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ABSTRACT

X-ray photoelectron spectroscopy (XPS) has been used to explore the cation rearrangement between
the surface and bulk of grains and the surface chemical states of Ce, Mn, Co, Sr, and O ions in the sin-
gle phase Ce0,-based solid solutions and in the two phase (100 — x)Lag Srp4C003-xCe0O, (LSCCx) and
(100 — x)Lag gSro,MnO3-xCeO, (LSMCx) composites. The well-resolved Ce 3ds), and Ce 3ds), spin-orbit
components were determined to study the Ce** to Ce3* electronic transition at the surface. The surface of
the LSCCx and LSMCx (x = 8-40 mol%) composites is depleted in cerium. Both Ce** and Ce3* cations were
revealed. The surface fraction of Ce** cations increases with the rise in CeO, content in both systems, but it
is higher by about a factor of two in the LSCC composites. A strong enrichment of the surface by Co cations
was observed for the composites LSCCx (x = 8-40 mol%), implying that the presence of cerium could facil-
itate the Co surface segregation. A slight Sr surface enrichment compared to the nominal stoichiometry
was found for LaggSro4C003, CeO,-based solid solutions, LSCC57, and LSMCx (x=10-57) composites. In
contrast, the surface of the LSCCx (x=10-37) composites is slightly depleted in strontium cations. The
O 1s spectra of the LSCC and LSMC composites contain several contributions associated with the lattice
oxygen related to the phases with the perovskite and fluorite structures as well as with different surface
states. Their contributions vary with CeO, content and a chemical origin of the transition metal cations on
the B-site in the perovskite structure. The Ce,(COs3)3-based phase seems to exist at the surface of grains
and crystallites in the LSCC57 and LSCM composites.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

method that allows monitoring changes in the local environment
of ions and their oxidations states [17]. The surface chemical states

Complex materials containing transition metal and cerium
cations have been considered as catalysts, electrodes in fuel cells,
and batteries [1-12]. A high activity with respect to a certain
catalytic or electrode process could relate to an optimal surface
concentration of Ce cations and their involvement in the reversible
redox cycle (Ce3* « Ce*") [13]. Stoichiometric defects such as oxy-
gen vacancies, which form during reduction of cerium cations, and
their mobility on the surface are of great importance for catalytic
activity [14-16]. X-ray photoelectron spectroscopy (XPS) is the
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of Ce cations have been explored so far preferably for undoped
CeO, [18-23], CeO,-based solid solutions [24-26], and composites
composed of CeO, and transition metals or their oxides [27-34].
It was shown that properties of composite materials (redox prop-
erties, formation of surface and bulk oxygen vacancies, oxygen
storage and release) can be optimised through the variation of the
CeO,/Me(MexOy) ratios.

In the present work we explore the evolution of the surface com-
position and chemical states in complex composite systems initially
composed of a perovskite phase with transition metal cations on
the B-sites (LaggSrg4C003 or LaggSrp>Mn0O3) and cerium oxide
with fluorite structure. The perovskite-fluorite interface in com-
posite cathodes in fuel cells is responsible for oxygen sorption and
reduction, surface mobility of oxygen vacancies, fast oxygen ion
exchange between the surface and bulk of grains, and for optimum
distribution of catalysts over surface (which depends on wetting
characteristics of the interface) [8-12]. A recent computational
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study showed that transition metal cations are responsible for the
electrocatalytic activity for oxygen reduction [35], suggesting that
a high surface concentration of transition metal cations could facili-
tate surface processes. XPS and Auger electron spectroscopy studies
carried out on perovskites, however, revealed that the surface
concentration of the transition metal cations in the cation stoichio-
metric perovskites is either the same as in the volume of crystallites
or lower [36-41]. It is not clear whether the presence of a second
phase (cerium oxide) would change the surface concentration of
transition metal cations or not. The existence of both Mn(4*/3+/2%)
and Co#*/3+/2%) cations in different oxidation states, their ability to
be involved in the reversible redox cycle (in particular Co cations)
and to be dissolved in the fluorite structure would influence or
not the oxidation state of Ce cations at the surface. To address
these and other issues we consider our materials in terms of the
core-shell model, where the bulk structural parameters of perov-
skites and cerium oxide were analysed by X-ray powder diffraction
(XRD), whereas X-ray photoelectron spectroscopy (XPS) measure-
ments provided summary information on the surface composition
and chemical states of cations and oxygen ions at the surface and
interfaces.

2. Experimental

The initial perovskites Lag gSrg4C003 (LSC) and Lag gSrg,MnOs3
(LSM) were produced by combustion spray pyrolysis and sup-
plied by PRAXAIR Inc., USA. CeO, (99.9%) was delivered by ACROS
ORGANICS (New Jersey, USA) and was calcined at 1000°C for 5h
to remove adsorbed water. Further, compositions in the follow-
ing series (100 — x)LSC-xCeO, (LSCCx) with x=8, 10, 25, 37, 57 mol%
and (100 —x)LSM-xCeO, (LSMCx) with x=2, 10, 25, 36, 57 mol%
were obtained by mechanical mixing of LSC or LSM and CeO,
in relevant ratios, followed by calcination in air at 1350°C for
5h. The initial phases (LSC, LSM, and CeO,) were also calcined
under the same conditions. The CeggpsLag.028Sr0.019C00,04802_5
and Ceg gogLlag.0585r0.038C00,0060,_5 single phase solid solutions
were fabricated through mixing of CeO, with 5 and 10.6 mol%
LageSrg4Co03, respectively, followed by calcination in air at
1350°C for 5h.

X-ray photoelectron spectroscopy (XPS) was applied to study
the surface composition and the chemical states of ions in the
LSCC and LSMC series. The survey spectra and detailed spectra
(were recorded on the polished pellets (SiC-paper 2500 grits) with
an ESCALAB II spectrometer (V.G., UK) for the LSCC system using
nonchromatic Al K, (hv=1486.4 eV)radiation and a XPS 5600 spec-
trometer (Physical Electronic, USA) for the LSMC system using
monochromatic Al K, (hv=1486.4eV) radiation. Data were col-
lected at a take-off angle of 45°, allowing the characterisation of
the surface and the near surface region. The spectra were analysed
with CasaXPS software. The binding energies (BE) are referenced to
the C 1s peak at 284.6 eV and given with a precision of 0.1-0.2 eV.
The atomic concentrations of elements (relative error: £15%) were
calculated from the fitted peak areas using appropriate atomic sen-
sitivity factors. X-ray powder diffraction (XRD) data were recorded
in air at room temperature in transmission mode on a Stoe Stadi-P
diffractometer with Cu K, radiation (Stoe & Cie GmbH, Germany).
The diffraction spectra were registered in the angular range of
15 <2 ® <96°, with a step size of 0.1°, and a recording time of 70's
for each step. Si powder (Alfa Aesar, Karlsruhe, Germany) was used
as the external standard for the calibration of the diffractometer.
The diffraction data were refined by the Rietveld method [42], using
the program Generalized Structure Analysis System (GSAS) [43],
to identify the crystal structure of each constituent phase in the
composites investigated.
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Fig. 1. XRD patterns of undoped CeO,, Cegg05La0028Sr0.019C000480,_s, and
Ceo.308La0.058S10.038 C00.00602_s single phase compositions.

3. Results and discussion

3.1. Pure and modified cerium oxides with fluorite structure
calcined at 1350°C in air

The XRD patterns of pure and doped cerium oxide
are presented in Fig. 1. Pure CeO,, the single phase
solid solutions Ce0,905La0.028Sr0_019C00_04802,5 and
Cep.808Lan.058S10.038C00.00605_5 have the fluorite structure (space
group Fm3m, no. 225) [44-46]. The lattice parameter of undoped
Ce0, is 5.4103(9) A [46]. On multi-cation doping, the lattice param-
eter of the modified cerium oxides increases up to 5.4258(1)A
and 5.4420(2)A, respectively, for CEO_905L30.02851‘0.019C00_04302_3
and Ce()‘gogLao.058Sr0‘038C00.09602,5 [46] Flg 2 illustrates the
survey spectra of pure and multi-cation doped cerium oxides
after calcination in air at 1350°C. Their surface compositions
derived from the XPS measurements are presented in Table 1.
The surface composition of pure CeO, measured on two dif-
ferent instruments is in a good accord although it differs from
the bulk composition (33.3at.% Ce and 66.7at.% O). This sug-
gests a strong influence of high-temperature treatment on
the surface composition of grains and crystallites within the
top several nanometres. In CegggsLlag028Sro.019C00.04805_5 and
Cep.808Lan.058510.038C00,0060,_5 single phase solid solutions,
only Sr cations were revealed at the surface, indicating that
La and Co cations dissolve entirely into the fluorite lattice.
Unfortunately, it was impossible to identify the Sr surface
states in the single phase solid solutions due to a strong
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Fig. 2. Survey spectra of undoped CeO;, Cepgo5La0.028Sr0,019C000480,_s, and
Ce.808La0.058ST0.038C00.09602_s single phase compositions.
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