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ABSTRACT

We present combined Synchrotron X-ray Absorption Near Edge Spectroscopy (XANES) and
Extended X-ray Absorption Fine Structure (EXAFS) study of Lag4SroeTi;—yC0yOs.;s
(0 <y <0.5), which are promising electrode materials for symmetric solid oxide fuel cells.
The measurements were performed at room temperature at the Ti and the Co K-edges in
order to determine the local structural and electronic changes around the two transition
metals. We find that Ti remains in a higher formal valence (around 4+) independent of the
Co concentration. In contrast to this, dramatic and systematic changes are observed for the
Co as a function of y. We conclude that the stability of the Ti*' triggers the A-site deficiency
in our samples and predicts that oxygen vacancies are much more easily formed at large
Co content, which in turn will greatly enhance the performance as electrode material.
Copyright © 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

manage the anode sulfur and carbon poisoning by simply
reversing the gas flux, issues that strongly affects SOFC

ABOj; perovskites with Ti in the B site are promising electrode
materials for a new subtype of Solid Oxide Fuel Cells (SOFC),
the so called Symmetrical SOFC (SSFOC), reported for first
time by Ruiz-Morales et al. [1,2]. SSFOC are based on a sym-
metric design where the same compound is used as cell anode
and cathode. Advantages over traditional SOFC relies on their
simpler design, dealing with compatibility and inter-diffusion
problems between cell components and even helping to

anodes long term efficiency.

Perovskites belonging to the La,Sr; ,TiOsz (LST) family are
recognized for their good properties in a SOFC anode reductive
environment [3]. Besides, the replacement of small amounts of
Ti with other transition metals can enhance their ionic and
electronic conductivity in oxidizing atmospheres, therefore,
enabling the use of doped LST as possible SOFC cathodes [4,5].
Attending the wide experience gained with the La; ,Sr,CoOs3_,

* Corresponding author. Tel.: 454 2944 445100x5389; fax: +54 2944 445100x5283.
E-mail addresses: napolitf@ib.cnea.gov.ar (F. Napolitano), asoldati@cab.cnea.gov.ar (A.L. Soldati), j.geck@ifw-dresden.de (J. Geck),
diego.lamas@fain.uncoma.edu.ar (D.G. Lamas), aserquis@cab.cnea.gov.ar (A. Serquis).
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(LSC) as mixed conductor for SOFC cathodes [6,7] and the sup-
port of theoretical calculations [8], the substitution of Ti by Co
atoms seems to be an adequate way to enhance LST mixed
conductivity.

However, substitution of atoms with other valences in the
ABO; structure might induce oxidation and reduction pro-
cesses in the components or even creation of vacancies in the
oxygen or the A-site sublattice, in order to compensate for
charge and size changes [9]. Some authors reported that
doping SrTiO; with 3+ ions on the perovskite A-site may in-
crease the oxygen non-stoichiometry, creates A-site defi-
ciency and/or changes the ratio of Ti*" to Ti** thus enhancing
the conductivity. The predominance of one of these
compensating mechanisms depends on synthesis tempera-
ture and reducing conditions [3,10]. The already mentioned
replacement of Ti*" on the perovskite B-site can also alter the
structural properties of the titanates [11,12]. Therefore, sub-
stitutions may not only affect the electrochemical behavior,
but also the material structure itself. An important require-
ment in the optimization of doped titanates as SSOFC elec-
trodes is to identify and understand the active charge
compensation mechanisms and their influence over struc-
tural parameters and electronic configuration. For example:
A-site deficiency is related to phase stability [10] and to mixed
conductivity [13], O vacancies strongly influences ionic con-
ductivity [6] and the transition metal (TM) oxidation state af-
fects the electronic conductivity [11].

In a previous work we investigated the
La,St;_Ti;yCoyOss (LSTC) with x = 0.4 and y varying be-
tween 0.0 and 0.5 [14]. A structural characterization using high
resolution synchrotron X-ray Powder Diffractometry (XPD)
and Transmission Electron Microscopy (TEM) methods
showed that the creation of Sr vacancies at the A-site is the
main compensation mechanism for charge and size changes,
and that the A-site vacancies concentration decreases with
the incorporation of Co in the crystal structure. The existence
of Sr segregation in samples with A-site deficiency was sup-
ported by the presence of an amorphous background in the
XPD data and local crystallinity loss observed by TEM. The
physical reason for the creation of A-site vacancies, however,
remained to be clarified. Simultaneously, the characterization

series

of LagsSrosTipsCoosO3 s through neutron diffraction mea-
surements was reported [15], indicating that this compound is
fully stoichiometric at room temperature and presented a
different space group than our samples (i.e., for y = 0.5 and
x = 0.5, this work reported a crystal structure corresponding to
the orthorhombic Pbnm space group, while for a similar
composition, y = 0.5 and x = 0.4, our best fit of XPD data was
obtained assuming the R-3c rhombohedral space group).

We concluded from our previous studies that the presence
of Co, which should modify its oxidation state more easily
than Ti, might preclude the formation of A-site vacancies,
even at low synthesis temperature. However, the lack of
published data on the electronic properties of the B-site
transition metals in this series made it impossible to validate
that assumption. Moreover, the knowledge of the electronic
configuration of the B-sites is crucial in order to understand
the electrochemical properties of SSOFC electrodes.

In this work, we experimentally investigate the electronic
configuration, oxidation state and nearest neighbors coordi-
nation behavior of cobalt and titanium in the same samples
and tested our previous hypothesis using synchrotron X-ray
Absorption techniques. These results will help to establish
and characterize the LSTC charge compensation mechanisms
and understand the physical origin of the electrochemical
properties of these materials as SOFC electrode.

2. Experimental method
2.1. Samples and synthesis method

Samples with nominal compositions of Lag 4Sro 6Ti1—yC0y03.5
with 0 <y < 0.5 (LSTC) were prepared by a citrate chemical
route. Ti(IV)-butoxide, La,03, SrCO3, and Co(NOs), were used
as precursor materials; they were mixed in different ratios to
get the desired compositions and the formed sol—gel was then
calcinated at 300 °C. More details about this synthesis are
reported elsewhere [14]. The as-prepared powders were sin-
tered at 750 °C and at 1100 °C (Table 1) with grain sizes of about
40 and 500 nm, respectively, in order to study possible grain
size effects. Desired phase formation, without traces of

Table 1 — Results from XANES and EXAFS analyses of Lag 4Sr0.6Ti;_yC0,0s.; samples (0.0 <y < 0.5) synthesized at 750 and

1100 °C. Ts: Sintering temperature; 0.S.: Oxidation state; R,: first coordination sphere distance to transition metal; 6%
Debye-Waller factor.

Sample name y Nominal composition  Ts (°C) XANES EXAFS

0.S.co OSg RCo(A) o¢2Co(A?) RyTi(A) o2Ti(A?
LSTC00-750 0.0 Lao.4STo6TiO345 750 — 4.0 — — = =
LSTCO1-750 0.1 Lag 4STo 6Ti09C00 10345 750 2.5 4.0 2.02 (1) 0.005 1.91 (1) 0.003
LSTC02-750 0.2 Lag 4ST0,6Tio.8C0020345 750 2.5 4.0 - - - -
LSTCO03-750 0.3 Lag 4Sro eTio7C00 30345 750 2.7 4.0 1.95 (1) 0.007 1.91 (1) 0.002
LSTC04-750 0.4 Lao.4ST0.6Ti0.6C00.40345 750 3.1 4.0 — — = =
LSTCO05-750 0.5 Lag 4SroeTio5C00 50345 750 3.1 4.0 1.92 (1) 0.007 1.89 (1) 0.0002
LSTCO00-1100 0.0 Lag4S106Ti03.45 1100 - 4.0 - - - -
LSTCO01-1100 0.1 Lag 4ST0 6Ti09C00 10345 1100 2.4 4.0 2.04 (1) 0.004 1.91 (1) 0.004
LSTC03-1100 0.3 Lao.4STo.6Ti07C00.30345 1100 2.6 4.0 1.95 (1) 0.006 1.91 (1) 0.002
LSTC05-1100 0.5 Lag 4Sr0 eTio5C00 50345 1100 3.3 4.0 1.92 (1) 0.005 1.91 (1) 0.0001
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secondary phases, was verified on all samples through labo-
ratory and synchrotron X-ray Diffraction.

2.2. X-ray absorption spectroscopy (XAS)

XAS measurements at the Co and Ti K-edges were carried out
in the DB04-XAFS beamline of the Brazilian Synchrotron Light
Laboratory, LNLS, Campinas, Brazil. Synthesized samples as
well as Co and Ti reference materials, were measured in
transmission mode at room temperature. XAS samples were
discs of 1 cm diameter prepared by mixing LSTC materials
with BN powder in a ratio of approximately 1:5, which were
compacted by uniaxial pressing. The mass of LSTC was
calculated in order to obtain a total absorption above the edge
of 1.5 (i.e. pt = 1.5, where p and t are the linear absorption
coefficient and the effective thickness, respectively). A Si (1 1
1) crystal was used as monochromator and was scanned from
200 eV below to 1200 eV above the K absorption edges of Co
and Ti. Energy steps of 0.5 and 2 eV were used for the XANES
and EXAFS regions, respectively. Three spectra were averaged
each time for the signal-to-noise ratio optimization for most
measurements. The energy reproducibility between mea-
surements was better than 0.1 eV at the K-edge, as determined
using the metal references. A metallic foil (Ti or Co) was used
in each case as a reference to calibrate for possible energy
shifts. The foil and the Iieference detector were placed behind
the sample along the direction of X-ray beam. Reference ma-
terials comprised metallic Co (Co°), LaCoO3 (Co**) and BaCoOs
(Co**) for cobalt and metallic Ti (Ti%, LaTiOs, SrTiO; and TiO,
(Ti*") for titanium.

The data reduction was done with Athena® and WinXAS®
software. Energy calibration was applied setting the first
maximum of the first derivative of the metallic reference foil
equal to 7709.0 eV and 4966.0 eV for Co and Ti, respectively.
The background was subtracted after fitting with two poly-
nomials, one of first order for the pre-edge and the other of
second order for the post-edge. The baseline-subtracted
spectra were normalized to an intensity of one at the energy
where no more EXAFS oscillations were detected. The edge
position was calculated as the position of the first intense
maximum of the first derivative curve of the normalized
absorption spectrum.

WinXAS software was also used for EXAFS data refinement
via the theoretical model approach. EXAFS signals were
extracted in the range 3A ' <k < 12 A~ ! using cubic splines and
k® weighting following the procedure described elsewhere [16].
Their Fourier Transform (FT) was calculated using a Bessel
window between the first and last well defined zero crossing.
The well-known crystal structures of SrTiO5 [17] and LaCoO5 [18]
perovskite-type oxides (both corresponding to the Pm-3m space
group) were used as reference models for simulating the X-ray
absorption scattering paths with the FEFF8.20 code [16]. This
calculated data was then used as input for the refinement of the
FT EXAFS signals in the R-space to calculate the bond distances
for Ti and Co. Refinements were performed in the
1.1 A <R < 1.9 A in order to include only the first coordination
sphere of the transition metals. The coordination numbers were
fixed at 6 since it is not expected an appreciable oxygen defi-
ciency for these samples as discussed later (synthesized in air at
low temperatures and measured at room temperature).

3. Theory

The main purpose of the density functional theory (DFT) cal-
culations performed in this study is to estimate the effects of
purely structural changes on the Co K-edge XANES. To achieve
this, the calculations were done for stoichiometric LaCoOs;,
using the structural data determined experimentally for our
Lag 4Sr0,6Ti;_yC0y03,5 (y = 0.1, 0.3, 0.5) samples [14]. In addi-
tion we also performed a calculation for structure with the
lattice constants for y = 0.1 expanded by 2%. The DFT calcu-
lations were done in the local density approximation (LDA)
using the Wien2K package [19] with 7 x 7 x 7 k-points in the
irreducible part of the Brillouin zone. For the simulation of the
TM K-edge spectra, the total 4p density of states (DOS) was
calculated by DFT first. Since we are dealing with powder
samples, the total 4p DOS was used, which corresponds to a
sum over different crystal directions. The 4p DOS was then
broadened by 1 eV in order to take into account the experi-
mental resolution as well as the core-hole life time and shifted
by 7709 eV in order to facilitate comparison with experiment.
Note that, in this approximation, only the dominant 1s — 4p
dipole transitions are considered, whereas the much weaker
1s — 3d quadrupole transitions are neglected. Furthermore,
the simulated XAS spectrum is based on the ground state
charge density and as such neglects possible charge density
excitations (screening, charge transfer) caused by the addi-
tional potential of the 1s core hole.

4. Results
4.1. XANES (X-ray near edge structure)

The absorption coefficient at the cobalt K-edge of the LSTC
samples and the reference materials are shown in Fig. 1A. The

La,,Sr,Ti, Co O

06 1y y 38

T=750°C

== -LaCoO,
BaCoO,

T 1 1 1
7700 7710 7720 7730 7740 7750

Normalized Intensity / a.u.

Ti K-edge

4960 4970 4980 4990 5000
Absorbed Photon Energy / eV

Fig. 1 — Lag.4Sro 6Ti;—yC0,03.; (0.0 <y < 0.5) normalized X-
ray absorption spectra around Co (A-top) and Ti (B-bottom)
K-edge absorption edge for samples synthesized at 750 °C.
Standard samples with a well-known transition metal
oxidation state are also drawn (dashed lines) for the
purpose of comparison.
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main absorption jump can be observed in all cobalt spectra
between 7705 and 7725 eV. This peak is known as the “white
line” (WL) and is due to strong 1s — 4p electric dipole transi-
tions. In the following we will also define the edge position Eg
as the first peak in the first derivative of the XANES spectra
(the point with the steepest slope). Regarding the LSTC series,
two main changes of the Co K-edge XANES spectra can be
recognized by increasing the doping fraction y: first, the edge
position E, moves to higher energies and second, the WL
decreases. In contrast to this, the Ti K-edge XANES spectra do
not show any appreciable change as a function of y, as can be
observed in Fig. 1B. In this case, the WL is located at 4985 eV
while Ep = 4983 eV. As it can be clearly seen in the figure, the Ti
K-edge XANES spectra do not show any significant shift in
position, staying close to the SrTiO; edge energy, which we
take as Ti*" reference. The direct comparison of the first de-
rivatives for samples synthesized at 750 and 1100 °C (Fig. 2A
and B, respectively) makes it evident that both LSTC series
show the same behavior, independently of the grain size
(given by the synthesis temperature).

It is commonly accepted that the position of the TM
K-edges is, among other factors, related to the average valence
of the absorber [20,21]. Indeed, a linear shift in the absorption
threshold of the Co perovskite series from lower to higher
energies upon oxidation has been reported [22—25].

This fact motivates the attempt to determine the oxidation
state of Co as a function of y, by comparing the Co K-edge
position of LSTC samples with that own known reference
materials in Fig. 2C. Several reported data (close symbols)

were also included as references to increase the calibration
accuracy (open symbols). A linear regression (dotted line)
resulted in the relation Y =a X + b with a = (2.1 +£ 0.2) eV and
b = (7713.3 + 0.6) eV. The unknown cobalt oxidation states of
the samples were then estimated from the interpolation of the
standard edge energy versus valence state linear fit. This
calculation suggests formal oxidation states between 2.4 + 0.1
and 3.3 + 0.1 for LSTC samples with 0.1 <y < 0.5 (see Table 1).

Following the same line of arguments, the XANES data for
Ti K-edge provide evidence that the formal valence of Ti
remains unchanged as a function of y. More specifically, since
all the Ti K-edge energies agree with that of SrTiO; within the
error of the experiment, our results indicate that the formal
valence of Ti is close to 4+ for all the LSTC samples.

The above interpretation of the K-edge position hence
indicates that the oxidation state of Co changes as a function
of y, while that of Ti remains fixed. However, care must be
taken with interpreting the position of TM K-edges in terms of
formal oxidation states. Since the 4p-states are quite extended
they are also strongly influenced by structural changes, i.e.,
the edge shifts may not only be given by the valence of the
absorber, but also by changes of the local atomic structure
around the absorber.

4.2.  B-site local environment (EXAFS)
In order to determine the significance of the changes in the

local atomic structure around Co and Ti as a function of y, we
performed extended x-ray absorption fine structure (EXAFS)

A |[La,Sr, eTi1_y(:oyomé ——y=0.1 B | 12,57, 0,0, —o—y=0.1
. |T=750°C ; 1 y=0.3 . | T=1100°C -3 y=0.3
3 I ——y=0.5 3 Il ——y=05
S FF f BaCoO, E D,D L BaCoO,
g ¥ ) LaCoO, 2 DDI i LaCoO,
= x La ,Sr,.CoO = / La,,Sr,,Co0,
© 7 0406 3 © /
£ 2
- =
o )
o Lpme O
- -—
2 2
i \s [
7710 7720 7730 7740 7710 7720 7730 7740
Absorbed Photon Energy / eV Absorbed Photon Energy / eV
& y=0.1T 750°C
7726 o y=0.3 T 750°C 0 LaCoO, - Berry 2005
% e y=0.5T750°C 0 La,,Sr,,CoO, - Berry 2005
~ T7725f A LaFe, Co, O, - Berry 2004
S s v SrCoQ, - Piovanno 2011
@ 7724 L s <& 8SrCo0, - Piovanno 2011
LICJ /@, 57 v LaCoQ, - this work
(] //,/ ;8/ 4 BaCoO, - this work
D 77231 /@ o s y=0.1T 1100°C
L ﬁ: ~ o y=0.3T1100°C
/ / o y=0.5T 1100°C
77220

z 1 1 1
2,0 2,5 3,0 3,5

1
4,0 4,5

Co Formal oxidation state

Fig. 2 — XANES spectra first derivative near Co absorption edge of Lag 4Sr ¢Ti;—yC0,03.; (0.0 < y < 0.5) synthesized at 750 °C
(A) and 1100 °GC (B). C) Calibration of XANES spectra edge energy position of standard samples with known Co oxidation state
and determination of the Co oxidation state of our LSTC samples. Literature data were taken from references [22,37,38].
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measurements at room temperature. This technique has the
great advantage of allowing the study of the local structure
around the absorber, which is much more difficult with other
non-resonant techniques such as conventional X-ray diffrac-
tion. First EXAFS results are presented in Fig. 3 (a detailed local
environment characterization of the LSTC series will be
reported in a forthcoming publication), where the Fourier
transform of the LSTC EXAFS signal and the refinements
corresponding to the first coordination sphere around Co and
Ti of the samples synthesized at 1100 °C is displayed. Similar
results were obtained for samples synthesized at 750 °C (not
shown). The Co—O distance decreases systematically with
increasing y, from 2.02 to 1.92 A, while the Ti—O distance re-
mains constant at 1.91 A (see Table 1) within the errors of the
experiment. Typical Debye-Waller factors are in the range of
0.002—0.007 A2, which are expected for crystalline structures.
These preliminary results further support the conclusion of
our previous work: the TiOg and CoOg octahedra remain cubic
with no noticeable distortion. In particular we find no evi-
dence for a difference between Co- apical O and the others
Co—O0 distances; this would be observed as a peak splitting in
the first coordination sphere, which is not observed at the
resolution of these experiments. The structural changes
observed by XPD therefore seem not to be related to local
symmetry reductions (i.e. distortions of the octahedra), but to
a shrinking and tilting of essentially cubic octahedra.

EXAFS results in Fig. 3 are fully consistent with XANES
results presented above: the constant Ti—O distances agree
with the unchanged valence of Ti in the studied LSTC sam-
ples, whereas the strong changes observed for the Co—O are
probably related to the change of the local electronic struc-
ture. Although the contraction of the Co—O distance with
increasing y appears to be in line with an increased formal
valence of Co, the observed change of about 0.1 A is

surprisingly large and needs to be investigated in future
dedicated experiments.

4.3. DFT theoretical calculations

EXAFS results indicate that the local structure around Co
changes considerably with increasing y. In order to assess the
influences of the local structure and to test the validity of the
above analysis, which associates the shift of E, with a change
in the Co valence, we preformed DFT calculations. The
simulated Co K-edge XANES spectra due to electric
dipole transitions are displayed in Fig. 4.The first set of DFT
calculations has been done for LaCoOs, using the averaged
structures of Lag4Sro6CoyTi;_yO3.5 with y = 0.1 and 0.5 that
were determined by XPD [14]. The Co—O distances in these
cases were 1.962 A and 1.937 A, respectively. In addition we
also performed calculations for hypothetical structures,
where the lattice parameters for y = 0.1 were expanded by 4%
and compressed by 2.1% in order to obtain the extreme Co—O
distances 2.04 A and 1.92 A deduced from EXAFS. Note that
these DFT models fix the formal valence of Co to 3+.

As it can be observed in Fig. 4, purely structural changes
without any change in the Co valence already yield large shifts
of the Co K-edge. From the average structure determined by
XPD, the Co—O distance shrinks by about 0.025 A with
increasing y from 0.1 to 0.5, which yields a shift of E, of about
0.5 eV. Comparing this calculated shift to the observed value
of about 2 eV, it can be concluded that the Co K-edge position
mostly reflects a significant change of the Co valence. How-
ever, using the Co—O bond distances determined by EXAFS,
which in contrast to XPD provides direct access to the local
atomic structure around Co without long-range averaging, the
Co—0 bond length changes by about 0.12 A. This large struc-
tural change causes a shift of the calculated Ey that amounts

0.0l Co | Co-0=(2042001)A y=01 | Ti | Ti-0=(191£001)A y=01
0,10
x
< 1
E 0,051
'_
[T
-~ { 000} -
0,15 1
- 0,10
X 005 ]
53
= 0,05+
'_
[T _,
0,00+ e i 1 0,00+

FT(x(k) k)

R/A

R/A

Fig. 3 — Fourier transform and first coordination sphere fit of LSTC samples. Cobalt (left) and titanium (right) EXAFS signals

are shown for y = 0.1, 0.3 and 0.5, respectively.
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---Co-0=1.962A -=0.5eV
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Fig. 4 — The p-projected Co-DOS as determined by DFT. The
DOS is up-shifted by 7.709 keV and broadened by 1 eV, in
order to facilitate comparison to the experimental data.
Dashed lines show the calculations done for the structure
determined by XPD, while the solid lines show the results
obtained for the hypothetical structures, which reproduce
the Co—O distances determined by EXAFS (further
explanations are given in the text).

to 1.6 eV, which is close to the experimentally observed shift.
Note that, in addition, the calculations also reproduce the
reduction of the WL (see Fig. 1).

The DFT results presented in Fig. 4 imply that structural
distortions have a large impact on the Co K-edge and need to be
considered when interpreting the observed edge shifts. In fact,
this should also be true for other TM K-edges. The present
analysis shows that the position of the Co K-edge alone cannot
be used to obtain a precise estimate of the Co valence, if the local
Co environment changes significantly between the studied
samples. This seems to be the case in the LSTC material.

In general, for a reliable determination of TM formal va-
lences by means of their K-edge XANES analysis, the local
atomic structure also needs to be monitored. In the present
case, the development of an improved approach, which
combines EXAFS, XANES and DFT on a more quantitative
level, should enable to achieve a better determination of the
Co valence in the future. Other alternative techniques such as
neutron diffraction, X-ray Photoemission Spectroscopy (XPS)
or Mossbauer Spectroscopy may serve for an independent
validation. At this point the comparison to the reference
materials only allows us to say that the Co valence is around
3+. While we do not exclude changes of Co valence as a
function of y, the analysis shown in Fig. 2C, which yields the
Co valence resumed in Table 1, will overestimate the maximal
span of the actual Co valence.

Finally we would like to mention that the Co—O distances
determined via EXAFS indicate a spin—state transition of Co.
The strongly increased Co—O distance for y = 0.1 is typical for
a high-spin (HS) state, whereas the reduced Co—O distance at
y = 0.3, 0.5 agrees well with a low-spin (LS) state [26]. Possible
spin state transitions in the LSTC materials are intriguing and
are subject of our ongoing work.

5. Discussion

As mentioned in the introduction, there are three mecha-
nisms which are discussed in the literature in relation to the

compensation of charge and size changes with doping in
LSTC: (i) vacancies in the perovskite A-site, (ii) changes of the
oxidation state of the perovskite B-site, or (iii) changes in the
oxygen stoichiometry (usually through creation of oxygen
vacancies).

Which of these mechanisms is active at least partially
depends on the external conditions. For example, in LST ma-
terials (without the incorporation of Co) synthesized at high
temperatures (~1500 °C) under a reductive atmosphere, a
reduction of Ti from 4+ to 3+ to balance the replacement of Sr
by La has been reported in order to explain its elevated elec-
tronic conductivity [27]. However, a different synthesis
method for the same material yields A-site deficient com-
pound, which shows that also this mechanism is active under
certain conditions [9].

In our case, LST samples were prepared as stoichiometric
(A,A’)BO3 perovskite but as a result an A-site deficient material
hasbeen obtained [14], in agreement with reported works for a
low temperature synthesized LST under oxidizing atmo-
sphere [28—30]. More specifically, there is strong evidence that
there is a Sr-deficiency inside the LST material itself and that
the missing Sr accumulates in disordered regions in-between
the LST grains [14].

The present study of our LSTC series provides new in-
sights, which enable to deduce the physical reasons for the
A-site vacancy formation in LST-based materials: our results
show that the oxidation state and the local coordination of Ti
remain essentially unchanged with increasing y, whereas
significant changes are observed at the Co-site. At the same
time, our refinements of the XPD data show that the number
of A-site vacancies decreases with substituting Ti by Co.

To explain this behavior, we first note that Ti** is very
stable. This is not only supported by our Ti K-edge XANES
measurements. It is also expected based on the electronic
structure, because the Ti 3d-levels in SrTiO5 are situated well
above the Fermi level [27]. The reduction of Ti*', e.g. by
replacing Sr by La, means that electrons are added to these 3d-
levels, which costs a finite energy. Then, under certain con-
ditions, it may be more favorable to form A-site vacancies in
order to keep the B-site (Ti) valence close to 4+.

According to our Co K-edge XANES data, the Co valence is
close to 3+. Therefore, the substitution of Ti by Co removes
the restriction that the average formal valence of the B-site
has to be 4+. As y increases, the average B-site valence
0.S.5 = 3y + 4 (1 — y) decreases from 4+ to 3+ and the
number of A-site vacancies is expected to decrease accord-
ingly. This is in perfect agreement with our experimental
results shown in Fig. 5. Importantly, adding Co to the system
is expected to create electronic states close to the Fermi
level, to which electrons can be added or from which elec-
trons can be extracted. This statement is also supported by
four points conductivity measurements carried on LSTC
samples with y = 0 and y = 0.5, where it was observed at
least five orders of magnitude higher electrical conductivity
in the sample with Co (i.e. 6 =7 x 107> S/cm and ¢ = 18.7 S/
cm for y = 0 and y = 0.5 at 1000 °C under air, respectively).
Hui et al. [31] also reported large changes in conductivity
when adding Co to SrTiOs; sample (¢ ~ 3 x 10~* S/cm for
SrTiO3 and ¢ ~ 0.02 S/cm for SrTig 95C00 0503 both at 800 °C
under air).
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0,65 -0,05 stoichiometry (6). These measurements were performed in a

_ 060 S 0,00 2 symmetrical thermo balance based on a Cahn 1000 electro
é 055 0,05 g balance [33] coupled to an electrochemical system for the
8 050 0,10 § measurement and control of pO, [34] according to the procedure
&0 045 015 @ detailed in references [35] [36]. Measurements carried on LSTC
0,40 020 & samples with y = 0, 0.3 and 0.5 resulted in a mass loss of 0.1%,
0.0 01 c’f’;cogémov“ 0.5 0.6% and 0.8%, respectively, between room temperature and

Fig. 5 — Evolution of strontium content, or equivalently A-
site vacancies, as a function of Co content, determined
from our previous X-ray diffraction study [14].

To further verify the model described above, we can esti-
mate the number of A-site vacancies, assuming the following
average occupation and formal valences: A%>**;_B°-5B0%,,
The assumed full occupation of the B- and O-site is justified by
our refinements and previously published data [10,14]. For this
simplified case, it follows immediately that D = 0 for a Co
content of y. = 0.4, which is in good agreement with the
experimental data shown in Fig. 5, where the experimental
value for y. is found to be in the range of 0.3—0.4.

We therefore find that the formation of A-site vacancies in
our LST-based materials is triggered by the stability of Ti** (cf.
Fig. 6). Indeed, according to the arguments given above, it is
very hard to create oxygen vacancies in LST, as this will add
electrons to Ti and hence cost considerable energy. This sit-
uation should change dramatically when Co atoms replace Ti
ones in LSTC, because now low energy electronic states at the
Fermi level become available for the extra electrons intro-
duced by oxygen deficiency. The presence of Co is therefore
expected to enhance the materials ability to develop oxygen
non-stoichiometry, which should greatly enhance the ionic
conductivity of these compounds, as it was also observed in
similar compounds [31,32].

This assertion is also supported by thermogravimetric
weight loss (TG) used to determine the oxygen non-

Lap4SrosTi1yC0y0s.s

(" LsTy=000 ) ( LSTC(0<y<03) )
Ve Ve,
Sr2+ Sr2+
Ti"
La3+ La3+
A-site B-site A-site B-site
g AN J

Fig. 6 — Schema representing the charge compensation
mechanisms acting in each compositional range and their
correlation. Each vertical bar represents the accumulative
proportion of each element into a fully occupied perovskite
A or B site. a) In the undoped sample, B site is fully
occupied by Ti** while A-site has 20% of vacancies. b) For
low cobalt doping level, the electrons provided by the
addition of Co into the B-site is used to decrease A-site
vacancies.

800 °C under synthetic air. In addition, the  variation at 800 °C
between reductive (Ar) and oxidative (O,) atmospheres is
increased from 0.003 fory =0t0 0.018 and 0.046 for 0.3 and 0.5 Co
contents, respectively.

6. Conclusions

Our results show that in the Lag4Sr6Tii_yC0,03.; materials
the formal valence of Ti stays close to 4+ for all compositions,
whereas the local atomic and electronic structures around Co
change dramatically as a function of y. According to our DFT
calculations, the structural changes around Co deduced from
the EXAFS data have a very strong effect on the Co K-edge. The
direct determination of the Co valence from the Co K-edge
position is therefore not possible in the present case. How-
ever, the comparison to reference materials allows to estab-
lish that the formal valence of Co must be close to 3+ in the
studied samples. Based on our experimental results, we
conclude that the formation of A-site vacancies is driven by
the stability of Ti*", as its reduction requires a finite energy.
Based on this conclusion, we can explain why the A-site
deficiency is reduced with increasing Co content and so pre-
dict that oxygen vacancies will be much more easily formed in
Lag.4ST0.,6Ti;yCoyO3.; at large Co contents. Therefore, it can be
expected that the Co-substituted materials will exhibit an
enhanced electrochemical performance as electrode mate-
rials than the Co-free variants.
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