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ABSTRACT: A-site doped SrTiOj; is considered as a promising substitute for traditional
anodic metals in solid oxide fuel cells (SOFCs). In this study, we present the reactivity of
Lay,Srg,5Cag4sTiO5 (LCSTO), Lay,Sry,TiO; (LSTO), and SrTiO; (STO) toward H, by
operando ambient pressure NEXAFS spectroscopy and theoretical spectra simulation with
FDMNES code. The samples were synthesized by MBE (molecular beam epitaxy),
hydrothermal, and modified-Pechini routes. We found that the reducibility of the samples
depends not only on their stoichiometry but also on the morphology, which is determined by
the synthetic method. The results of these experiments give insight into the reducibility of
Ti*" in perovskites as well as the opportunity to further optimize the synthesis of these

materials to obtain the best performance for SOFC applications.

S olid oxide fuel cells (SOFCs) are the most promising type
of fuel cells, offering excellent output currents and
significantly reduced CO, emissions, a substantial environ-
mental advantage over conventional power generation.' * The
state-of-the-art anodes is the cermet Ni-YSZ which has good
mechanical and electrical properties but suffers from
coarsening of nickel particles and coking when operated with
hydrocarbons;*~'* these drawbacks significantly hinder the
device operation, and intensive research is carried out to find
alternative materials that can compete with the performance of
Ni-YSZ.*”"* In the past few years, perovskites have drawn
interest as SOFC anodes due to their high electronic
conductivity in reducing atmospheres and good catalytic
activity; """ in fact, many perovskites exhibit a mixed ionic
and electronic conductivity, meaning that the usual require-
ments of a triple phase boundary between electrode,
electrolyte, and gas is not anymore necessary since the
reaction can take place on the whole surface of the electrode."
The general formula of perovskites is ABO; where A and B
cations are 12-fold and 6-fold coordinated to the oxygen
atoms; the usual structure consists of BOg octahedra sharing
the corners of the cube containing the A cation at the
center.'”'®'” The A-site is generally occupied by alkaline earth
cations or lanthanides while transition metal ions reside on the
B site, and particular attention has been given to perovskites
containing Ti, Fe, and Mn due to their catalytic activity and
presence of redox couples which facilitate electronic
conductivity.'>'® Notably, the perovskite structure can host
different cations, and a rich defect chemistry is achieved by
doping A or B sites with aliovalent cations. Nowadays, SrTiO;
(STO) is being considered as a good candidate to be used as a
SOFC anode due to its n-type conductivity and strong
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resistance to coking compared with Ni/YSZ; although
STO is quite inert toward reduction, an aliovalent doping with
La*" was found to increase the electronic conductivity and the
reducibility of titanium,”'~>* while A-site substoichiometry
enhances the ionic conductivity which mostly depends on the
quantity of oxygen vacancies within the structure. The
aliovalent doping with La** can be written in Kroger—Vink
notation as:

La3*t "
SITiO; — Vg, + O) + 2Lag, (1)

Under a reducing atmosphere, oxygen vacancies are formed
and Ti*" is reduced to Ti*":

1
05 —0+2 +Vy
° 7y © )

Ti"" + ¢ > T (3)

where the presence of the redox couple Ti**/ Ti** increases the
electrical conductivity.'”** Moreover, calcium was discovered
to further enhance the electronic conductivity since its
introduction into La,Sry,_,TiO; brings the d-orbitals of
titanium closer.'”** For these reasons, Lag,Sry,5Cag4sTiO;
(LCSTO) appears to be an interesting candidate for anode in
SOFC. The aim of this work is to study, with ambient pressure
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Figure 1. (a) Experimental Ti L, ; edges NEXAFS spectra of STO, LSTO, and LCSTO acquired at 25 °C in He (100%) atmosphere at 1 bar of
pressure. (b) Experimental (top) and calculated (bottom) Ti L, ; edge NEXAFS spectra of STO acquired at 25 °C in He (100%) atmosphere at 1
bar of pressure. (c) Experimental (top) and calculated (bottom) Ti L,; edges NEXAFS spectra of LCSTO acquired at 25 °C in He (100%)
atmosphere at 1 bar of pressure. In panels b and ¢, the theoretical curves prior to and after convolution are shown using bars and solid lines,
respectively. In the nonconvoluted theoretical spectra, the L, edge transitions are displayed in black while the L, edge features in red. (d) Top:
Experimental Ti L, ; edge spectra of STO, LSTO and LCSTO compounds were acquired at 25 °C in He (100%) atmosphere at 1 bar of pressure.
Bottom: Ti L, ; edges spectra calculations of cubic STO, orthorhombic STO, and La-doped cubic STO, assuming a 4+ oxidation state for Ti.

NEXAFS spectroscopy, the possible differences in reactivity
between three synthetic methods of Lag,Sry,sCag4sTiO5
(LCSTO): namely, MBE, hydrothermal, and modified-Pechini
synthesis. NEXAFS spectroscopy is a powerful technique
which can probe the L edge of 3d transition metal; if
performed in total electron yield (TEY) mode, possessing a
probing depth of about 4 nm,” it can provide surface-sensitive
information on the chemical states of catalysts and
reactants.”*"** In particular, we focused on the reducibility
of titanium by performing all the NEXAFS experiments in 1
bar of H, at 350 °C and, to obtain a deeper understanding of
all the possible scenarios, the NEXAFS spectra were supported
by theoretical calculations. In particular, the FDMNES code
has been employed to simulate the spectral features and to gain
important insight into the spectroscopic fingerprints of Ti sites
in perovskites. Besides ambient pressure NEXAFS, the samples
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were characterized also by XRD, SEM, and XPS to gain a
complete overview of their chemical and morphological
features.

A series of samples comprising STO, LSTO, and LCSTO
have been prepared with different methods: MBE, hydro-
thermal, and Pechini. The MBE samples were grown in a
dedicated system on commercially available STO (001)
substrates and are in single-crystal form. The hydrothermal
and Pechini samples are in powder form, and the details of the
synthesis are presented in Experimental Methods. The
hydrothermal and Pechini samples were first characterized
with XRD to assess their purity (while the obvious crystallinity
of MBE grown samples has been controlled with RHEED
pattern during growth): the XRD patterns of LCSTO powders
show all the reflections of the orthorhombic perovskite
structure, although the sample LCSTO Pechini contains
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some residual TiO, (~2% wt) (Figures S1 and S2). Figure S2
is a closer inspection of the (200) reflection: the diffractograms
of LSTO are shifted toward higher angles with respect to the
undoped STO due to the substitution of Sr** (ionic radius =
132 pm) ions with the smaller La*" (69 pm), giving rise to a
lattice shrinking. This result hints at a successful incorporation
of the dopants in the perovskite crystal structure. Moreover, a
further shift between LSTO and LCSTO is also visible:
according to Aljaberi and Irvine, the codoping with Ca*" ions
(114 pm) induces a unit cell deformation from cubic to
orthorhombic, depending on the amount of calcium present in
the sample.”” An SEM analysis was performed to obtain
information on the particles’ morphology. As reported in
Figure S3 the two synthetic methods gave quite different
outcomes: hydrothermal LCSTO is composed of micrometrics
aggregates with irregular polyhedric shapes, while LCSTO
Pechini is, on the contrary, composed of smaller pebble-like
particles. The reduced particle size of LCSTO Pechini (Figure
S4) could be ascribed to the different synthetic procedure
which involved a lower-temperature treatment (1000 °C vs
1200/1300 °C) along with the use of a different Ti precursor.
The surface chemistry of these samples was investigated via
XPS analysis: the survey spectra shown in Figure SS present all
the expected peaks for the LCSTO stoichiometry; in addition,
a small Na 1s peak is visible in hydrothermal LCSTO ascribed
to NaOH used in the synthesis. As reported in the
literature,”*" the Sr 3d core level can be fitted with one
doublet for bulk and the other for surface Sr—O bonds (Figure
S6¢,d). Ti 2p core level was fitted with two doublets in good
agreement with the literature:*>>° the most intense is ascribed
to a Ti*" state, while the lesser is related to Ti** (~9% at.)
present in LCSTO because of a trivalent doping. The O 1s
peak can be fitted with 3 main components’>**~* which are
reported in Tables S2 and S3: O, can be ascribed to lattice
oxygen, while O, and Oj are consistent with the presence of
Vg in the neighboring sites and surface —OH, respectively. A
minor contribution (O,) was also included in the fit,
accounting for the sample holder. The typical La 3d doublet
has a characteristic shakeup feature while there is no presence
of La,O; whose 3d;;, peak falls at 834.5 eV,*® therefore
hinting at a complete insertion of La in the perovskite lattice
(Figure S6e,f). The stoichiometries obtained from XPS analysis
are displayed in Table S4 and are in good agreement with the
theoretical values, with Sr being a little over stoichiometric;
this discrepancy is related to alkaline-earth cation surface
migration, a phenomenon that is known to happen in
perovskites.”** Overall, the XRD and XPS analyses confirmed
the successful synthesis of LCSTO, with both methods, leading
to powders which possess the right perovskite structure with
the expected stoichiometry and absence of secondary phases.
In this section the NEXFAS spectra of the Ti L, ; edge in the
different samples are presented together with the spectra
simulation and interpretation. The experimental Ti L,; edge
spectrum of STO shows the typical structures related to Ti**
sites with octahedral coordination,” labeled as a—f in Figure
la. These structures originate when the d° ground state of Ti*"
is excited to the 2p°3d' configuration in which a hole is present
in one of the six 2p states while an electron occupies one of the
ten 3d states. Spin orbit coupling gives rise to two absorption
edges (L, and L;) with a spin orbit splitting of 5.42 eV, in
agreement with the literature.*”** A detailed description of the
spectral features is given in the Supporting Information.
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The experimental spectra of LSTO and LCSTO show the
same spectral features of STO, although small differences are
appreciable: the pre-edge structures a and b are less resolved as
a consequence of the broadening of structure b; moreover,
structure d appears broader and shifted to lower photon
energies with respect to the STO spectrum. To obtain a deeper
interpretation of the Ti L,;-edge spectra and to address the
spectral modifications which can be observed during the
interaction of the perovskite surfaces with H,, theoretical
simulations of the spectra have been carried out by means of
the FDMNES code.”* Figure 1b,c compares the exper-
imental and calculated spectra of STO and LCSTO. For the
calculation, the structural model employed is described in
detail in Figure S9 of the Supporting Information. The
theoretical simulation of the Ti L, ; edge spectrum of STO is in
good agreement with the experimental one: the convolution of
the calculated transitions (reported as black and red bars for
the Ly and L, edge contributions, respectively) gives rise to
features a’—f’, whose intensities and energy positions correctly
reproduce those of the experimental data. The different peak
width observed between the ¢ and d structures in the L; edge
is well reproduced by the simulations (structure d’ is broader
than c’), confirming a larger energetic distribution of the
transitions toward e,-type orbitals (peak d") with respect to the
t,g ones (peak ¢’), as previously reported.*” Having
benchmarked and established the reliability of our theoretical
framework, we maintained the same FDMNES theoretical
parameters and employed a different structural model (see
model 3 of Figure S9) to simulate the Ti L,; edge spectra of
LCSTO, whose experimental and simulated spectra are
presented in Figure lc. The calculated spectrum of Figure 1c
has been obtained from the average of separate calculations
where all the possible LCSTO unit cell configurations have
been considered, since La, Ca, and Sr atoms can be arranged in
17 different ways in the first coordination shell of a Ti atom
(see Figure S10 for further details). The calculated spectrum
correctly reproduces all of the experimental features of
LCSTO. A broadening of the ty-related structures (b’, ¢/,
and e’) is observed with respect to the undoped STO, in
agreement with what is observed experimentally: the
calculations show that this is due to a larger energetic
distribution of the related transitions. Moreover, when
comparing the pre-edge transitions of the calculated spectra
of STO and LCSTO (Figure S11 of the Supporting
Information), one can observe that structure b’ falls at a
slightly different photon energy (AE = 0.2 eV), thus giving a
possible explanation for the broadening of structure b’
observed experimentally for LCSTO. To further investigate
the spectral differences observed between STO and LCSTO,
complementary simulations have been carried out as shown in
Figure 1d: we simulated the Ti L edge spectrum of STO with
an orthorhombic unit cell (Model 2 in Figure S9 of the
Supporting Information) in order to investigate the spectral
modifications caused by the crystal structure distortion.
Comparing the simulated spectra of cubic and orthorhombic
STO, an energy shift of the pre-edge structure b can be
observed; moreover, its intensity is enhanced in the
orthorhombic STO, showing how the pre-edge structures of
STO are directly related to the crystal field of the Ti atoms,
confirming what was previously reported with the use of
semiempirical methods.”” We also investigated the role of La
substitution in a cubic STO lattice (Figure 1d), exploiting
model 4 of Figure S9 as the input structure for the calculations.
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Figure 3. Top: Experimental Ti L, ; edges spectra of Lay,Cag 455t s TiO5 acquired at 25 °C in He (100%) atmosphere (black) and at 400 °C in H,
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In this case, the substitution of a Sr atom by a La in the STO
unit can generate eight geometrically equivalent configura-
tions; thus, we only calculated the spectrum of the one shown
in Figure S9. In the calculated LSTO spectrum, we observe a
redistribution of t,, type transitions (pre-edge structures and
peak c) similar to that of the orthorhombic STO but less
enhanced. More interestingly, peak d is shifted toward lower
photon energies, consistent with the experimental observa-
tions. This suggests a decrease of the octahedral crystal field
splitting AO, as a direct consequence of La doping;
performing two separated calculations for the orthorhombic
SrTiO; and cubic La,Sr;_,TiO; allowed discrimination of the
effects induced by the structural distortions and chemical
doping.

To investigate the effect of A-site doping in SrTiO; we
decided to study first, as a model system, the MBE samples
with operando NEXAFS at the Ti L, ; edge. In Figure 2a, when
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STO is exposed to H, at 400 °C, we can clearly see that the
two spectra are very similar, hinting at a high stability of STO
in a reducing atmosphere. Notably, also LSTO does not
display significant changes, meaning that La doping also does
not change remarkably the STO reactivity. Conversely, the
codoping with Ca in LCSTO leads to a notable rise of the t,,—
e, valley as shown in Figure 2c.

To correlate the spectroscopic modifications observed
during exposure to H, with the reducibility of the samples,
we performed theoretical DFT simulations. Experimentally, the
most evident modifications observed in LCSTO before and
after the heating ramp in H, are related to the rise of the valley
between ¢ and d structures and to the broadening of the pre-
edge region (structures a and b), clearly visible in the upper
panel of Figure 3. From the subtraction of the two spectra, the
blue spectrum of Figure 3 has been obtained which consists of
six main features labeled as g—n. In this particular case, for the
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spectra subtraction performed in Figure 3, the two Ti L edge
spectra have been normalized at the t,, peak (labeled as ¢ in
the figure) in order to extract the line shape of the X-ray
absorption spectrum of the Ti*" species. We hypothesize that
heating under a reducing atmosphere could promote the
activation of H, on the surface oxygen sites and the consequent
H, dissociation to yield water desorption. This process would
result in the formation of an oxygen vacancy and a Ti*" site as
charge compensation. In order to verify this hypothesis, we
calculated the Ti L,; edges NEXAFS spectrum of a Ti**
photoabsorber in LCSTO (model S of Figure S9), having an
oxygen vacancy in the first coordination shell (see Supporting
Information for details). The resulting spectrum is shown in
the bottom panel of Figure 3: we observe an excellent
agreement between the experimental subtracted spectrum and
the calculated one. The energy position and the relative
intensity of the main structures (g, h, I, m) is perfectly
reproduced in the calculation; i’ (L; edge) and n’ (L, edge)
features of the calculated spectrum are present at slightly lower
energies in the experimental one. For this reason, i and 1
features appear as a doublet, while in the calculated spectrum i’
and 1" are almost superimposed, appearing as a single structure
in the convoluted spectrum.

Through the calculated spectrum of Figure 3 we therefore
were able to validate the hypothesis of the formation of Ti**-
V§ sites consequent to the interaction of the perovskite
surface with H,; moreover, we proved that the subtracted
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spectrum of Figure 3 is related to Ti’* photoabsorbers with a
distorted octahedral coordination (see model S, Figure S9 in
the Supporting Information). With the help of DFT
simulations, which allowed us to label the fingerprint of T
in NEXAFS spectra, we also confirmed that LCSTO is an
interesting candidate, more than STO and LSTO, for SOFC
anodes.

Having obtained these results on the MBE model systems,
we wanted to investigate how different chemical syntheses
could affect the redox properties of LCSTO, specifically two
samples obtained by hydrothermal and modified-Pechini
routes. The Ti L; edge for Pechini and hydrothermal
LCSTO are shown together with the Ti edge of the MBE
grown sample in Figure S12 of the Supporting Information;
the perfect correspondence of the spectra proves once more
the quality of the synthesized powders, given the fact the
NEXAFS spectra are extremely sensitive to the details of the
electronic structure even more than the XPS, thus demonstrat-
ing the perfect coincidence of the electronic structure of the
different samples. In Figure 4, the Ti L; edge is shown
recorded at room temperature, in He atmosphere (1 bar of
pressure), and in pure H, at 1 bar of pressure and about 350
°C. As reported in Figure 4a, LCSTO-MBE displays little
change, while the powder samples exhibit a higher quantity of
Ti**. In detail, the MBE sample shows the smaller activity and
the Pechini the higher activity, while hydrothermal is
somewhere in between the two. Given the strong similarities
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between the different samples from the point of view of the
crystal and electronic structure, we consider that the
morphology of the surface is at the base of the different
reactivity of the samples. This is rationalized as follows: the
Pechini sample presents smaller particles (about 200 nm)
while the hydrothermal leads to micrometric agglomerates and
the MBE presents obviously an atomic flat surface; thus, the
Pechini has the highest density of defects at surface (step
edges, corners, etc.) followed by the hydrothermal and the
MBE, and these sites are those responsible for the activity
toward hydrogen.

In this study, the surface reactivity of A-site doped SrTiO,
has been thoroughly studied by operando NEXAFS interpreted
with the help of theoretical simulations. The Ti L, ; edge was
collected at around 400 °C in H, flow to follow the reduction
process of the perovskite. The experiment conducted on a
model surface prepared by MBE proved the successful doping
strategy for the sample Lag,Sry,5Cag4sTiO; in increasing the
material reactivity, an essential property to guarantee adequate
electrical conductivity. Moreover, we compared how different
chemical synthesis methods result in different outcomes in
terms of surface reactivity: LCSTO Pechini is slightly more
reactive than the hydrothermal one, probably owing to its
smaller particle size and possible presence of surface defects.
We think that this work could give fundamental insights into
the surface properties of A-site doped SrTiO;, which can lead
to an optimization of the synthesis process. We also proved the
successful multitechnique approach to characterize the proper-
ties of perovskites and to evaluate their possible applications.

B EXPERIMENTAL METHODS

Synthesis of the Samples. The following chemicals were used as
received without further purification: Strontium hydroxide
octahydrate (Alfa Aesar), titanium(IV) isopropoxide (>97%,
Alfa Aesar), titanium(IV) oxide (>99.98%, rutile, Sigma-
Aldrich), lanthanum(III) nitrate hexahydrate (99.9%, Alfa
Aesar), calcium chloride dihydrate (Sigma-Aldrich), citric acid
monohydrate (ACS 99—102%, Alfa Aesar), and ammonia
(30% w/w solution, Sigma-Aldrich). Lay,Srg,5Cag4sTiO;
(LCSTO) was prepared by both hydrothermal and modified
Pechini routes. For the hydrothermal synthesis 0.239 g (3
mmol) of TiO,, 0.199 g (0.75 mmol) of Sr(OH),, 0.259 g (0.6
mmol) of La(NO),, and 0.198 g (1.35 mmol) of Ca(Cl), were
added to 50 mL of a 3 M NaOH solution. After being stirred
for 20 min, the mixture was transferred in a Teflon liner, sealed
in an autoclave, and heated at 220 °C for 20 h. The product
was washed twice with distilled water and dried at 80 °C
overnight. Subsequently, the powder was calcined in air first at
1200 °C for 12 h and then additionally at 1300 °C for 10 h.
The modified Pechini synthesis was performed by adapting a
known procedure:* stoichiometric amounts of Ti(iOPr),,
Sr(OH),, La(NO;);, and CaCl, were mixed in S0 mL of
distilled water. Then, citric acid monohydrate was added in a
molar ratio (1.9:1= acid: sum of cations), and the pH of the
solution was adjusted to 6,5 with ammonium hydroxide. The
reaction mixture was stirred for 12 h at 80 °C and then fired at
380 °C for 2 h to remove the organic content. The resulting
powder was ground in an agate mortar and calcined for 12 h at
1000 °C. LCSTO-MBE was deposited in an oxygen assisted
MBE chamber present at APE-HE growth and characterization
cluster.”” The film was grown by a shuttered method repeating
the layered structure of perovskite in the direction (001), when
the Lag,Sry,5Cag,s atomic layer is followed by the TiO,
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atomic layer: this method allows obtaining and following a
precise stoichiometric calibration. After the right stoichiometry
1:1 was found on a calibration substrate, 10%-off stoichiometry
is calculated and grown on a new substrate. The sample was
grown in an oxygen atmosphere (P = 5 X 107 mbar, T = 730
°C) on a STO (001) substrate: the growth speed was about 4
A/min. Lay,Sry-TiO; (LSTO) and SrTiO; (STO) films were
prepared under the same conditions described above and used
as reference compounds.

Powder X-ray Diffraction. Diffraction patterns were collected
with Philips X'Pert and Panalytical Empyrean diffractometers
in Bragg—Brentano mode. The X-ray source was a Cu anode
operating at 40 kV and 30 mA. The diffraction patterns were
acquired in the 20—80° 26 range with A(26) = 0.02° and an
exposure time of 3 s/step. The identification of the crystalline
phases was done by consulting bibliographical references.

XPS Measurements. The XPS measurements were performed
with the instrument present at APE-HE beamline at Elettra
Sincrotrone, Italy."” The source energy was Al Ka and the
instrument was calibrated with a Au reference (4f,,, peak set
equal to 84 eV). The pass energy was set to 100 eV for the
surveys and to 50 eV for a single element scan, while the dwell
time was set to 1500 ms for all the scans. Charging effects were
corrected by imposing the Ag 3d;,, peak to 368.3 eV. The core
levels were all fitted with a Voigt function after a Shirley
background subtraction. The surface quantitative analysis was
performed by comparing the peak areas after normalizing on
the nominal cross section for each orbital: the A-site
stoichiometry was calculated by imposing the normalized
area of Ti to unity and calculating the ratio (Sr + La+ Ca)/Ti.

SEM Microscopy. Scanning electron microscopy (SEM) was
performed with a field-emission SEM Zeiss SUPRA 40
operating at S keV, with a W.D. of 6 mm and a nominal
point resolution of 1.5 nm. The employed source was a
Schottky field gun, and the signal was collected with an
Everhart-Thornley detector.

Operando NEXAFS Experiment. Operando NEXAFS experi-
ments were performed both at APE beamline (Elettra
Sincrotrone, Italy) and VerSOx B07 beamline (Diamond
Light Source, UK) by exploiting the reaction cells described
elsewhere.**° For the measurements, the samples were drop
cast on the sample holder or, in the case of thin films, directly
glued with conductive silver paint. The exslits of the beamlines
were set at 50 ym and the achieved resolution was ~50 meV.
The measurements were performed in TEY by following the
procedure shown in Figure S7, and the total gas flux was set to
50 sccm for all the measurements. NEXAFS spectra were
normalized by imposing the L; pre-edge and L, tail to the same
intensity. The background was subtracted with a 6-points
spline, and in the case of Ti L,; edge, the spectra were
normalized also on the e, peak to underline the possible
presence of Ti**.

Theoretical Simulations: FDMNES Code. The Ti L,;-edge
NEXAFS spectra of SrTiO;, LaTiO3, and Lag,Srj,5Cag 45 TiO4
have been simulated using the Finite Difference Method Near
Edge Structure code (FDMNES).***> FDMNES employs
density functional theory (DFT) with an optionally spin-
dependent local exchange—correlation potential. For all
calculations, the muffin-tin (MT) approximation was used to
model the potential, ensuring a 19% overlap of the MT
spheres. Quadrupolar transitions and relativistic effects have
been included in the calculations, which were also corrected by
a subsequent time-dependent DFT (TDDFT) calculation
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making use of an internal local kernel implemented in
FDMNES. The theoretical spectra were calculated using
clusters built from the crystallographic structures of the three
materials employing cutoff radii of 6 A from the chosen
photoabsorber atom: this value has been chosen as it leads to a
theoretical spectrum where the main features of L, ; edges are
well reproduced and convergence is achieved when further
increasing the cutoff radius. An example of the input employed
for the calculations is described in the Supporting Information.
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