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Investigation of the interface structure and electronic state of
nanocomposite Lag ¢Sro.4C0p.2Fe 8035 and Cep.9Gdo.10,-5 electrode
for solid oxide fuel cells

Daisuke Asakura,*2 Tomohiro Ishiyama,*? Eiji Hosono, 2 Katherine Develos-Bagarinao, ® Katsuhiko
Yamaiji, 2 Masaki Kobayashi, “¢ Miho Kitamura, ¢f Koji Horiba, &f and Haruo Kishimoto®

The interface structure and electronic state of nanocomposite LageSro.4Coo.2Fe0303-5 (LSCF) and CeosGdo10,-5 (gadolinium
doped ceria: GDC) electrode for solid oxide fuel cell were investigated by scanning transmission electron microscopy (STEM)
and soft X-ray absorption spectroscopy (XAS). Fine interface structure with compressive and extensive strains respectively
for LSCF and GDC was observed by the high-angle annular dark field STEM. The Fe L,3-edge total-electron-yield (TEY) XAS
showed a slight difference: the crystal field splitting for the FeOg octahedron of the LSCF and GDC nanocomposites is smaller
than that of the LSCF bulk and thin film. This should be related to the strain effect at the interface. The Co L, ;-edge TEY XAS
revealed that the valence of Co for the nanocomposite was 2+ with a high-spin (HS) configuration while that for LSCF bulk
was mostly attributed to 3+ with a low-spin configuration. The Co?* HS state, which should be less stale than the Co3* LS

state, is evidence that the oxygen adsorption/desorption reactivity is increased by the nanocomposite structure.

Introduction

Energy conversion technologies from fuels such as hydrogen,
methane to electricity are important technologies to conserve
the amount of energy used to achieve carbon neutrality. Among
them, solid oxide fuel cell (SOFC) is promising technology as
electrical power generation systems. The efficiency of energy
conversion from fuel to electricity of SOFC is higher compared
to other fuel cell systems such as polymer electrolyte
membrane type fuel cells.? In order to enhance the further
spread of SOFC, it is required to improve efficiency, reduce costs
and so on. For the contribution to the realization, improving the
electrical generation performance of SOFC is one of the most
direct approaches by increasing the current density and
reducing the overpotential for the oxygen electrode. It is well
known that the dominant step of cathode reaction is the
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adsorption of oxygen molecular and dissociation into oxygen
atoms at the electrode surface. Though the reaction caused at
the vicinity of the three phases of electrode, electrolyte and gas
which so called triple phase boundary (TPB), the increase of
length of TPB and the improvement of activity at TPB can
contribute to the reduction of electrode resistance. The mixed
conducting materials with oxide ions and holes such as
Lao.6Sro.4aCoo.2Fe0.803.5 (LSCF) can cause the reaction at the
double phase boundary (DPB) with electrode surface and gas
interface, and it contributes to enlarging the active region for
cathode reactions. In both cases with using the TPB and DPB,
the enhancement of activity at the electrode surface is the most
important parameter to reduce the electrode resistance.

As an approach to enlarge the TPB length, Develos-Bagarinao
et al. have fabricated the composite electrode of LSCF and
Cep.9Gdo.103-5 (gadolinium doped ceria: GDC) with controlled in
nano-meter scale as shown in Fig. 1.3 The LSCF and GDC
nanocomposite (referred to as LSCF/GDC nanocomposite)
electrode can enlarge the TPB length drastically and it is
confirmed that effectively works to reduce the electrode
resistance with using cathode for fuel cell operation. Compared
to conventional porous LSCF electrode layers alone, the
electrodes developed in this study demonstrated significantly
enhanced power generation performance, exhibiting current
densities of approximately 2.2 A/cm? at 650 °C and 4.7 A/cm? at
700 °C under an operating voltage of 0.7 V. These results
indicate that the nanoengineering approach is highly effective
in dramatically improving electrode performance. Furthermore,
the fabricated electrode layers were found to consist of laterally
ordered periodic nanostructures with alternating several-
nanometer regions of LSCF and GDC, forming highly coherent
lattice-matched interfaces. This result suggests that the
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formation of such hetero-interfaces, rather than simply
introducing nanoscale interfaces, may induce lattice distortions
that affect electrode properties. Modulation of material
properties by lattice distortion has been reported in several
notable cases. For example, the SrTiO3/YSZ interface has been
shown to exhibit ultrafast oxygen ionic conductivity.
Furthermore, a remarkable enhancement of the oxygen surface
exchange rate has been observed at the interface between the
La1xSrkCo03 (LSC113) and La>xSrxCo04 (LSC214) phases.>® In the
context of oxygen adsorption/desorption reactions, a
correlation has been reported between the electronic structure
of the electrode surface and reactivity, i.e., the surface
exchange coefficient.” It has been reported that strain
generated as a result of thin-film formation at heterointerfaces
can induce changes in the electronic structure that affect
oxygen adsorption and desorption reactions.? This suggests the
potential of nanoscale-controlled heterointerfaces to enhance
surface activity.

To elucidate the origin of the high activity observed in
previously reported LSCF/GDC nanocomposite electrode layers
fabricated via pulsed laser deposition (PLD), detailed analysis of
the introduced lattice strain and corresponding electronic
structure was conducted. Lattice strain was analyzed in terms
of both direction and magnitude using geometric phase analysis
(GPA)® applied to scanning transmission electron microscopy
(STEM) - high-angle annular dark field (HAADF) images. The
electronic state of the LSCF/GDC nanocomposite is discussed
based on the results of soft X-ray absorption spectroscopy
(XAS). The valence of Fe and Co and the information of Fe-O/Co-
O bonds are investigated. Also, the XAS measurements of LSCF
bulk and GDC bulk have been performed for comparison.

To achieve further performance improvements in
electrochemical devices such as SOFCs and solid oxide
electrolysis cells (SOECs), it is essential to utilize technologies
that enable more precise control of microstructures than ever
before. This involves not only enhancing the functionality of
bulk materials but also actively leveraging the nanoscale
structural control and enhancement of unique properties
arising from strain effects, as discussed in this paper.

In this study, the electronic states of cobalt and iron in an LSCF-
GDC nanocomposite electrode deposited on a polycrystalline
substrate are clarified through advanced soft X-ray
spectroscopic electronic structure analysis with spectrum
calculations. The observed changes in electronic structure
induced by strain effects provide new insights into the
modification of material properties, offering a novel
understanding that can contribute to advancements in the
research field of SOFCs.

Method

LSCF raw powder is purchased from Noritake (Japan). The LSCF
pellet is prepared as bulk sample by pressed raw powder using
uniaxial and cold-isostatic-pressing apparatus with the pressure
of 10 MPa and 390 MPa, respectively, and sintered at 1300 °C
for 5 hours. The GDC raw powder is purchased from Shin-Etsu
Chemical (Japan). The GDC pellet is also prepared as bulk
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sample by pressing raw powder in the same way,as L.3GFand
sintered at 1400 °C for 5 hours. LSCF an®GDC P&iées dre 3186
used as target materials in PLD process. The LSCF/GDC
nanocomposite layer was fabricated on GDC pellets by PLD
method using a KrF excimer laser at a wavelength of 315 nm;
the same as previously reported.?> To control the crystallinity,
the substrate temperature during deposition was kept as 650 or
750 °C. Single-phase layer of LSCF and GDC were also fabricated
on GDC pellets to investigate whether the change in electronic
structure was due to the PLD process or to the formation of
hetero interphase in the nanocomposite structure.

LSCF/GDC nanocompoaosite layer

LSCF cathode

r%g"—' YSZ electrolyte
g ral

L'.
%

Fig. 1 Schematic pictures of the SOFC cell with LSCF/GDC
nanocomposite layer.

The STEM-HAADF images were obtained using a TEM of Tecnai
Osiris (FEI) with the acceleration voltage of 200 kV. The
specimen for STEM analysis was prepared by focused ion beam
(FIB) microscope. The lattice image obtained from STEM-HAADF
measurements was analyzed to calculate the difference of
lattice plane distances between the LSCF and GDC phase by the
GPA method® with the plugin in the Digital Micrograph
(GMS3.0) environment.

The XAS measurements were performed at BL-2B of the
Photon Factory, KEK (Tsukuba, Japan). Surface-sensitive total
electron yield (TEY) and bulk-sensitive partial fluorescence yield
(PFY) modes were employed. A silicon drift detector (SDD;
XR100-FastSDD made by Amptek) was used for the PFY
detection. The incident X-rays were normal to the sample
surface, and the SDD detected the photons emitted to the 450
direction. The polarization dependence of the incoming X-rays
in the x-y plane of the sample could be negligible because there
are many small domains randomly rotated within the beam size
(approximately 100(V) pum x 500(H) pm). All the measurements
were conducted under a high vacuum environment of < 1 x 10
5 Pa at room temperature.

The Co/Fe Ly 3-edge (2p-3d absorption) TEY XAS spectra were
analyzed with CTM4XAS program that is a charge-transfer
multiplet (CTM) calculation.'® The calculation is based on the
ligand-field theory: a MOg octahedron (M = Fe, Co) with the M

This journal is © The Royal Society of Chemistry 20xx
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3d, 2p and O 2p orbitals in O, symmetry is considered as a
model cluster. The charge-transfer (CT) effect from O 2p to M
3d orbitals are treated as configuration interaction with
electron configurations like d”, d™L%, and d™*2L? (L denotes a
ligand hole created by the CT).

Results and discussion
STEM-HAADF Analysis

Fig. 2a shows the STEM-HAADF image of the LSCF/GDC
nanocomposite. Phase contrasts are clearly observed, and
these contrasts indicate that the dark areas are LSCF phases,
and the white areas are GDC phases, as reported in previous
STEM-EDS analysis.? In Figs. 2b and 2c, the lattice difference
analyzed by GPA method is shown for x and y direction,
respectively. The colormap indicates the degree of the
differences against the average value of lattice plane distance
in x and y directions of LSCF and GDC phases which determined
from the spot in diffraction images. For the GPA analysis result
in x direction, the color map is shown with red and blue, and
these colors indicate the lattice plane distance is larger and
smaller than reference value, respectively. This is consistent
with the difference in lattice size between the original LSCF and
GDC phases. These correspond to the (012) (ap. 3.90 A) and
(010) (ap. 2.70 A) planes of the LSCF and GDC, as shown in Figs.
3aand 3b. In contrast, the GPA analysis results in the y direction,
show the color map to be almost green, indicating that the
lattice mismatch is smaller in this direction.

As shown in Figs. 3a and 3b, the lattice plane distance
corresponding to the y direction of the STEM images are 2.76 A
for LSCF and 2.70 A for GDC; although the lattice size of the LSCF
is originally larger than that of the GDC, the lattices are aligned
at this heterogeneous interface. According to the interfacial
structure consisting of the [110] of LSCF and [200] of GDC as
shown in Fig. 3, the lattice mismatch is calculated to be 2.1% (=
0.2765/0.2709). Thus, the LSCF lattice is compressed, and the
GDC lattice expanded along the direction at the interface. Both
LSCF and GDC have intrinsic oxygen vacancies, and it is possible
that the interface shown in Fig. 3c may also contain oxygen
vacancies. However, it should be noted that this is a minor
structural arrangement. For clarity and convenience, the
interface layer is depicted in Fig. 3c as being completely
occupied by oxygen. The number of oxygen atoms is consistent
at the interface between LSCF and GDC, as shown in Fig. 3c. To
aid understanding, projections of the interface oxygen atoms
for LSCF and GDC are provided in Supplementary Information
(Figs. S1 and S2).The strain should contribute to enhance the
oxygen exchange reaction at the surface of nanocomposite
electrode as Lee et al. reported.® In their report, DFT
calculations indicate that the O 2p band center is elevated
toward the Fermi level by the lattice expansion.

The thermal expansion coefficients of LSCF and GDC are 15.3 x
10® Kt and 13.5 x 10°® K1, respectively,'! indicating that LSCF

This journal is © The Royal Society of Chemistry 20xx
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exhibits larger thermal expansion. Therefore, under.highs
temperature operating conditions, latticeOmiSrHatey Babweén
the two materials is expected to increase, making the effects of
strain even more significant.

(@ (b)

Fig. 2 (a) STEM-HAADF image of LSCF/GDC nanocomposite. GPA
analysis mapping along (b) y direction and (c) x direction.

(b)
ﬁfﬂ} [zau]_
2.76 A

2.71A

Bulk LSCF Bulk GDC

(c)

LSCF-phase GDC-phase

LSCF/GDC interface

Fig. 3. Structure of (a) LSCF and (b) GDC analysed from the STEM-
HAADF results. (c) An image of the lattice strain in LSCF and GDC
interface. (The figure was visualized using VESTA software.®)

Fe L, 3-edge XAS

Fig. 4 shows the Fe L, 3-edge TEY XAS spectra. The spectra for
the LSCF bulk and as-deposited film are almost the same. The

J. Name., 2013, 00, 1-3 | 3
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line shape is similar to those of LaFeO3'? and typical trivalent
iron oxides such as Fe;03.131% Indeed, CTM calculation for a Fe3*
HS state with an O, symmetry well reproduces the experimental
spectra (Fig. 5). The values of the crystal-field splitting 10Dg, CT
energy from the O 2p to Fe 3d orbitals A, d-electron Coulomb
interaction U, and core-hole potential Q are 1.1, 2.0, 5.0, and
6.0 eV, respectively (case (i) in Table 1). Similar values of A for
LaFeOs series have been reported.'®

For the nanocomposite samples, the highest L3 peak is slightly
shifted to the lower energy side, and the dip between that peak
and 708.0-eV peak becomes ambiguous compared to the
spectra of the LSCF bulk and as-deposited film. Also, slight
changes are observed for the L;-edge of the nanocomposite
samples. CTM calculation for a Fe3* HS state with 10Dg = 0.5 eV,
A =3.0eV, U=5.0c¢eV, and Q 6.0 = eV (case (ii) in Table 1)
reproduced the spectra of the nanocomposite samples (Fig. 5).
The 10Dg of 0.5 eV is a very small value that is necessary to
reproduce the gradual shoulder structure around 708.0 eV.

Table 1. Electronic structure parameters (selected) used in the CTM
calculation for the Fe L, 3-edge TEY XAS spectra. (in eV)

Fe3* HS (i) Fe3* HS (ii)
10Dg 1.1 0.5
7] 5.0 5.0
Q 6.0 6.0
A 2.0 3.0

The small 10Dq indicates a very weak crystal field: the Fe-O
bond should be elongated compared to that in bulk LSCF. STEM-
HAADF analysis revealed that the M—O bonds are compressed
along the interface. However, according to the Poisson effect,
the M—-0 bonds perpendicular to the interface are expected to
be elongated. Most likely, the present XAS and CTM calculation,
where On symmetry is considered, strongly reflects the vertical
direction to the interface, while the XAS measurement with a
large incident beam detects the average information of the
randomly oriented nanocomposite domains. The small 10Dg
also suggests that the interaction between the Fe 3d and O 2p
orbitals should be weakened in the nanocomposites. In
addition, A is larger than that for (i), corresponding to that the
CT effect and hybridization little weaker in the
nanocomposites.

Another possibility for the difference of the Fe L,3-edge line
shape between the LSCF (bulk and film) and LSCF/GDC
nanocomposites should be the valence change of Fe. The
gradual shoulder structure around 708.0 eV in the Fe Ls-edge
TEY XAS for the nanocomposites is similar to that for the
LaosSrosFe0s3'2 and Sr,FeCoOg.s'” where Fe** and Fe3* states
coexist. In addition, similar line shape was reported for ion-
implanted LaFeOs thin film,'® where a change in the average Fe
valance has been suggested. However, the highest Fe L;-edge
peak position of the nanocomposites is slightly lower than that
of the LSCF bulk with the Fe3* state. Moreover, the width of the
Fe Ls-edge XAS for the nanocomposites is narrower than that

is a
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for SrFe0s'?, BaFeO3'° and CaFe03?%2! which haye, gnly et
state. The doublet peaks of the Fe L,-edg®!(3PdGAY I LD HRY
722.9 eV) in Fig. 5b have a similar height, which is contrary to
that the peak around 722.9 eV is clearly higher for the Fe*
materials.’®??2 Thus, the Fe Lyz-edge line shape of
nanocomposites does not suggest oxidation to Fe** state.
Indeed, the CTM calculations for some Fe** states did not
reproduce the experimental results of the nanocomposites at
all (Fig. S3 in Supplementary Information). The difference in the
Fe L 3-edge line shape is solely explained by the difference in
10Dg and A in the Fe3* electron configuration.

While the saturation/self-absorption effects deform the line
shape for the PFY spectra to some extent,?>?’ the Fe L 3-edge
PFY XAS spectra of the nanocomposites showed similar profiles
to the TEY results: the peak at 708.0 eV decreased and the Ls
main peak slightly shifted to the lower energy side in the
nanocomposites (Fig. S4 in Supplementary Information).
Therefore, the weakened interaction on the Fe 3d-O 2p
hybridization in average should be uniform from the surface to
the bulk region at least as deep as ~1 um from the surface.

On the other hand, the Fe L, 3-edge PFY XAS spectra of the LSCF
bulk and as-deposited film are different to some extent from
the Fe Lys3-edge TEY XAS spectra of them (Fig. S2 in
Supplementary Information). The PFY line shapes are partly
similar to those for CaFeO32%2!, Thus, the LSCF bulk and as-
deposited film should include some Fe* components in
addition to the Fe3* components in their bulk region.

i |Fe L, ;-edge TEY

‘ll\‘\:‘

Fels

T ommmme -
(]

-~ -

n

LSCF bulk

£
& (as-depo.)
=
‘B
c
Q
E
LSCF/GDC

E LSCF film

(750 °C)

LSCF/GDC
(650 °C)

4 1
A T LA N T T T S [N T [N T T I S A S B

705 710 715 720 725 730

Photon energy (eV)

Fig. 4. Fe L, 3-edge TEY XAS spectra for the LSCF bulk, as-deposited
film, and nanocomposites.
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Fig. 5. Comparisons between the Fe L, 3-edge experimental TEY XAS
spectra and CTM calculations. (a) LSCF bulk and calculation for a Fe3*
HS state. (b) nanocomposite (750 °C) and calculation for another Fe3*
HS state. The electronic-structure parameters used in the
calculations are summarized in Table 1.

Co L, 3-edge XAS

The Co L,3-edge TEY XAS spectra for the LSCF bulk, as-
deposited LSCF film, and nanocomposites are shown in Fig. 6.
For the LSCF bulk, the highest peaks at the L; and L, edges are
located at 779.4 and 793.7 eV, respectively, which is similar to
the spectra of some trivalent Co oxides including LaCoO3s
families.?®31 Indeed, the CTM calculation for a Co3* low-spin (LS)
state reproduces the main peaks at 779.4 and 793.8 eV (Fig. 7a).
The electronic-structure parameters used in the Co3* LS
calculation are summarized in Table 2. The determined crystal
field splitting, 10Dq is 1.5 eV that is high enough to realize the
LS state. The CT energy from the O 2p to Co 3d orbitals, A is
determined to be 1.0 eV, suggesting a strong CT effect. On the
other hand, the shoulder structure around 777.8 eV for the
experimental spectrum of the LSCF bulk is higher than the
corresponding structure in the calculated spectrum for the Co3*
LS state. This shoulder structure is attributed to that a small
amount of Co?* coexists as discussed later.

For the spectrum of the as-deposited LSCF film, that structures
around 777.8 and 792.8 eV increase, suggesting that more Co?*
cites are involved. In addition, the shoulder structure around
781.0 eV increases and the main peaks of the L3 and L, edges
slightly shift to the higher energy side compared to the LSCF
bulk by ~0.2 eV (see Fig. S5 in the Supplementary Information).
This change suggests that Co** LS state also exists, because the
main peaks of Co** state shift to the higher energy side as the
Co** calculation indicates in Fig. 7(a). Similar change with an

This journal is © The Royal Society of Chemistry 20xx
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increase of Co**state has been reported for the Co |2 3-edge-XAS
of Liz,C00,.32°34 DOI: 10.1039/D5TA05378A

The spectra for the nanocomposites fabricated at 650 and 750
oC are almost the same, while the line shapes are greatly
different from those for the LSCF bulk and as-deposited film
(Fig. 6). They are similar to the spectra of some divalent Co
oxides such as Co0.3>3% As Fig. 7b shows, the spectrum for the
nanocomposite (750 oC) is mostly reproduced by the CTM
calculation for a Co?* high-spin (HS) state. The dominant Co?* HS
state is characteristic of the nanocomposite samples. Then, the
determined value of 10Dg = 0.5 eV, which is small enough to
maintain the HS state with the d” configuration, is obviously
smaller than 10Dg = 1.5 eV for the Co3* LS state found in the
LSCF bulk and as-deposited film. The weaker 10Dgq for the Co?*
HS state of the nanocomposites suggests that the Co-O bond is
elongated, which is compatible with that the formal ionic radius
of Co?* HS state (0.745 A) is larger than that of Co3* LS state
(0.545 A).37 Therefore, the Co 3d-O 2p hybridization on the Co-
O bond near the surface and interface to GDC should be
modified together with the reduction by the nanocomposite
structure.?®38 This modification is analogues to the Fe L, 3-edge
results, while the analysis by STEM indicates that the LSCF and
GDC at the interface are compressed and expanded,
respectively.

For the bulk-sensitive Co L, 3-edge PFY spectra, a similar trend
to the TEY results was observed, while the Co%* HS character is
enhanced for the nanocomposite of 650 oC compared to that of
750 oC (Fig. S6 in Supplementary Information). Thus, the
reduction of Co is confirmed up to ~1 um region from the
surface.

O K-edge TEY XAS

O K-edge (1s-2p absorption) XAS is useful to simply discuss the
unoccupied states considering hybridization of the O 2p orbital and
orbitals of the neighboring elements.?® Fig. 8a is the O K-edge TEY
XAS results for the LSCF (bulk and film), LSCF/GDC nanocomposites,
and GDC (bulk and film). For the LSCF bulk and film, pre-edge peaks
below 532.5 eV correspond to the O 2p-Co 3d/Fe 3d hybridization,
and peaks for 533.0~538.5 eV are of the O 2p-Sr 4d/La 5d
hybridization.122838 The peaks centered at 528.3 and 531.5 eV for the
LSCF film are enhanced compared to those for the LSCF bulk. These
changes originate from the different Co 3d states between the film
and bulk, because the Fe L, 3-edge XAS line shape is almost the same
(Fig. 4). The peak enhancements should correspond to the existence
of the small amount of Co** state in the LSCF film as discussed for the
Co Ly 3-edge results (Fig. 7a).

In contrast to the LSCF film and bulk, the O K-edge TEY XAS spectra
for the LSCF/GDC nanocomposites strongly reflects the line shape of
GDC. The peaks cantered at 530.3, 532.8, and 537.5 eV for the GDC
bulk and film are respectively attributed to the orbitals hybridized
with Ce 4f, 5d (eg), and 5d (tyg),*°** while contribution by Gd should
have broad structures on the whole region.*> Note that the Ce 4f
state was almost the same among the samples (see the Ce My s-edge
XAS results shown in Fig. S7 in Supplementary Information).
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To compare the unoccupied Co and Fe 3d orbitals between the LSCF
bulk/film and nanocomposites suppressing the contribution from
GDC in the nanocomposites, we made a difference spectrum:
[LSCF/GDC (750 oC)] — 0.3 x [GDC bulk] (Fig. 8b). Compared to the
spectrum for the LSCF bulk, the difference spectrum does not have
peaks around 528.2 eV. The disappearance of peak a of the LSCF bulk
indicates that the valence of Co is lower (reduced) than the LSCF bulk.
On the other hand, two peaks exist at 532.2 (peak f) and 533.6 eV
(peak g) in the difference spectrum. These peaks indicate an increase
of the Co?* state because O K-edge XAS of CoO has similar peaks.?*
These considerations are consistent with the Co L, 3-edge results.

iCo Ly

Co L, 5edge TEY
—_— _ :

LSCF bulk

; LSCF film

5 P
s /: ‘__/\\ (as-depo.)
: L/ - i
2 A
@ !
£ :
. LSCF/GDC
: (750 °C)

LSCF/GDC
(650 °C)

785 790 795 800

L
TR RS |

775 780

Photon enegry (eV)

Fig. 6. Co L,3-edge TEY XAS spectra for the LSCF bulk, as-deposited
LSCF film, and LSCF/GDC nanocomposites.

Discussion

As the Co L,3-edge XAS results show, the Co sites for the
nanocomposites are reduced to the Co?* state. The Co?* HS
state (tg13, egr?, t2gy?) observed for the nanocomposites
should be more reactive to the oxygen adsorption/desorption
reaction than the Co3* LS state (t2®) with a closed shell for the
t, orbital (Fig. 9). The partially occupied tyg,, orbital for the Co?*
HS state can easily contribute to such reactions.*®

As above, the two possibilities should be considered for the Fe
L, 3-edge TEY XAS results of the nanocomposites. The weakened
Fe 3d-O 2p hybridization with the elongation of Fe-O bond
perpendicular to the LSCF/GDC interface, is consistent with the
results of the STEM-HAADF at least for that direction. The

6 | J. Name., 2012, 00, 1-3

Journal Name

weakened interaction possibly contributes to gnhange the
mobility of oxide ions. The stabilizationDéf: ¢obait/itp T doi@s
valence state may also contribute to an increase in oxygen
vacancy concentration in the perovskite structure, which may
help improve oxide ion conductivity.

Co L, 5-edge TEY

LSCF bulk

LSCF film

: \ (as-depo.)
' \m\_J/\,

4o
calc.forCo LS

. .Y e

Intensity (a.u.)

®)

LSCFIGDC (750 °C)

Intensity (a.u.}

. calc. for Coz* HS
AN
|

795

|
785 790
Photen energy (eV)

1 1
775 780 800

Fig. 7. Comparisons between the Co L, 3-edge experimental TEY XAS
spectra and CTM calculations. (a) LSCF bulk, LSCF film and
calculations for a Co3* LS state and a Co** LS state. (b) nanocomposite
(750 °C) and calculation for a Co?* HS state. The electronic-structure
parameters used in the calculations are summarized in Table 2.

Table 2. Electronic structure parameters (selected) used in the
CTM calculation for the Co Ly 3-edge TEY XAS spectra. (in eV)

Co? LS Co* LS Co?* HS
10Dg 1.5 1.5 0.5
U 5.0 5.0 5.0
Q 6.0 6.0 6.0
A 1.0 1.0 2.0

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8. (a) O K-edge TEY XAS spectra for the LSCF bulk, LSCF film,
LSCF/GDC nanocomposites, GDC bulk, and GDC film. (b) Comparison
of the spectrum of the LSCF bulk and a difference spectrum given by
[LSCF/GDC (750 °C)] - 0.3 x[GDC bulk].

Assuming that all Co ions are in the divalent state and all Fe
ions are in the trivalent state, charge neutrality is achieved at
the composition LaggSro4Cop2Feps027, corresponding to an
oxygen vacancy concentration of & = 0.3. Such high oxygen
vacancy concentrations (6 = 0.3) typically destabilize the crystal
structure in conventional bulk materials, as they can induce
reduction decomposition. However, in this study, the formation
of heterointerfaces may have contributed to the stabilization of
the perovskite structure, thereby maintaining a highly active
state with a high concentration of oxygen vacancies.

This journal is © The Royal Society of Chemistry 20xx
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Changes in the electronic structure induced by lattice strain at
such heterointerfaces have previously beeR!oBsERFSTH ERE
plane direction at interfaces between thin films and substrates.
However, the present study confirms that the formation of
these interfaces in the out-of-plane direction allows direct
contact with the gas phase and functions effectively as an active
site for electrode reactions. Furthermore, nanostructuring has
created numerous hetero-interfaces, effectively utilizing strain-
induced highly active surfaces as reaction sites. The LSCF/GDC
nanocomposite electrode layer fabricated by PLD effectively
promoted oxygen adsorption and desorption reactions at the
surface due to the presence of Co?*. Despite its dense structure,
ion diffusion resistance was not a limiting factor. This may be
attributed to the weakening of the Fe-O crystal field and the
increased concentration of oxygen vacancies, both of which are
assumed to have promoted fast oxygen ion diffusion at the
LSCF/GDC interface.

10Dg

up spin down spin

Co¥* LS (tf) CO?* HS (thg:%, 842 tg,?)

Fig. 9. Schematic pictures of 3d orbitals of Co3* (d®) LS and Co?* (d7)
HS states. The tg, orbital for the Co?* HS state is not fully occupied.

Conclusions

The LSCF/GDC nanocomposite with the enhanced power
generation performance has the interfacial strains for both LSCF
and GDC sides as the STEM-HAADF measurements and GPA
analysis revealed. The LSCF layer was found to be compressed
along the interface while the GDC layer was extended. For the
perpendicular direction to the interface, the extension of LSCF
layer was expected. Simultaneously, the electronic structure of
LSCF layer is modified by the strains compared to that of LSCF
bulk and thin film without the heterostructure.

The Fe L,,3-edge TEY XAS line shape for the nanocomposites
showed slight changes, suggesting decrease the interaction on
the Fe 3d-O 2p orbitals on average for all directions. This should
enhance the oxide ion conductivity. The Co L, 3-edge TEY XAS
spectra for the nanocomposites were clearly attributed to Co?*
HS state, while that for the LSCF bulk suggested that Co3* LS

J. Name., 2013, 00, 1-3 | 7
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state was dominant. The electronic structure change of Co by
the nanocomposite structure could increase the oxygen
release/adsorption reactivity because the Co?* HS state is less
stable than the Co3* LS state. The O K-edge XAS results support
the enhanced Co?* HS state in the nanocomposites. These
electronic-structure analysis by XAS will contribute to
developing novel electrode materials/structure of SOFC with
high performances.
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