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Nanostructured La; (SryCo;-yFey.0.03Pd0.03035-5 (LSCF-Pd) perovskites with fixed La-Sr
composition (x=0.4) and two different Fe contents (y= 0.2 and 0.8) were successfully prepared by
one pot synthesis with citrate method starting from nitrates of the metal cations. Pd-free
La;«Sr«Co,-yFe,0Os.; (LSCF) systems were prepared for comparison. LSCF powders were calcined
at 1300 °C and characterized by XRD and Rietveld refinement, EXAFS, XPS, TPR analyses.
Promotion of LagsSro4Coo5Fe205.5 and of LagSro4Coo2Fe0s0s.5 by incorporation of palladium
was evidenced by solving the local environment of Pd using EXAFS spectroscopy. XPS analyses,
in agreement with TPR measurements, demonstrated an increase of superficial oxygen vacancies,

the variation being much more pronounced in the Lag¢Sro4+Co¢sFeo.17Pdo.0303-5 sample. It is argued
that this increase is associated to the introduction of Pd in the B site of LSCF. Moreover, ionic
Pd* was detected as the only palladium species on the perovskite surface, whereas Pd metal
clusters of about 2 nm, not detectable in the surface, are embedded in the matrix and strongly
interacting with the bulk. This result has strong consequences in the synthesis and in the design
of new perovskite materials that can be used as cathode in fuel cell application at intermediate

operating temperatures.

Introduction

Solid oxide fuel cells, SOFCs, based on oxide-ion conducting
electrolyte, have several advantages over conventional energy
systems giving high efficiency in electrical energy and heat
production with negligible emissions. However, high standard
operating temperature, around 1000 °C, involves high costs
and materials degradation that could be overcome at the
intermediate temperature (IT) regime of 500-700 °C. At the
sought-after intermediate working temperatures, the catalytic
performance and ionic conductivity of both SOFC electrodes
must be strongly improved, while the exploitation of
renewable hydrocarbon fuels requires the development of
electrode materials with improved tolerance to sulphur and
carbon poisoning'*. In particular, the current limitation in the
final performance of IT-SOFCs is related to the
electrochemical processes taking place at the cathode that
constitute the bottleneck of an efficient SOFC device.

In recent years, great efforts have been devoted to improve
the cathode kinetics by developing new IT-SOFC electro-
catalysts. Due to their high mixed ionic and electronic
conductivity, perovskite oxides based on lanthanum strontium
cobalt ferrite (LSCF) are the most studied mixed ionic and
electronic conducting (MIEC) materials for cathode
applications in solid oxide fuel cells operated in the
intermediate temperature range.'* The properties of LSCF
materials depend very much on their composition: the
presence of Sr increases electronic and ionic conductivity,
while Fe narrows the thermal expansion coefficient (TEC), but
also lowers conductivity. Therefore an optimal composition

for LSCF cathode should arise from a compromise between
high electronic and ionic conductivity and suitably low TEC.
Recently, it has been reported that the performance of a LSCF
cathode can be further enhanced by addition of a small
amount of nano-sized noble metals such as Ag or Pd.*’ The
overall cell resistance can be decreased by 15.5% at 650 °C
and by 40% at 550 °C by impregnating Pd into the LSCF
cathode. Adding small amounts of precious metals into a
LSCF cathode is also shown to reduce its -electrode
polarization resistance.'

The beneficial effect of Pd addition was already observed
in the ferrites-based materials developed for self-regenerative
automotive emission catalysts which were investigated for NO
reduction by C;He.”'" In a seminal X-ray absorption and X-ray
anomalous diffraction study, this effect was attributed to the
incorporation of trivalent or tetravalent Pd in the B-site of the
perovskite structure.'!

The structural results obtained for LaFe(s/C0035Pdo0sOs-5"
were supposed to hold also for Pd/LSCF to explain the
enhanced reversibility of these SOFC cathode materials
during the reduction cycles involving oxygen species.'
However, so far a detailed investigation of the chemical
environment of Pd in Pd/LSCF systems is lacking. The
present study reports the preparation of La;SrxCo;Fey.
0.03Pdo.0303-5 oxides by one pot sol-gel citrate method. The La-
Sr composition was kept fixed (x=0.4), while two different Fe
contents (y=0.2 and 0.8 respectively) and constant Pd amount
of 0.03 were adopted. Pd-free reference samples, La;.«SriCo;.
yFey0s5 were also synthesized with the same one-pot
procedure. X-ray diffraction was used to check the syntheses

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 1



Physical Chemistry Chemical Physics

for the presence of secondary crystalline phases.
Complementary data coming from X-ray absorption and X-ray
photoelectron spectroscopy allowed a thorough analysis of Pd
oxidation state and oxygen defectivity in Pd/LSCF materials.
Moreover, comparison with Pd-free compounds in TPR cycles
shed light over the role of Pd in the enhancement of the
electrocatalytic properties of LSCF. OSC and TGA
experiments evidenced the role of Pd in increasing the oxygen
vacancy content of LSCF perovskites. These results can have
interesting consequences in the design and synthesis of new
perovskite cathode materials for fuel cell application at
intermediate operating temperatures.

Experimental

Preparation of LSCF materials

All La,,SrCo,.,Fe,0;.5 perovskites were synthesized by sol-
gel citrate method starting from La(NOs;),6H,O, Sr(NOs),,
Co(NOs),-6H,0, Fe(NOs);-9H,O as precursors.’> The metal
nitrates, weighed in order to obtain the nominal compositions
of LaoeSrosCoosFer20s:.5 (labeled as LSCF0.2) and
Lao¢Str94C002Fe0s0s.s (LSCFO0.8), were dissolved in a
minimum quantity of deionized water. Citric acid (molar ratio
of citric acid/metals = 1.5) was added to this solution and
finally ammonia (28 - 30%) was dripped until pH 9 — 10. The
resulting solution was dehydrated in oil bath at 90 °C to form
a sol, followed by a further heating at 120 °C to yield a gel.
The so obtained gel was calcined at 350 °C for 1 h, to favour
citrate decomposition, and then at 800 °C for 4 h to promote a
preliminary crystallization; finally, the temperature was raised
to 1300 °C at a rate of 5 °C/min and the samples were kept at
this temperature for 4h. La,¢Sro4CoosFeo.17Pd0.0303.5 (LSCF0.2-
Pd) and LaosSro4Coo.Feo77Pdo.0303.5 (LSCF0.8-Pd) were also
prepared and calcined, in the same conditions as above
described, using Pd(NO;)-xH,O as palladium precursor along
with the other metal nitrates. The amount of Pd (3 mol%) in
the perovskites corresponds to 1.45 wt%. Elemental analysis
of the perovskite oxides was performed by inductively
coupled plasma optical emission spectroscopy (ICP-OES),
using an ICP Perkin-Elmer Optima 3000DV spectrometer. The
powders were dissolved in concentrated HNO3 at 60 °C and
then evaporated almost until dryness. Diluted water solutions
of the extracted metal nitrates were analyzed quantitatively by
comparison with standard solutions. The real composition
corresponded well to the nominal content within + 5%

X-ray Diffraction

XRD measurements were carried out with a Bruker D5000
vertical goniometer equipped with Cu anode (Ka radiation
=1.5418 A) and a graphite monochromator. A proportional
counter and a 0.03° step size in 28 were used. The integration
time was 40 seconds per step and the scan range was from 20
to 120° in 26. Rietveld refinement on the XRD data were
analyzed according to the GSAS program. "

Extended X-ray Absorption Fine Structure (EXAFS)
Pd K-edge EXAFS and XANES spectra of LSCF0.2-Pd and

LSCFO0.8-Pd were collected at the Dutch-Belgian Beam Line
(DUBBLE) at the European Synchrotron Radiation Facility
(ESRF).'"* The spectra of the samples (pellets diluted to
suitable concentration with Boron Nitride to avoid self
absorption) were collected in fluorescence mode using a 9-
element Ge detector (Ortec Inc.), whereas reference spectra of
the metal Pd foil were collected in transmission mode using
Ar/He-filled ionization chambers at ambient temperature and
pressure. The energy of the X-ray beam was tuned by a
double-crystal monochromator operating in fixed-exit mode
using a Si(111) crystal pair. The samples were measured in a
closed-cycle He-cryostat (Oxford Instruments) at 80 K to
minimize the noise induced by thermal Debye-Waller factor.
The EXAFS spectra, three scans per sample, were energy-
calibrated, averaged and then analyzed using GNXAS.'>'® In
this approach, the local atomic arrangement around the
absorbing atom is decomposed into model atomic
configurations containing 2, ..., n atoms. The theoretical
EXAFS signal y(k) is given by the sum of the n-body
contributions y°, v%, ..., y", which take into account all the
possible single and multiple scattering (MS) paths between
the n-atom configurations. The fitting of yx(k) to the
experimental EXAFS signal allows to refine the relevant
structural parameters of the different coordination shells; the
suitability of the model is also evaluated by comparison of the
experimental EXAFS signal Fourier transform (FT) with the
FT of the calculated y(k) function. The allowed model
parameters were coordination numbers, coordination
distances, Debye-Waller factors and angles of the VY
defined according to the
crystallographic structures used in the data analysis. The Pd
K-edge threshold energy was kept fixed at 24350 eV.

contributions which were

X-ray photoelectron spectroscopy (XPS)

The XPS analyses were performed with a VG Microtech
ESCA 3000 Multilab, equipped with a dual Mg/Al anode. The
spectra were collected using a non-monochromatized Al Ka
source (1486.6 eV). The analyzer was operated in constant
analyzer energy (CAE) mode. For the individual peak energy
regions, a pass energy of 20 eV was used. Survey spectra were
measured at 50 eV pass energy. The sample powders were
mounted on a double-sided adhesive tape. The pressure in the
analysis chamber was in the range of 10® Torr during data
collection. All peak energies were calibrated to the C 1s
binding energy of adventitious carbon at 285.1 eV. The
invariance of the peak shapes and widths at the beginning and
at the end of the analyses ensured absence of differential
charging. Peak fitting procedures were performed with the
software provided by VG, based on non-linear least squares
fitting program using a weighted sum of Lorentzian and
Gaussian component curves after background subtraction
according to Shirley and Sherwood.'”'® Atomic concentrations
were calculated from peak intensity using the sensitivity
factors provided with the software. The binding energy values
are reported with a precision of + 0.15 eV and the atomic
percentages with a precision of + 10%.

Temperature programmed reduction (TPR)
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Temperature programmed reduction (TPR) experiments
were carried out with a Micromeritics Autochem 2910
apparatus equipped with a thermal conductivity detector
(TCD). The gas mixture with composition 5% H, in Ar (50
mL/min) was used to reduce the samples (30 mg), heating
from room temperature to 1200 °C at the rate of 10 °C / min.
Before starting the TPR analyses, the catalysts were pretreated
with a flowing gas mixture of 5% O, in He (50 mL/min) at
550 °C for 30 min, and subsequent cooling down under Ar.

Oxygen storage capacity (OSC) and Thermogravimetric
analysis (TGA)

The oxygen storage capacity (OSC) measurements were

carried out with a Micromeritics Autochem 2910 apparatus on
the samples (200 mg) pretreated under He (50 ml/min) at 750
°C for 1lh, after cooling down at 600 °C. At this stable
temperature pulses of Oz 5%/He (loop of 1 ml) were injected
at regular intervals over the samples flowed under He (30
ml/min), until the break-through point was attained, as
detected by TCD analysis.
Thermogravimetric analyses (TGA) were performed with a
TGA/DSC1 STAR® system METTLER TOLEDO. The samples
(10 mg) were pretreated under N, (30 ml/min) at 750 °C for
1h; after cooling down to room temperature in air (30 ml/min),
the samples were purged for 30 min under N, (30ml/min) and
then the TGA experiments were carried out under N,
(30ml/min) by heating (5°C/min) from room temperature up to
1100 °C. The evolution gas species was monitored by on line
mass quadrupole(ThermostarTM, Balzers).

RESULTS
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Fig.1. LSCF0.2 sample. In the inset, an enlargement of XRD data
highlighting the excellent agreement between the observed and the
calculated pattern.

LSCF samples can be refined in the rhombohedral R-3CH
or in the cubic Pm3m space group. The cubic symmetry exists
at high temperature and in the presence of oxygen vacancies,
but can also be stabilized under vacuum (10~ mbar) down to
RT."*"2 Since almost all diffraction peaks of rhombohedral
and cubic symmetry overlap, the determination of the
crystallographic phase is not straightforward. o this respect,
the presence of the (113) peak at 38.5°, diagnostic of the
rhombohedral arrangement, ensures the structural refinement
in the R -3 C H space group. Further details are reported in
the supporting information file (Fig. 1s).

The Rietveld refinement of LSCF0.2 is shown in Fig. 1 and
the XRD patterns of all the samples are reported in Fig.2 (left
panel) along with the respective refinements and specific
enlargements in the right panel; the obtained structural
parameters are reported in Tablel. By inspection of Table 1, it
is evident that the LSCF0.2 and LSCF0.2-Pd samples have
very similar lattice parameters, no matter of the Pd content;
the same holds for LSCF0.8 and LSCFO0.8-Pd. Then, the
possible insertion of Pd*" cation (as will be argued below from
the EXAFS and XPS evidences) does not produce any
appreciable shift of the diffraction peaks. This is not
surprising because, not to mention the small Pd total
concentration and the heavy-metal LSCF composition, the
ionic radius of Pd*" matches that of the iron cation.”’ It is
worth of note that the SrCO; phase is absent in the diffraction
patterns of all samples, contrary to what reported in a
previous work.*

Table 1. Unit cell parameters, occupancy and crystallite size d obtained
by Rietveld refinement of XRD data. The agreement factors R% are also
reported. The error is given in parenthesis.

a(Ad) bA) (@A) dA) Oc(Fe/lCo) R%

0.2/0.8 4.07
0.2/0.8 5.05
0.77/0.23 4.75
0.77/0.23 5.97

LSCF0.2  5.444 (1)5.444 (1)13.243 (3) 1882
LSCF0.2Pd 5.445 (1)5.445 (1)13.238 (5) 1018
LSCF0.8  5.499 (1)5.499 (1)13.358 (2) 1945
LSCF0.8Pd 5.499 (1)5.499 (1)13.361 (3) 1887
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Fig.2. Left panel: XRD pattern reported up to 90° of A B C and D
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(LSCF0.2, LSCF0.2-Pd, LSCF0.8 and LSCF0.8-Pd, respectively)
samples. Bottom right panel: high-angle features of the rhombohedral
phase. Top right panel: (113) reflection, diagnostic of rhombohedral
phase, marked by arrow.

Hardly observable peaks, at angular positions in agreement
with literature data for similar samples prepared by the citrate
technique,” have been attributed to very small amounts of
SrLaCoO4 and SrLaFeO, phases. The possible segregation of
even smaller amounts of lanthanum oxide or strontium
carbonate couldn't be detected. It is worth noticing that
metallic palladium has its main (111) and (200) peaks at about
40.1° and 46.7° 26, respectively, so overlapping with LSCF
reflections: taking into account that this phase is present in
low concentration and in likely nanometric dispersion, it is
feasible that clear evidences of its presence could not be
observed in the XRD patterns.

EXAFS

Fig. 3 shows that the difference between the experimental
LSCF0.8-Pd Fourier transform and the simulated Pd metal
radial distribution function cannot be ascribed to the PdO
signal, while in the Supporting Information it is shown that
the Pd K-edge XANES and EXAFS spectra could not be
analysed on the basis of a model allowing for Pd metal and
PdO contributions (Fig. 2s-3s). The possibility that oxidized
Pd is present in a PdO phase was then definitely discarded.
Actually, the analysis of EXAFS and XANES data reported
below allowed to conclude that, in agreement with similar
evidences on LaFes7:C0033Pdo0sOs,"" the local environment of
Pd is shared between contributions from Pd metal and
oxidized Pd in the perovskite B site.

The perovskite-like structure is made up of a three-
dimensional array of tilted corner-sharing Co/FeO6 octahedra.
Lanthanum (A site) is situated in the cavities formed by the
octahedral units. Fig. 4 reports the perovskite fragment,
bearing the Pd atom in B position, which is used to calculate
amplitudes and phase shifts needed for the fitting of EXAFS
data. Full details about the environment of Pd in LSCF are
given in Table 2. According to the model showed in Figure 4,
two y? terms were allowed, taking into account the six-fold
Pd-O distance (R6) at ~1.9 A and the eight-fold R7 Pd-La
coordination at 3.34 A; moreover, one six-fold three-body
configuration arising from the Pd-O-M alignment (64=170°),
with a Pd-M (M=Co or Fe) long bond at ~3.8 A, was
considered for the most important multiple scattering

— Observed

— Pd metal cluster
— Residual

— Experimental PdO

contribution. It is worth noticing that these configurations are
suitable to fit also the data collected at the Fe and Co K-edge.

Fig. 3. Fourier Transform uncorrected for phase shift of the sample
LSCFO0.8-Pd. The Pd metal component (red) and the difference pattern
(blue) are showed. The Pd oxide pattern (green) is reported for
comparison. (see supporting information).

Due to the large average size of the LSCF particles, as
deduced from the XRD data, the fraction of surface
undercoordinated atoms is negligible and therefore the
coordination numbers of the perovskite phase were fixed
during the fitting procedure to the respective crystal structure
values. On the contrary, for the metal particles the number of
neighbours was parameterized as a function of size d**** and,
considering that the Pd phase did not give any clearly
recognizable XRD signal, their diameter in the EXAFS model
was limited in the range below 4.0 nm. Under the assumption
that the only Pd environments are Pd-in-perovskite and Pd-in-
metal-clusters, the relative amounts of the two phases was
determined in the EXAFS fittings by a weight parameter W
ranging in the 0-1 interval. The optimized model parameters
are reported in Table 2, while Fig.5 details the component
fitting signals for LSCF0.8-Pd.

The results relative to the Pd-Pd coordination numbers (N1-
N4 in Table 2), corroborated by the good agreement of the
fitting (see Figure 6), according to the X* values, demonstrate
that the mean dimension of Pd metal clusters is about 2 nm for
both the LSCF-Pd samples. According to the weight
parameter W, a Pd atomic fraction of 45% in LSCF0.2-Pd and
of 62% in LSCF0.8-Pd is arranged in the B-perovskite site,
suggesting that the amount of dissolved Pd is a function of
iron content. This observation is not surprising, as long as iron
plays an important role in stabilization of the perovskite
structure and inhibition of palladium particles growth.” A
very short B-site Pd-O distance of about 1.9 A results from
the EXAFS analysis. This distance is definitely different from
the shortest Pd-O distance in palladium oxide (2.02 A),
pointing to a high Pd oxidation state and, moreover, the
pattern of next-neighbor distances, determined by EXAFS
analysis of the reference sample (Table 2), does not fit to the
experimental data. Figure 6 reports the good agreement
between data and structural model for both the LSCF-Pd
samples.
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Fig. 4. Right Part: framework of perovskite structure used to calculate
EXAFS amplitudes and phase shifts. Pd is gray, O is red and M (Co/Fe) is
blue. The Pd atom is in the center of the sphere. In black are reported the
main distances which characterize the local environment of Pd in the
perovskite structure. The Rs distance involves an important multiple
scattering contribution due to co-linearity of the Pd (gray), O(red ) and
M(Co/Fe blue) atoms. Left Part: sketch of Pd local environment in the
perovskite phase.
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Fig. 5. Details of the calculated components used in the fitting procedure
of the sample LSCF-0.8Pd. Left Panel shows the EXAFS signals of Pd
metal clusters (black solid line), and perovskite phase (Pd-O, Pd-La and
Pd-O-Pd distances are reported in blue solid lines). The y and the n are
the two body and three configuration functions respectively. Right Panel:
Fourier Transform of the signals showed in the left panel (black metal Pd,
blue Pd-O, Pd-La and Pd-O-Pd distances in the perovskite). For
comparison reason also the PdO (dash green) spectrum has been inserted.

Taking into account that the ionic radii of Pd**, Pd** and Pd*
in six-fold coordination are respectively 0.86 A, 0.76A and
0.62 A while the ionic radius of O* is ~1.40 A,*' it can be
concluded that oxidized palladium in the LSCF B-site is likely
in the 4+ oxidation state, in agreement with our XPS results
(vide infra) and with previously reported data on similar
compounds.”® This is also consistent with the observed
chemical shift of the absorption edge (Fig. 2s).
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Fig.6. The fitting of the data of the sample LSCF0.2-Pd (B) and
LSCF0.8-Pd (D) as described in the text is showed.

The values of Pd-Pd distance (r=2.74 A) reported here are

coherent with the existence of Pd metal clusters. EXAFS
analysis relative to reduced LaFeqs7Co0¢33PdoosO; catalysts
pointed out the possible formation of Pd-Co solid solution as
a consequence of Co segregation and formation of secondary
crystallographic phase such as La;O; and La(OH)." Similar
alloying effects between supported metal and reducible oxides
after suitable reduction treatment were demonstrated also for
other systems,? but in this case a specific reductive treatment
for an EXAFS experiment was not carried out. Also the small
Pd concentration may justify the absence of clear evidences of
a Pd-Co solid solution formation.
It is worth noticing the stability of incorporation of Pd as
tetravalent cation in the perovskite B site, able to overcome
lengthy and high-temperature treatments. This finding points
to the advantages of the citrate one pot preparation method of
synthesis that allows the stabilization of a portion of Pd cation
within the LSCF lattice at a temperature (of about 800 °C)
that is higher than the temperature of thermal decomposition
of PdO to Pd metal.

Table 2 Results from the EXAFS fits where the errors are in
the last digit. N indicates the calculated coordination numbers
according to the Borowsky's equation®, d is the dimension of
metallic Pd and W indicates the fraction of Pd in-perovskite

phases.

Pd in metal clusters Reference sample

LSCF0.2Pd LSCF0.8Pd Pd Foil
R pardmeny (A)  2.742 2.740 2.744
0X(A?) 0.0010 0.0010 0.0013
Ropapamean (A)  3.878 3.877 3.881
03 (A%) 0.0024 0.0024 0.0029
O\parara (°) 120.9 120.9 120.4
Rs=4.772 Rs=4.771 R;=4.764 0= 0.0025
0:=0.00278 o= 0.0034
Osparara(®) 177.8 177.7 177.8
R,=5.480 R.=5.480 R,=5.474 0,~0.0026
0,=0.0020 a,=0.0020
O;3.pg-pa-pa (°) 60.0
R=2.757 05=0.0082
N, 8.2 8.2 12
N, 3.8 3.9 6
N; 16.8 17.0 24
N, 7.9 7.9 12
d(A) 20 21
Pd in LSCF
Rerao(A) 1.911 1.930
0 (A% 0.0043 0.0040
Rivararase (A)  3.345 3.346
a(A?) 0.0093 0.0094
Osraom 170.0 170.0
M=Fe, Co, Pd Rsran=3.808  Rspa-
05=0.0086 v=3.846
0:=0.0079
w 0,45 0,62
PdO
Rrao(A) 1.994
o*(A?) 0.0010
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Rpera(A) 3.047

o’ (A% 0.0093

Reara(A) 3.373

o*(A?) 0.0073
XPS

X-ray photoelectron spectroscopy was performed in order
to study the chemical state and surface composition of the
synthesized materials. Table 3 reports the binding energies of
clements constituting the catalysts. The O 1s peak (Figure 7),
typical of all perovskitic materials, consists of three
components at about 529, 531 and 532 ¢V which are usually
attributed to lattice, surface, and adsorbed oxygen
respectively.””® The relative concentrations of lattice and
surface oxygen are reported in Table 1, showing the decrease
of the former component in Pd doped samples.?” The variation
is definitely more pronounced in the LSCF0.2 series.
Interestingly, both Sr 3d and La 3d peaks show complex
features (see discussion in the supporting information file)
despite the unique possible oxidation state of the two anions.*
In LSCF, the B position is occupied by iron or cobalt, in the
two oxidation states 2* and 3" whose relative amount could be
estimated only for the ion present in higher concentration, that
is Fe for LSCF0.8 and Co for LSCF0.2. For LSCF0.8 the Fe
2p peak fitting was performed according to the constraints for
the Fe*" and Fe’" components and the respective shake up
satellites indicated by Lin*’; the results are summarized in
Table 3 and showed in Fig. 7s of the supporting information.
Both samples show the two oxidation states characterized by
the components at 710.0 ¢V and 711.8 eV for Fe*" and Fe**
respectively. The relative concentration of Fe** increased with
the insertion of Pd (see Table 1). For the low iron
concentration sample, the peak intensity is so low that it is not
possible to achieve a reliable determination of the two
oxidation states. Analogously, the Co 2p region was fitted
with the Co?", Co®" and the respective shake up satellites.*'*?
In the case of cobalt, the Co®" component is located at higher
binding energy than the Co®" (783 vs. 780 eV)*' (see Fig. 7s a)
of supporting information).

The addition of a small quantity of Pd causes an increase of
the Co and Fe bivalent oxidation state, as displayed in Table 3;
moreover, the Pd3d region (see Fig. 6s of supporting
information) shows that the Pd doublet is centered at 338 eV
for both LSCF-Pd samples. This value is higher than the
corresponding binding energy of Pd*" and, in agreement with
the EXAFS results, can be ascribed to Pd*" inserted in the
perovskite network.* No Pd® or Pd*" were detected by XPS in
the LSCF electrocatalysts while EXAFS was able to see very
small Pd metal clusters but, like XPS, did not evidenced the
presence of a PdO phase. The absence of Pd metal particles
from the surface is likely due to oxidation during the cooling
down in air following the calcination treatment.*® Then,
considering the combined EXAFS and XPS evidences, it
seems feasible to conclude that oxidized Pd can exist only as
Pd** in the perovskite B-site, whereas Pd° is present as

nanostructured clusters embedded in the perovskite matrix.
XPS analysis carried out on the LSCF-Pd perovskites calcined
at 800 °C evidenced as well a Pd doublet centered at 338 eV,
suggesting that the Pd*" can be already inserted into the
perovskite lattice at the temperature at which crystallization of
the perovskite takes place. Table 4 shows the relative atomic
percentages of the different elements. As already reported for
similar materials, strontium segregates on the surface with a
general Sr enrichment with respect to the stoichiometric
amount.””***¢ In B position the Co concentration is similar to
the stoichiometric amount, while iron diffuses into the bulk
and its surface concentration is lower than the nominal.

adsorbed O

surface O/
Lattice O /

e

I e
LSCF0.8

Intensity (A.U.)

S
P S L W - _
LSCFO2Pd_ [LSCFo.8Pd
526 Séﬂ 51‘30 51‘32 51‘34 526 5£E 51‘30 5&2 5('34
Binding Energy (eV) Binding Energy (eV)

Fig. 7. Ols high resolution region. The peak due to physisorbed
oxygen was omitted in the oxygen quantification.

Table 3. Binding energy of La 3d5/2, Sr 3d5/2, Co 2p3/2, Fe 2p3/2, Ols
and Pd 3d5/2 of samples. In parenthesis the relative percentage of peaks,
when more components are present, is given. For La 3d5/2 the satellite
over main peak area ratio is given.

La3d5/2 Sr3d52 Co2p3/2 Fe2p3/2 Ols Pd3d52
LSCF0.2  833.3 1323(59)782.9 (58) 710.0 528.6 (55)
SI/M= 133.7 (41) 780.1 (42) 530.9 (45)

0.29

LSCF0.2Pd  833.7 132.6(65)783.0(62) 710.4
SI/M= 134.6 (35) 780.3 (38)
0.16

LSCF0.8  834.0 132.8(63) 781.2
SI/M= 134.7 (37)

529.0 (48) 338.0
531.3(52)

710.0 (54)529.1 (52) -
711.8 (46) 531.5 (48)

0.16
LSCF0.8Pd SII/M= 134.2(38) 781.0 710.0(67) 528.9(50) 338.4
0.34 711.8(33) 531.5(50)

Table 4. Surface atomic compositions of samples as measured by XPS;
nominal concentrations are given in parenthesis.

La Sr Co Fe Pd (0]

LSCF0.2  0.09 0.19 0.11 0.01 - 0.60 (0.6)
(0.12)  (0.08) (0.16) (0.04)

LSCF0.2Pd 0.07 0.16 0.11 0.007 0.007 0.64 (0.6)
(0.12)  (0.08) (0.16)  (0.034) (0.0006)

LSCF0.8  0.07 0.16 0.03 0.05 - 0.68 (0.6)
(0.12)  (0.08) (0.04) (0.16)

LSCF0.8Pd 0.05 0.17 0.03 0.04 0.010 0.67 (0.6)

(0.12)  (0.08) (0.04)  (0.154) (0.006)
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TPR

H,-TPR curves for LSCF and LSCF-Pd perovskites are
displayed in Figure 8. The hydrogen consumption and
reduction temperature peaks are presented in Table 1s (see
supporting information file). Since La** and Sr** are not
reducible under the conditions of H,-TPR, the observed H,
consumption peaks in the TPR profiles displayed in Fig. 8 are
due to the reduction of cobalt, iron and palladium cations.
Generally, the peaks comprised in the interval 300-600 °C are
related to the reduction of Co*" - Co”", those in the range
600-800 °C are due to the reduction Co* — Co°, while at
around 900 °C reduction Fe*" - Fe’occurs in one step *"**. Pd
addition to LSCFO0.2 produces two new peaks, at 141 and at
229 °C respectively, attributed in the LSCF02-Pd reduction
profile to the reduction of Pd*" species that, once reduced to
metallic Pd, cooperates with the already present Pd° to
lowering the reduction temperature of Co*" to Co*". The
reduction of Co®" to Co° and Fe*" to Fe” was affected to a
minor extent by the presence of Pd: as reported in Table Is,
the Pd addition slightly increased the amount of Co*'/Co°
reduction from 82.5% to 86.4%, while the extent of Fe’* to Fe®
reduction remained almost constant near 85%. In the reduction
profile of LSCF0.8-Pd a peak at 121 °C attributed to the
concomitant reduction of Pd*" species and Co3" to Co® was
observed. A small peak at 445 °C due to the reduction of
residual Co®" species was still detected. As previously
observed for LSCF0.2-Pd, a minor effect on the Fe3*
reduction, in terms of reduction temperature, was played by
the presence of Pd. However, inspection of Table 1s evidences
that the presence of Pd in the LSCF0.8 perovskite enhanced
significantly the full reduction of Co3" and Fe3* from 59.6 to
73% and from 50 to 56.5%, respectively.

—— LSCF02-Pd
——LSCF02
(a)
-
3
©
-
2
7] 0 200 400 600 800 1000 1200
<
"g —— LSCF08-Pd
R M —— LSCFo08
M v

0 200 400 600 800 1000 1200
Temperature (°C)

Fig.8. TPR profiles for unpromoted and Pd promoted LSCFO0.2 (a) and
LSCF0.8 perovskites (b) respectively.

Oxygen storage capacity (OSC) and Thermogravimetric
analysis (TGA)

Oxygen pulses chemisorption experiments, carried out at 600
°C over the LSCF and LSCF-Pd samples aimed to investigate
the oxygen storage capacity at a temperature that could be of
interest for oxygen reduction on cathode-type materials.

The results listed in Table 5 highlight the high oxygen
vacancies content of all the above mentioned oxides,
especially for LSCF08 and LSCFO08-Pd. Moreover, it is worth
noting that the oxygen chemisorption capability of LSCF-Pd
samples is higher than the corresponding LSCF samples,
especially by comparing LSCF02 and LSCF02-Pd. In the

—— LSCFO02-Pd
——LSCFO02

Weightloss (%)

200 400 600 800 1000

Temperature (°C) LSCF08-Pd
——LSCF08

Weight loss (%)

(b)

200 400 600 800 1000
Temperature (°C)

Fig.9. Weight loss (%) versus temperature registered during TGA
experiments carried out under N2 flow for LSCF and LSCF-Pd samples:
(a) LSCF02 and LSCF02-Pd; (b) LSCF08 and LSCF08-Pd.

reduction profile of LSCF0.8-Pd a peak at 121 °C attributed
to the concomitant reduction of Pd* species and Co** to Co°
was observed. A small peak at 445 °C due to the reduction of
residual Co*" species was still detected. As previously
observed for LSCF0.2-Pd, a minor effect on the Fe*"
reduction, in terms of reduction temperature, was played by
the presence of Pd. However, inspection of Table 1s evidences
that the presence of Pd in the LSCFO0.8 perovskite enhanced
significantly the full reduction of Co®" and Fe’" from 59.6 to
73% and from 50 to 56.5%, respectively.

The increase of oxygen vacancies content in presence of Pd
was also suggested by carrying out TGA experiments. It was
confirmed that LSCF08 and LSCF08-Pd showed the highest
oxygen chemisorption capacity giving the highest weight loss
(see Table 5). Once again a beneficial effect was played by
Pd.

Table 5. Results of OSC and TGA analysis.

O, chemisorbed values
(ml/g) at 600 °C

Sample Weight loss (%) due

to O; release

This journal is © The Royal Society of Chemistry [year]
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LSCF02 2,2 1,90
LSCF02-Pd 2.5 2,05
LSCF08 11 1,21
LSCF08-Pd 13 1.35
DISCUSSION

The present study reports the first example of LSCF-Pd
materials prepared by adding a Pd precursor in one pot
synthesis, with a final product characterized by the co-
existence of cationic Pd*" species stabilized into the perovskite
lattice and dispersed Pd metal nanoclusters of about 2 nm in
size embedded in the oxide matrix. The coexistence of zero
and positive palladium valence states was already observed in
the case of the Pd cobalt-ferrite, ruled by a dynamical
equilibrium between the two oxidation states depending on the
reductive or oxidative environment,!' and in other metal
catalysts supported on reducible oxides.?**

The insertion of Pd as tetravalent cation in the perovskite
lattice, leading to a net electronic transfer to the matrix, could
be a consequence of a strong electronic interaction established
between sub-nanometric Pd metal clusters and the reducible
oxide.*® These cations can migrate inside the perovskite lattice
by a mechanism of polaronic distortion. Hence, it can be
argued that a dynamical equilibrium Pd°-Pd*" could be
effective, depending on O, partial pressure.

As observed by XPS, LSCF-Pd show increased [Co*"]/[Co*"]
and [Fe?']/[Fe*'] ratios with respect to Pd-free samples, thus
producing a reorganization of the electronic structure of the
catalysts involving an enhancement of oxygen vacancies and
a decrease of electron holes concentration. In fact, XPS
measurements evidenced the effective increase of surface
oxygen vacancies in the LSCF-Pd samples, a result confirmed
also by OSC and TGA. Then, insertion of Pd*" in the B-
perovskite site have a positive effect on the dissociative
oxygen adsorption in the perovskite surface vacancies. This
mechanism could be effective at high O, partial pressure,
involving charge transfer from the oxide to adsorbed oxygen,
with the consequent formation of electronic holes (h°), related
to re-oxidized Fe and Co cations. In this respect, the presence
of bulk oxygen vacancies can favour the diffusion of O* from
the surface, so making available fresh adsorption sites for O,.
On the other hand, it is possible that a strong O*-Pd*
attraction, hindering oxygen diffusive paths, takes place, so
that the best performance as cathodic material is reached by
insertion of an optimal amount of Pd*'. Then, beside possible
different morphologies between LSCF0.2-Pd and LSCF0.8-Pd,
the lower OSC of the latter could be ascribed to an excess
concentration of Pd*" sites. In closed circuit conditions the
electrons for the cathodic reaction are provided by the external
circuit, so producing a steady O, reduction cycle. It should
also be pointed out that the Pd nanometric metal phase does
not undergo phenomena of particle coalescence after drastic
thermal treatments, confirming the strong interaction with the
support and, in view of possible applications, ensuring the
long-term stability of Pd-LSCF materials for the exploitation
as FC cathode materials.

Further investigations on the structural, electronic and
electrochemical properties of a series of LSCF Pd-doped
oxides with different composition of Co and Fe are in
progress.

Conclusions

The present study reports the first example of LSCF-Pd
perovskites prepared by adding Pd precursor in one pot
synthesis and characterized by the presence of cationic Pd**
stabilized into the perovskite lattice and Pd nanometric
particles (around 2 nm) well dispersed and strongly
interacting with the oxide.

The nanostructured La;«SryCoi-yFey.003Pdo03;03-5 (LSCF-
Pd) perovskites were accomplished with fixed La-Sr
composition (x=0.4) and two different Fe contents (y= 0.2 and
0.8). The promotion of LageSro4CoosFeo.0s5 and
Lag6Sr0.4Co002Fe050s5.5 by incorporation of palladium in the B-
site of the perovskite structure was evidenced by solving the
local environment of Pd. The nanometric Pd metal phase is
likely in dynamical equilibrium, depending on the O, partial
pressure, with the Pd*" cations inserted in the perovskite
structure, and does not undergo coalescence after high
temperature prolonged thermal treatments. OSC
measurements demonstrate the beneficial role of Pd insertion
for the formation of bulk oxygen vacancies that increased
oxygen chemisorption capability of such materials.
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