm Chemical Reagent Co. Ltd.)
were dissolved in distilled water. Glycine was then added to the
solution at a mole ratio of 1:2 for glycine: nitrate ions. To synthesize
LSF214, besides the precursors as used in LSF113, citrate of half amount
of the glycine was also added. The precursor solution was
subsequently heated on a hot plate until self-combustion occurred.
The resulting ashes were calcined at 700 °C for 2 h to remove possible
organic residues and to form the desired crystalline phase. The
calcination temperature for LSF214 is 1100 °C. SDC (Sm0.2Ce0.8O2−δ),
YSZ (Y0.15Zr0.85O2−δ), and NiO were also prepared with glycine−
nitrate process and formed by firing the ashes at 850 °C for 4 h.

In the electrical conductivity relaxation (ECR) experiment, the
LSF113 powders were ground, pressed into a rectangular bar at 300
MPa, and sintered at 1450 °C for 5 h in air to form dense LSF113
samples. The sintered LSF113 bars have a dimension of 35.00 mm ×
5.42 mm × 0.90 mm. An appropriate amount of Sr(NO3)2 and glycine
was dissolved in water with the metal ion concentration of 0.3 mol L−1

to prepare the infiltration solution. Then the infiltrating Sr(NO3)2
solution was dropped onto the surface of the sintered LSF113 bars and
then fired at 800 °C for 2 h. For different samples, the bars were gone
through 1−4 times infiltration treatment, and after each thermal
treatment (800 °C for 2 h), the bars were ultrasonically cleaned in
water and ethanol separated for 10 min.

Symmetrical half-cells consisting of dense SDC electrolyte and
porous LSF electrodes were fabricated for electrochemical test. The
SDC powders were uniaxially pressed at 250 MPa to form green
pellets with a diameter of 13 mm. The SDC pellets were subsequently
sintered at 1350 °C for 5 h. LSF113 slurry was prepared by mixing
LSF113 powders with organics (α-terpineol as solvent and ethyl
cellulose as the binder) and then printed onto both sides of the
sintered SDC pellets. After drying under an infrared lamp, the
symmetrical half-cells were fired at 1100 °C for 2 h. To fabricate the
3D heterostructure, ion impregnation was carried out by placing a
drop of Sr(NO3)2 solution as used in ECR experiment on the top of
the porous LSF113 layer, letting the solution soak into the porous
LSF113 backbone, drying, and then firing the sample at 800 °C in air
for 2 h. The mass of the sample before and after each impregnation
treatment was measured to estimate the solid loading of the
impregnated material.

Anode supported single cells have a cell configuration of Ni-YSZ
anode substrates, YSZ/SDC thin film electrolytes, and LSF cathodes.
The anode powders consisting of 60 wt % NiO and 40 wt % YSZ were
mixed, and 20 wt % PMMA was added as the pore former. The anode
powders were pressed at 30 MPa and then fired in air at 800 °C for 2
h. YSZ slurry was then dip coated on the top of the NiO-YSZ pellet.
The NiO-YSZ/YSZ bilayers were sintered at 1400 °C for 5 h to
densify the electrolyte layer. SDC slurry was subsequently dip coated
in the YSZ electrolyte surface, dried, and then sintered at 1100 °C for
2 h. SDC slurry was then infiltrated into the SDC layer, dried, and
sintered at 1250 °C for 5 h to densify the SDC layer. The LSF cathode
was fabricated on top of the SDC layer with the same process as that
for the symmetrical half-cells.

Sample Characterization. The crystalline phase of the samples
was investigated using X-ray diffraction (XRD, Rigaku TTR-III
diffractometer) with Cu Kα radiation source. The XRD patterns
were obtained in the range of 20°−80° with a 0.02° step size and a
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scan speed of 0.5°/min at 40 kV and 200 mA. In LSF214-LSF113 XRD
measurement, porous 8.75 wt % electrode supported by SDC
electrolyte pellet was directly used on a glass sample holder. Oxygen
nonstoichiometry coefficient and crystalline parameters were calcu-
lated from the XRD data using the Rietveld refinement method.
Thermal gravimetric analysis (TGA) and isothermal gravimetric
measurement were carried out using a thermal analyzer (Shimadzu
DGT-60H) in 75 mL min−1 dry air atmosphere. The morphology of
the LSF214-LSF113 electrode was characterized using scanning electron
microscopy (SEM, JEOL JSM-6700F) and atomic force microscopy
(AFM, SPA-300HV and Nanoscope software). The 8.75 wt % LSF214-
LSF113 electrode was scraped from SDC electrolyte pellet and then
dispersed in ethanol by ultrasonic to prepare sample for transmission
electron microscopy (TEM, JEOL JSM-2010).
X-ray photoelectron spectroscopy (XPS, thermo ESCALAB250)

was used to determine the surface compositions of the infiltrated
electrode. Survey spectra with low and high resolution of La 3d (RSF
as supplied by the XPS manufacturer: 9.122), Sr 3d (RSF: 1.843), Fe
2p (RSF: 14.8912), O 1s (RSF: 0.780), and C 1s (RSF: 0.278) were
collected at room temperature and a base pressure of ≈10−8 mbar. The
binding energy, Ebind, was calibrated to the C 1s photoemission peak of
adventitious hydrocarbons at 285 eV.
Electrical and Electrochemical Testing. An electrical con-

ductivity relaxation (ECR) experiment was used to determine the
oxygen diffusion coefficient (Dchem) and oxygen chemical surface
exchange coefficient (Kchem). The conductivity of LSF113 bars used for
the ECR test was measured by a standard, four-probe method using a
measurement system consisting of a digital multimeter (Keithley
2001) interfaced with a computer and a program written using the
LABVIEW 8.5 software. The atmosphere is changed from PO2

= 0.1

bar (O2 + N2) to PO2
= 0.21 bar (O2 + N2), and the details of the

experiment have been described previously.14 The change in
conductivity of the sample with time is plotted as (σ(t) − σ(0))/
(σ(∞) − σ(0)), where σ(0), σ(t), and σ(∞) denote the initial, time-
dependent, and final conductivities, respectively. The experimental
data are fitted to the theoretical equations as outlined by Lane and
Kilner15 for conductivity relaxation to derive the oxygen surface
exchange and the oxygen diffusion coefficients.
The electrochemical impedance spectra (EIS) of the symmetric

half-cells were obtained using a Zahner (im6e) electrochemical
workstation. The frequency range was from 0.1 Hz to 1 MHz, and
the signal amplitude was 10 mV under open cell voltage conditions. A
porous Ag counter electrode was attached with Ag silver as the lead
wire. Zview software (Scribner Associates) was utilized to construct
the equivalent circuit, correlate the electrode system with the EIS
response, and perform complex least-squares fitting. The coin-shaped
single cell was mounted onto an alumina tube and sealed by silver
paste. H2 with 3 vol % H2O was fed into the anode side as the fuel at a
flow rate of 20 mL min−1 while the cathode side was exposed to air.
The current−voltage curves of the fuel cells operated between 650 and
800 °C were obtained. The cell ohmic and polarization resistances
were also obtained from the EIS test.

■ RESULTS AND DISCUSSION

Chemistry of LSF113 and LSF214 Phases. Figures 1a and
1e show the XRD patterns of LSF113 and LSF214, respectively.
Bare LSF113 displays a perovskite structure. However, when
mixed with Sr(NO3)2 and sintered at 800 °C for 2 h, LSF113
reacted with Sr(NO3)2 during the heat-treatment process to
form a Ruddlesden−Popper phase LSF214 (La0.8Sr0.2FeO3−δ +
SrO → La0.8Sr1.2FeO4−δ). Figures 1b−d are the XRD patterns
of mixtures of Sr(NO3)2 and La0.8Sr0.2FeO3−δ at a mole ratio of
0.1:1, 0.3:1, and 0.6:1. In Figure 1b, there are very weak peaks
in the range 2θ = 31.3° (103) and 32.8° (110). Increasing the
amount of Sr(NO3)2, the peak intensity of LSF214 increases
continuously because increased Sr(NO3)2 content leads to the
formation of additional LSF214. Previous studies have also

revealed surface restructuring and formation of a surface
Ruddlesden−Popper phase ((La,Sr)2MnO4, (La,Sr)2CoO4, and
Sr2TiO4) in other Sr-containing perovskites such as
La0.65Sr0.35MnO3, La0.8Sr0.2CoO3 and SrTiO3.

6,9,19 The magni-
fied peaks from 30.5° to 33.5° are also provided in Figure 1.
The (020) peak, characteristic of LSF113, decreases while the
(103) and (110) peaks characteristic of LSF214 increase with
increasing amount of Sr(NO3)2. These results demonstrate the
formation of the LSF214 phase in the LSF113 phase scaffold and
the compatibility in the LSF214-LSF113 heterostructure.
To investigate the crystalline structure difference between

LSF113 and LSF214, Rietveld refinements of the XRD data were
performed using the perovskite and K2NiF4 type crystalline
structure as shown in Figure S1.20 The a, b, and c unit-cell
parameters as well as oxygen nonstoichiometry, δ, of LSF113
and LSF214 are shown in Table 1. The variation in the unit-cell
constants is due to the crystalline structure. Consistent with the
lattice parameters reported by Skinner et al.21 and Omata et
al.,22 the a and b parameters for LSF113

23 are 5.547 and 5.526 Å,
which are much larger than 3.852 and 3.852 Å for LSF214.
Because of the added SrO rock-salt slabs in LSF214, the c
parameter increases greatly from 7.821 Å (in LSF113) to 12.75 Å
(in LSF214). Rietveld refinements also indicate that there is a
small amount of oxygen loss in both LSF113 and LSF214, leading
to an overall oxygen deficiency of δ = 0.001 and 0.02 in LSF113
and LSF214, respectively. Oxide cathode would commonly show
weight loss at elevated temperatures. In order to investigate the
oxygen nonstoichiometry, the weight change of LSF113 and
LSF214 was compared as a function of temperature. The TGA
result (Figure S2) reveals a 2.95% weight loss for LSF113 and a
9.96% weight loss for LSF214 from 50 to 850 °C. The weight
loss is due to the loss of lattice oxygen, and higher weight loss
at elevated temperature indicates formation of more oxygen
vacancies in the oxide lattice.

Figure 1. XRD patterns for (a) LSF113 powder heated at 800 °C for 2
h, (b−d) Sr(NO3)2 mixed with LSF113 at mole ratio of 0.1:1, 0.3:1, and
0.6:1 and heated at 800 °C for 2 h, and (e) bare LSF214 powder heated
at 1100 °C for 2 h.

Table 1. Lattice Parameter of LSF113 and LSF214 Powders
Derived from XRD Rietveld Analysis

sample a (Å) b (Å) c (Å) δ

LSF113 5.547 5.526 7.821 0.001
LSF214 3.852 3.852 12.751 0.02
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Oxygen Exchange Rate on LSF214-LSF113 Heterointer-
face. Figure 2 shows the SEM images of LSF113 and LSF214-
LSF113 samples. For the bare LSF113 sample, it reveals a dense
surface with the grain size ranging from 0.5 to 2 μm (Figure

2a). There are only several isolated holes which are less than
0.3 μm in the cross section as in Figure 2b. After infiltration of
Sr(NO3)2 and the subsequent heat treatment, the surface of

Figure 2. SEM pictures LSF113 and LSF214-LSF113 samples after ECR testing: (a) surface and (b) cross section of bare LSF113, and (c−f) LSF214-
LSF113 surface with different amount of LSF214 nanoisland after 1−4 times infiltrating treatment. AFM image of (g) bare LSF113 and (h) LSF214-
LSF113 as the same sample in (f).

Figure 3. Comparison of surface exchange coefficient, Kchem, for bare
LSF113 and LSF214-LSF113.

Figure 4. (a) Crystal structure of LSF113 and LSF214. Illustration of the
oxygen incorporation paths (b) on the single phase LSF113 and (c)
near the LSF214-LSF113 heterointerface.
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LSF113 partially formed a new phase, LSF214 nanoislands. These
are only isolated LSF214 nanoislands on the surface for one time
infiltration treatment as shown in Figure 2c. With increasing
infiltration time, the LSF214 nanoislands became more
concentrated, as shown in Figure 2d−f. The AFM images
(Figure 2g,h) show the 3D morphology of LSF113 surface and
LSF214 nanoislands surface. LSF113 and LSF214-LSF113 surface
are not completely flat with a surface roughness of more than
100 nm. But it still has the possibility of LSF214 formed at SrO/
SrCO3-LSF113 interface due to the unfully crystallized LSF214
phase.
The oxygen chemical surface exchange coefficient, Kchem,

which describes the rate of surface oxygen exchange on the
surfaces of LSF113 and LSF214-LSF113 was evaluated by the ECR
experiments. At 750 °C, the Kchem value of LSF113 is 1 × 10−5

cm s−1, obtained by fitting the relaxation time as shown in
Figure S3; Kchem was 1.5 × 10−5 cm s−1 determined by Sogaard
et al.24 using the same method. For the sample with one time
infiltration, the Kchem value was 2.5 × 10−4 cm s−1, which is 1
order of magnitude higher than the bare LSF113 as shown in
Figure 3. The Kchem value increased to 2.7 × 10−4 and 2.8 ×
10−4 cm s−1 for the two times and three times infiltrated

samples, respectively. Finally, the Kchem value reached the
largest value of 4.0 × 10−4 cm s−1 for the four times infiltrated
sample, consistent with the most concentrated LSF214 nanois-
lands observed in Figure 2f. In order to estimate the relative
enhancement in the ORR kinetics near the LSF214-LSF113
interface compared to the single phase LSF113, we computed
the enhancement ratio, K214−113chem/K113chem, ranging from 13
to 40 at 650−800 °C. The LSF113 surface area in the LSF214-
LSF113 samples is smaller than the bare LSF113 sample while the
Kchem values are significantly increased, indicating that the
enhanced Kchem value must be due to the LSF214 nanoislands as
observed in the LSF214-LSF113 samples shown in Figure 2c−f.
Nanoislands result in a large number of interfacial boundaries
on the LSF214-LSF113 surface, which are correlated with the
enhanced Kchem values observed for partial coverage of the
LSF214 phase on the LSF113 surface. The enhanced Kchem values
of LSF214 covered LSF113 bulk cannot result from increased
oxygen vacancy in the bulk of LSF113, suggesting that the
presence of LSF214-LSF113 interfaces on the surface of LSF113 is
critical to the observed ORR enhancement.
The LSF214-LSF113 heterostructure with LSF214 nanoisland

deposited on the LSF113 substrate is schematically represented

Figure 5. SEM pictures of the cross section: (a) bare LSF113 and (b−d) LSF214-LSF113 electrodes at loading weight of 3.89, 6.49, and 8.75 wt %.
TEM and selected area electron diffraction (SAED) of LSF214-LSF113 heterostructure particle are presented in (e). (f) XRD pattern for 8.75 wt %
LSF214-LSF113 porous electrode (20 μm) supported on SDC electrolyte pellet.
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by a model shown in Figure 4a. The oxygen incorporation path
on the single phase LSF113 is schematically shown in Figure 4b;
O2 adsorbs onto the LSF113 surface and is then dissociated and
incorporated by the assistance of a migrating surface oxygen

vacancy. For the LSF214-LSF113 heterostructure, there are two
parallel paths for oxygen incorporation as schematically shown
in Figure 4c, path I and path II. Path I is identical to the oxygen
incorporation path of the pure single phase LSF113 as shown in
Figure 4b. In path II, oxygen adsorbs onto the LSF214 surface,
dissociates, incorporates, and migrates through the LSF214 onto
the LSF113. Path II starts with the O2 adsorption on the LSF214
surface followed by eventual diffusion of O2− along the LSF214-
LSF113 heterostructure. The diffusion is enhanced in the
present case since the R−P phase has a higher oxygen surface
exchange coefficient than the perovskite phase.12,25,26

In addition to surface effects of heterostructues, strain effects
have been shown to induce an enhancement in the oxygen
incorporation at heterointerface as reported by Yildiz et al.27 As
discussed above, the lattice parameters between LSF113 and
LSF214 have a significant change in both a and c, from 5.547 and
7.821 Å to 3.852 and 12.751 Å, respectively. 31% and 63%
mismatch in lattice a and c are expected to result in significant
tensile strain. Oxygen dissociation and incorporation kinetics
are limited by the availability and mobility of oxygen vacancies
on the perovskite cathode surface.27−29 In the LSF214-LSF113
heterostructure, as the tensile strain increases up to the limit of
the elastic stretching, both the oxygen molecule adsorption and
oxygen vacancy formation become more favored.28 Oxygen
vacancies are more favorably formed due to the weakening of

Figure 6. XPS (Sr 3d, O 1s, La 3d, Fe 2p) of LSF113 and LSF214-LSF113 (8.75 wt %) electrode. Black circles: measured data; yellow line: the sum of
fits; gray dotted line: background; and red/blue dotted lines: components. For details about peak fitting and peak assignment see Table S1.

Figure 7. Comparison of the ASR values of the infiltrating weight
LSF113 cathodes by testing the EIS of symmetric cells.
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the in-plane Fe−O bonds upon tensile strain.27 The energy
barrier for oxygen vacancy migration on LSF113 will be
significantly lowered with the increase of strain because of
the increased space available in the migration path of oxygen.
Since the perovskite LSF113 conducts oxygen ions via oxygen
vacancies while the LSF214 tolerates oxygen in interstitial
positions, O2− ion redistribution in the LSF214-LSF113

heterostructure could enhance the charge carrier concentration
in the boundary zones.
Characterization and Electrochemical Performance of

LSF214-LSF113 Electrode. In the LSF113 cathode scaffold,
infiltration with Sr(NO3)2 resulted in a thin LSF214 layer on the
LSF113 scaffold surface. Figure 5a shows the typical micro-
structure of bare LSF113 electrodes with the particle size of 1−3
μm. While for LSF214-LSF113 electrodes (Figure 5c,d), more
LSF214 was formed on LSF113 frame with the increased loading
weight from 3.89 to 8.75 wt %. Figure 5e shows the TEM image

of the heterostructure LSF214-LSF113 particle as well as the
selected area electron diffraction results of LSF113 and LSF214.
The SAED image of LSF214 and LSF113 confirms the formation
of LSF214 nanoparticle (about 80 nm) on the support of LSF113
frame. Figure 5f gives the XRD pattern of porous 8.75 wt %
LSF214-LSF113 electrode (20 μm) supported on SDC electrolyte
pellet. Besides the SDC peaks (as supporting pellet), the others
peaks are attributed to LSF113 or LSF214 phase. LSF113 as
electrode frame is the majority phase and LSF214 nanoparticles
formed on LSF113 frame is the minority phase which is
consistent with XRD peaks intensity.
XPS spectra of Sr 3d, O 1s, La 3d, and Fe 2p of baseline

LSF113 and LSF214-LSF113 electrodes are shown in Figure 6.
The La, Sr, Fe, and O peaks of the base LSF113 can be fitted to a
LSF113 lattice component at lower binding energy, Ebind, and to
a surface related component with a higher Ebind.

30 As revealed
from the XRD and SEM study, there will be a layer of LSF214

Figure 8. Comparing of (a) high frequency resistance and (b) low frequency resistance of LSF214-LSF113 derived from impedance spectra fitting.
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formed on the LSF113 scaffold surface. After surface formation
of LSF214, the XPS spectra of La and Fe demonstrated almost
no shift in peak position. The XPS spectra of the surface Sr and
O components in the LSF214-LSF113 sample exhibited much
higher intensities relative to the lattice components in
comparison to the base LSF113. The Sr 3d peak was found to
exhibit three unique features, which could be fitted by two sets
of Sr 3d5/2 and 3d3/2 doublets with an energy separation, while
for LSF214-LSF113 the intensity of high-energy set of Sr 3d was
found to increase in comparison to those of the low-energy set.
The increase in the contribution from surface species should be
due to the LSF214 phase that has been formed on the surface
and has higher binding energy in Sr. The XPS result indicates
the outer layer deposition of LSF214 in the LSF214-LSF113
heterostructure, which is consistent with the TEM result. The
atomic concentrations and binding energy of La, Sr, Fe, and O
for LSF113 and LSF214-LSF113 electrode are shown in Table S1.
The electrocatalytic activity toward ORR on the LSF113 and

LSF214-LSF113 electrode was evaluated by electrochemical
impedance spectroscopy. Figure 7 shows the area specific
resistance of LSF113 and LSF214-LSF113 cathode with the SDC
electrolyte. The ASR values dramatically decreased after
infiltration of Sr(NO3)2 that created a layer of LSF214 in the
LSF113 scaffold. At 750 °C, the ASR value for bare LSF113 was
0.775 Ω cm2, while after infiltrated with 1.25 and 3.89 wt % of

Sr(NO3)2, it was only 0.209 and 0.175 Ω cm2 for the LSF214-
LSF113 electrode. At 6.49 wt % infiltration load, the lowest ASR
value, 0.156 Ω cm2, was achieved, which was only 20.1% of the
original value. Further infiltration caused an increase of the ASR
value. For example, at 8.75 wt % infiltration load, the ASR value
was 0.325 Ω cm2. As revealed in SEM images, it is the higher
coverage of LSF214 phase that cause the change in LSF214-
LSF113 electrode ASR value.
To evaluate what is responsible for the observed ORR

enhancement, impedance spectra were analyzed to evaluate
factors that may influence the ORR kinetics. Figure S4 shows
the fitting result of impedance spectra at 600−750 °C with an
equivalent circuit of LRb(RiCPEi) using the Zview program.
The physical meaning of each element in the equivalent circuit
has been explained in our prior publication.31 In the impedance
analysis, the impedance spectra could be represented by two
arcs as the high frequency and low frequency arc. Figure 8
displays the high frequency resistance RH and low frequency
resistance RL. In Figure 8a, the RH values of the infiltrated
electrodes were lower than the bare LSF113 electrode. For
example, at 700 °C, the RH value of bare LSF113 was 0.694 Ω
cm2, while it decreased to 0.201 and 0.164 Ω cm2 for the
LSF214-LSF113 electrode at 1.25 and 6.49 wt % infiltration
loading. The lowest ASR value obtained in this work was 0.03
Ω cm2 at 8.75 wt % loading. For the low frequency resistance
RL at 700 °C, it was 1.291 Ω cm2 for the bare LSF113.
The oxygen reduction reaction in a SOFC cathode is a

complex process where oxygen molecules go through
adsorption, dissociation, and formation of oxygen ions on the
surface of a mixed oxygen ionic and electronic conducting
cathode, followed by oxygen ionic transport in the bulk of the
cathode. Our study indicates that formation of LSF214 on the
LSF113 surface can drastically enhance the oxygen surface
exchange coefficient, resulting in acceleration of the oxygen
incorporation process and formation of additional oxygen ions
at the LSF214-LSF113 cathode. An analysis of the impedance
spectra indicates the RH value decreases with increased
formation of LSF214 on the LSF113 surface. It is commonly
accepted that in the LSF113 cathode RH represents the oxygen
ionic transport process in the electrode. For the bare LSF113
electrode, oxygen can transport through both the surface and
the bulk in LSF113. After decoration with LSF214 on the LSF113
surface, oxygen transport process was greatly accelerated due to
the larger Dchem value of R−P phase than LSF113 perovskite
phase24−26 in the bulk transport pathway. In addition, oxygen
species that move along the surface of LSF214 must be faster
than in LSF113. Therefore, for the LSF214-LSF113 hetero-
structure electrode, more LSF214 results in smaller RH values.
It has been shown that LSF214 can drastically enhance the

oxygen incorporation process into the LSF113 bulk. Generally,
the low frequency response for the LSF113-based electrode is
related to the charge transfer process, which may include steps
such as adsorption and dissociation of oxygen molecules and
electron transfer to form oxygen ions. The significant reduction
in RL by LSF214 demonstrates substantial increase in the kinetics
for the surface steps of the cathode reaction. RL reduction is
consistent with Kchem enhancement, which has demonstrated
significant increase in the oxygen incorporation rate.
The performance of the LSF214-LSF113 cathode in SOFC was

further evaluated with YSZ-Ni anode supported YSZ/SDC
(10/2 um) electrolyte single cell, shown in Figure S5. As shown
in Figure 9a, the peak power density for the cell with LSF113
cathode was 0.61 W cm−2 but increased by 33.3% to 0.81 W

Figure 9. (a) V−I performance measured at 800 °C for anode-
supported single cells with LSF113 and 6.4 wt % LSF214-LSF113
cathodes and (b) cell performance of LSF214-LSF113 cathodes at
650−800 °C.
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cm−2 with 6.4 wt % LSF214-LSF113 cathode. The performance
data for this configuration (6.4 wt % LSF214-LSF113 cathode) is
shown in Figure 9b where peak power densities at 800, 750,
700, and 650 °C were 0.81, 0.62, 0.43, and 0.26 W cm−2,
respectively.

■ CONCLUSION
This study illustrates the potential of utilizing heterostructured
oxide surfaces/interfaces to develop highly active surface
oxygen exchange materials for applications in the field of
solid-state electrochemical devices. 3D LSF214-LSF113 hetero-
structured electrodes fabricated by simple infiltration has
provided an elegant and low cost novel approach to improve
the performance of SOFC cathodes. The oxygen surface
exchange coefficient of LSF113 could be enhanced up to 1 order
of magnitude by the formation of LSF214 nanoislands on the
LSF113 surface. The higher catalytic activity of LSF214 and
mismatch in lattice parameter between LSF214 and LSF113
regions contributed to the observed ORR enhancement. Fuel
cell tests with the LSF214-LSF113 electrode indicated that the
polarization resistance could be greatly reduced due to the
enhanced oxygen transport process and accelerated oxygen
incorporation rate by LSF214 in LSF113 electrode scaffold. The
current study represents a promising general strategy to
improve the performance of SOFC cathodes.
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