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Hydrogen activation on Pt—Sn nanoalloys
supported on mixed Sn—Ce oxide films

Armin Neitzel,® Yaroslava Lykhach,*® Tomas Skala,” Nataliya Tsud,” Viktor Johanek,”
Mykhailo Vorokhta,” Kevin C. Prince,“® Vladimir Matolin® and Jérg Libuda®

We have studied the interaction of H, with Pt—Sn nanoalloys supported on Sn—Ce mixed oxide films of
different composition by means of synchrotron radiation photoelectron spectroscopy and resonant
photoemission spectroscopy. The model catalysts are prepared in a three step procedure that involves
(i) the preparation of well-ordered CeO,(111) films on Cu(111) followed by subsequent physical vapor
deposition of (ii) metallic Sn and (iii) metallic Pt. The formation of mixed Sn—Ce oxide is accompanied by
partial reduction of Ce*" cations to Ce>". Pt deposition leads to the formation of Pt-Sn nanoalloys
accompanied by the partial re-oxidation of Ce3* to Ce**. Subsequent annealing promotes further Pt—Sn
alloy formation at expense of the Sn content in the Sn—Ce mixed oxide. Adsorption of H, on Pt-Sn/
Sn—Ce-0O at 150 K followed by stepwise annealing results in reversible reduction of Ce cations caused by
spillover of dissociated hydrogen between 150 and 300 K. Above 500 K, annealing of Pt-Sn/Sn-Ce-O
in a hydrogen atmosphere results in irreversible reduction of Ce cations. This reduction is caused by the
reaction of hydrogen with oxygen provided by the mixed oxide substrate via the reverse spillover to
Pt—Sn nanoalloy. The extent of the hydrogen and oxygen spillover strongly depends on the amount of
Sn in the Sn—Ce mixed-oxide. We observe an enhancement of hydrogen spillover on Pt-Sn/Sn-Ce-O
at low Sn concentration as compared to Sn-free Pt/CeO,. Although the extent of hydrogen spillover on
Pt-Sn/Sn—Ce-O with high Sn concentration is comparable to Pt/CeO,, the reverse oxygen spillover is
substantially suppressed on these samples.

High dispersion of the bimetallic nanoparticles is an impor-
tant parameter for effective fuel cell operation.™® This can be

Bimetallic nanoparticles, nanoalloys,'™ represent a new class of
nanomaterials with the potential to tailor catalytic properties.
The latter may be tuned via the particle’s electronic structure or
ensemble effects. Bimetallic nanoalloys consisting of Pt alloyed
with other metals, e.g. Ag,* Ni,® Pd,” Ru,*° or Sn,” > have a great
potential for application in direct methanol or ethanol fuel cells.
Another benefit from alloying Pt with less expensive, non-noble
metals is to reduce the costs of the anode fuel cell material."®
Pt-Sn nanoalloys are among the most attractive candidates,
also because of their high tolerance towards CO."*
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achieved through the careful control of the composition and
size of the bimetallic nanoalloys.® Alternatively, an oxide sup-
port can be employed which can prevent agglomeration of
metallic nanoparticles. For instance, the addition of cerium
oxide to Pt/C catalysts significantly improves the durability of
the catalyst."> Furthermore, co-deposition of Pt and cerium
oxide allows to stabilize very small Pt particles'® or even yields
atomically dispersed Pt."”*° Due to their low Pt content, fuel
cell catalysts containing highly dispersed Pt in cerium oxide
matrices yield very high specific power, ie. the ratio of the
power density and the weight of the noble metal, when com-
pared to commercial PtRu electrodes."®

Recently, Pt-Sn nanoalloys dispersed in porous cerium oxide
have been proposed as perspective materials for fuel cell
applications.*® Operating under hydrogen feed, these materials
showed excellent specific power values, which considerably exceed
even those of Pt-CeO, catalyst with similar Pt concentration.

The microscopic origins of these effects and the role of Sn
remain under discussion. It is speculated that the high activity
of the catalyst maybe related to higher probability of hydrogen
dissociation at Pt-Sn sites or to the higher degree of reduction
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of cerium oxide upon interaction with Sn.>* Previous studies
have shown that Sn interacts strongly with both components,
Pt?>?® and cerium oxide.?*** There are several bulk Pt-Sn alloy
phases with defined composition, such as Pt;Sn, PtSn, PtSn,.>>?
In those cases where Sn has been deposited on Pt(111)**% and
Pt(110),>>*° formation of different ordered surface alloys has
been observed. For nanoparticles the situation is of course more
complex, due to the possible formation of core-shell structures,
segregation patterns or random alloy structures due to entropic
and kinetics effects."® Interestingly, none of the before men-
tioned surface alloys on Sn/Pt(111) turned out to be active for
dissociation of molecular hydrogen.”® In contrast, a moderate
increase in hydrogen uptake has been observed at small Sn
concentration on bimetallic Pt-Sn supported on alumina.*°
Deposition of Sn on stoichiometric cerium oxide results in
the formation of mixed Sn-Ce oxide which is accompanied by
reduction of a part of the cerium cations to Ce*".***> Similar to
cerium oxide, the mixed Sn-Ce oxide shows moderate activity
towards hydrogen dissociation above 550 K.*'*? Therefore,
activation of hydrogen at room temperature is not possible on
Pt-free mixed Sn—Ce oxide. Surprisingly, fuel cells containing
Pt-Sn nanoalloys dispersed on cerium oxide yield high power
densities already at room temperature.”® Therefore, the extra-
ordinary reactivity of the Pt-Sn nanoalloy dispersed on cerium
oxide must result from a synergistic effect between the inter-
metallic and the oxide phase. In the following, we explore the
origin of this synergistic interplay between the Pt-Sn nanoalloy
and the oxide support during reaction with molecular hydrogen
under well-controlled conditions. Our study is based on the
preparation of model systems consisting of Pt-Sn nanoalloys
supported on mixed Sn-Ce oxide films with different Sn
concentration and different degree of reduction. We employ
synchrotron radiation photoelectron spectroscopy (SRPES) and
resonant photoemission spectroscopy (RPES) to follow both the
changes in the composition of the Pt-Sn nanoalloy and the
degree of reduction of the Sn-Ce mixed oxide, both during
preparation and during reaction with molecular hydrogen.

2. Materials and methods
2.1 Sample preparation

Three types of model Pt-Sn/Sn-Ce-O catalyst samples have been
investigated. Their preparation followed a three steps procedure
as shown in Fig. 1. First, epitaxial CeO,(111) films were grown on
clean Cu(111) (MaTecK GmbH, 99.999%) by physical vapor
deposition (PVD) of Ce metal (goodfellow, 99.99%) from Mo
crucible in oxygen atmosphere (5 x 10”7 mbar, Linde, 99.999%)
at 523 K, followed by annealing of the films at 523 K in oxygen
atmosphere at the same pressure for 5 min. The preparation
method**?* yielded a continuous and stoichiometric CeO,(111)
film with a thickness in the range of 1.7-2.0 nm. Low energy
(LEED) and reflection high energy (RHEED) electron diffraction
study of the prepared films confirmed the epitaxial growth of
CeO,(111) with the characteristic (1.5 x 1.5) superstructure
relative to the Cu(111) substrate.****> According to previous
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Fig. 1 Schematic representation of three step preparation of model cata-
lytic systems.

scanning tunneling microscopy (STM) studies, flat CeO,(111)
terraces are separated by steps showing defect structures similar
to those on single-crystalline CeO,(111).>%*”

In the following step, three types of Sn-Ce-O substrates
denoted as Sn,CeO, (I, high Sn concentration, strongly reduced),
Sn,CeO,, (II, high Sn concentration, oxidized), Sn,CeO, (III, low
Sn concentration, reduced) were prepared. All samples were
prepared by PVD of Sn from a Mo crucible onto the CeO,(111)
films, either in ultrahigh vacuum (UHV) (I, III) or in an oxygen
atmosphere (II) (5 x 10”7 mbar) at 523 K. Subsequently, the
substrates were annealed either in UHV (I, III) or in an oxygen
atmosphere (I) (5 x 107 mbar) at 600 K for 3 min. The
subscripts “x” and “y” denote different Sn concentration in
CeO,. The subscript “z”, where z > 0, indicates oxidizing
preparation conditions of Sn,CeO,,, (II). There, Sn,CeO, (I) and
Sn,CeO, ., (IT) contain about 13% of Sn and Sn,CeO, (III) contains
about 3% of Sn with respect to the total thicknesses of the mixed
Sn-Ce oxide. The Sn concentration was calibrated by means of
X-ray photoelectron spectroscopy (XPS).

Similar amounts of Pt were deposited by means of PVD
from a Pt wire (goodfellow, 99.99%) onto the three samples
Sn,CeO, (I), Sn,CeO,, (II), and Sn,CeO, (III) at 300 K in
UHV. The nominal thickness of the deposited Pt layers was
0.3-0.4 nm as determined by XPS. The corresponding samples
are denoted Pt-Sn/Sn,CeO, (IV), Pt-Sn/Sn,CeO,., (V), and
Pt-Sn/Sn,CeO, (VI).

The interaction of hydrogen with the samples (I-VI) was
studied in two regimes, denoted as ‘“desorption” and “reaction”.
The first regime (desorption) involved exposure of the samples to
50 L (1 L =1.33 x 10~ ° mbar s) of hydrogen (4 x 10~ mbar,
165 s) at 150 K followed by stepwise annealing in UHV up to
750 K. The annealing was performed such that the samples
were briefly annealed to the stated temperatures and cooled
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down after each annealing step. In the second regime (reaction),
the samples were repeatedly exposed to 50 L of H, at constant
temperatures ranging from 150 K to 750 K. Hydrogen (Linde
99.999%) was dosed by backfilling the UHV chamber.

2.2 Synchrotron radiation photoelectron spectroscopy
(SRPES) and resonant photoemission spectroscopy (RPES)

High-resolution synchrotron radiation photoelectron spectro-
scopy (SRPES) was performed at the Materials Science Beamline,
Elettra synchrotron light facility in Trieste, Italy. The bending
magnet source provides synchrotron light in the energy range of
21-1000 eV. The UHV end station (base pressure 1 x 10~ '° mbar)
is equipped with a multichannel electron energy analyzer (Specs
Phoibos 150), a rear view LEED optics, an argon sputter gun, and
a gas inlet system. The basic setup of the chamber includes a
dual Mg/Al X-ray source.

The core level spectra of O 1s, Pt 4f, and Sn 4d were acquired
at photon energies of 650, 180, and 60 eV, respectively. The
binding energies (BEs) in the spectra were calibrated with respect
to the Fermi level. Additionally, Al Ko radiation (1486.6 e€V) was
used to measure O 1s, C 1s, Ce 3d, Sn 3d, Pt 4f, and Cu 2p;, core
levels. All spectra were acquired at constant pass energy and at an
emission angle for the photoelectrons of 20° or 0° with respect to
the sample normal, while using the X-ray source or synchrotron
radiation, respectively. The values of total spectral resolution were
1 eV (Al Ka), 150 meV (hv = 60 eV), 200 meV (hv =115-180 eV), and
650 meV (hv = 650 eV). Fitting of the Sn 4d spectra revealed
multiple spectral components. The components associated with
Sn** and Sn*" states were fitted with a Voigt profile and those
associated with the Pt-Sn alloy were fitted with a Doniach-Sunji¢
convoluted with a Gaussian profile with fixed asymmetry para-
meter of 0.05 after subtraction of a composite background. The
composite background consisted of a baseline spectrum
obtained prior to Sn deposition and a Shirley background.
The use of the composite background was necessary to com-
pensate for the shape of the background in the Sn 4d region.
The widths and the branching ratios for the Sn 4d components
associated with Sn-Ce-O were determined prior to Pt deposi-
tion and kept fixed thereafter. For the Sn components that
emerged after Pt deposition the widths of the peaks and their
relative binding energies were fixed and the branching ration
was set to 1.5. Additional details regarding the fitting procedure
will be given in the next section.

Valence band spectra were acquired at three different photon
energies, 121.4, 124.8, and 115.0 eV, that correspond to the
resonant enhancements in Ce®*", Ce** ions, and to off-resonance
conditions, respectively. Analysis of the spectra obtained with
these photon energies forms the basis of RPES.*®*° The Ce®*
resonance at a photon energy of 121.4 eV is caused by a Super-
Coster-Kronig decay involving electron emission from Ce 4f
states located about 1.4 eV below the Fermi edge. The Ce**
resonance at a photon energy of 124.8 eV involves emission of O
2p electrons (hybridized with Ce states) from the valence band
around 4.0 eV. The valence band spectrum measured at a
photon energy of 115 eV is used as a background for the
calculation of the intensity difference of the features on- and
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off-resonance, denoted as the resonant enhancements for Ce*"
(D(Ce*")) and for Ce** (D(Ce*")), respectively. The resonant
enhancement ratio (RER), calculated as D(Ce**)/D(Ce""), is the
direct measure of the degree of reduction of the mixed Sn-Ce
oxide. All SRPES data were processed using KolXPD fitting
software.’” During the experiment, the sample temperature
was controlled by a DC power supply passing a current through
Ta wires holding the sample. Temperatures were monitored by
a K-type thermocouple attached to the back of the sample.

3. Results and discussion

3.1 Preparation and thermal stability of the Pt-Sn nanoalloy
on Sn-Ce oxide: influence of the Sn concentration and the
degree of reduction

Sn 4d spectra obtained from Sn,CeO, (I, high Sn concentration,
reduced), Sn,CeO,., (II, high Sn concentration, oxidized), and
Sn,CeO, (III, low Sn concentration) substrates are shown in
Fig. 2a—c (top traces), respectively. All three spectra resemble a
single spin-orbit-split doublet with the 4ds, component located
at binding energies of 25.5 eV on samples (I-1I) and 25.3 eV on
sample (III). The corresponding doublets are labeled (A). Fitting
of the Sn 4d spectra revealed a similar spin-orbit splitting
(1.04 ev), but different widths and branching ratios between
the 4ds;, and 4d;/, components on the three substrates (I-III).
The spin-orbit branching ratio in Sn 4d spectra are between
1.26 and 1.33, deviating strongly from the statistical value
of 1.5.*" Such deviations from the statistical branching ratios
have been observed experimentally in photoelectron spectra of
several shallow Sn 4d,**™** In 4d,** Pb 5d,** Bi 5d,** Hg 5d," Xe
5d*® orbitals obtained at low photon energies. The varying
spin-orbit branching ratio results from resonances caused by
spin-orbit interaction-activated interchannel coupling between
final states with different j value*® that leads to variation of the
partial cross sections in the doublet.*®™*®

According to the binding energies of the Sn 4ds, compo-
nents observed on the samples I-II (25.5 eV) and III (25.3 eV) we
assign the oxidation state of Sn cations to 2+.*° Note that the
structure and the oxidation state of Sn-Ce mixed oxides strongly
depend on the Sn concentration and the preparation condi-
tions.>>**>* Many Sn-Ce-O phases have been reported with
different oxidation states of Sn and Ce.”® In some particular cases,
this may cause ambiguities in identification of the oxidation state
of Sn. De Padova et al."® suggested to use binding energy shifts
between coexisting oxide and metallic Sn 4d components to
identify the oxidation state. Binding energy differences of
1.4-1.5 eV were associated with Sn>" while larger differences
(up to 2 eV) were attributed to Sn**. In additional experiments
(data not shown) we prepared the sample with higher Sn
content that show well-resolved oxide and metal components
in Sn 4d spectrum. The binding energy difference between the
two components was 1.4 eV which further supports the assign-
ment of the doublets (A) on samples (I-III) to Sn**.

Deposition of Sn results in a partial reduction of cerium
oxide. This effect is reflected by the increase of the RER on all
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Fig. 2 Sn 4d spectra obtained from (IV) Pt-Sn/Sn,CeO; (a), (V) Pt=Sn/Sn,CeO,., (b), and (VI) Pt-Sn/Sn,CeO; (c) before and after Pt deposition onto the
corresponding () Sn,CeO; (top, a), (Il) Sn,CeOs. (top, b), and (IIl) Sn,CeO, (top, c) followed by annealing under UHV. Evolution of RERs (d-f), integrated
Sn 4d (g-i), and Pt 4f (j—1) on Pt-Sn/Sn,CeO; (d, g, j). Pt=Sn/Sn,CeO5,; (e, h, k), Pt-Sn/Sn,CeO;, (f, i, 1), respectively, as a function of temperature. Sn 4d
and Pt 4f spectra were obtained with photon energies 60 and 180 eV, respectively.
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three samples, as shown in Fig. 2d-f. On Sn,CeO, (I) and
Sny,CeO, (III), the degree of reduction of the Sn-Ce oxide (RER)
scales linearly with the amount of Sn deposited in UHV.>* For
deposition of Sn in oxygen (sample II) a lower degree of reduction
of the mixed oxide is observed. Whereas deposition of Sn in UHV
(Sn,CeO, (I)) yields a RER of 2.4, the deposition of the same
amount of Sn under oxygen atmosphere (Sn,CeO,. (II)) yields a
RER of 1.6. The following annealing of samples Sn,CeO, (I) and
Sn,CeO, (III) in UHV up to 600 K causes a weak re-oxidation of
the ceria. In sharp contrast, strong re-oxidation of Sn—Ce mixed
oxide is observed only upon annealing of Sn,CeO,., (II) in
oxygen up to 600 K. Interestingly, no new spectral features at
higher binding energies were found in Sn 4d spectrum on this
sample (Fig. 2b, top spectrum). This shows that neither Sn
deposition nor the following annealing procedure in oxygen
leads to oxidation of Sn** to Sn*".

Deposition of Pt on the substrates (I-III) at 300 K in UHV
leads to significant changes in Sn 4d spectra shown in Fig. 2a—c
(second spectrum from the top). The corresponding samples
are labeled Pt-Sn/Sn,CeO, (IV), Pt-Sn/Sn,CeO,., (V), and Pt-Sn/
Sn, CeO, (VI). First of all, Pt deposition resulted in a decrease of
the intensity of component (A) and a simultaneous shift to
lower binding energy, yielding a value of 24.9 eV on samples IV-V
and 25.0 eV on sample VI. The corresponding shifts of the Sn 4d
components (A) are 0.6 eV (samples IV-V) and 0.3 eV (sample VI).
These shifts are accompanied by the concomitant shifts of the
O 1s peak by 0.4 eV (sample IV), 0.2 eV (sample V) and 0.0 eV
(sample VI). We will discuss the origin of these shifts later.
Additionally, three new components (B-D) emerged at 23.9 eV (B),
24.3 eV (C), and 25.9 eV (D) in Sn 4d spectra on all samples
(Iv-vI). The binding energies of components (B) and (C) are
similar to that of metallic Sn (24.0 eV).>>*%** However, forma-
tion of Pt-Sn nanoalloys, rather than metallic Sn, is energeti-
cally favorable.>® Therefore, we associate both component (B)
and (C) with Pt-Sn nanoalloys. The components (B) and (C) can
be attributed to a surface and a bulk contribution from the
Pt-Sn alloy, respectively.>*>”>

The formation of Pt-Sn nanoalloy induces changes in the
oxidation states of both tin and cerium in the samples (IV-VI).
Specifically, emergence of a weak component (D) in the spectra
of the samples (IV-VI) is associated with partial oxidation of
Sn** to Sn**. The binding energy difference between these two
states (approximately 1.0 eV) is close to the values 0.7 eV
reported in the literature.*>>® Considering the small intensity
of the peak (D), we assume that this effect is minor. The most
prominent effect is, however, the partial re-oxidation of Ce**
to Ce**, which is evident from the decrease in RER on samples
(Iv) and (V) (see Fig. 2d and e, respectively). In contrast to the
samples (IV) and (V), we observe a reduction of cerium cations
upon Pt deposition in case of sample (VI), i.e. at low Sn
concentration (Fig. 2f). The partial reduction of cerium cations
upon deposition of metals (Pt, Pd) on CeO,(111) films has been
reported earlier.*®>” It was assigned to a partial charge transfer
from the metal particles to cerium oxide.

Therefore, we conclude that there are two competing effects
which give rise to changes of the cerium oxidation state in
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mixed Sn-Ce oxide upon deposition of Pt (IV-VI). On the one
hand, Sn migrates from the mixed Sn-Ce oxide into the Pt
particles and, thereby, changes its oxidation state from 2+ to 0.
The charge required for the reduction of Sn could in part be
provided by the remaining Sn**, which is oxidized to Sn** but,
primarily, by the oxidation of Ce®" to Ce**. This charge transfer
channel prevails at high Sn concentration, i.e. on samples (IV)
and (V). On the other hand, there is a partial charge transfer
from Pt to the mixed oxide (resulting in Ce®" centers), which
also occurs upon deposition of Pt on CeO,(111).*® This channel
prevails at low Sn concentration, i.e. on sample (VI). Similar
behavior has been observed upon Pd deposition on Sn—Ce mixed
oxide.?” Therefore, the final oxidation state of cerium cations is
the sum of counteracting effects and must be discussed carefully.
Several phenomena may contribute to the slightly different
binding energy shifts of the Sn 4d (A) and O 1s components on
samples (IV-VI), including band bending, chemical shifts and
final state effects. Empirically we have found a concomitant
shift of both Sn 4d (A) and O 1s to lower binding energy with
decreasing Sn concentration in Sn-Ce mixed oxides (data not
shown), and the same trend would be expected upon Pt-Sn
alloying. On the other hand, Pt deposition on CeO,(111) causes a
shift of the O 1s levels by about 0.2 eV to higher binding energy
(data not shown), which is associated with charge transfer from Pt
to the oxide support. In addition, local differences in electronic
screening are expected upon formation of supported alloy parti-
cles, which will give rise to different final state shifts. These
opposing contributions may explain the different binding energy
shifts observed in the Sn 4d and O 1s levels, but cannot be resolved
on the basis of the present experiments. The stability of the
prepared samples (IV-VI) has been studied upon annealing in
UHV. The corresponding Sn 4d spectra and evolution of the
integrated intensities of all Sn 4d spectral components are shown
in Fig. 2a-c and g-i, respectively. Annealing of the samples (IV-VI)
resulted in a substantial decrease of component (A) (Sn>" in mixed
oxide) which was accompanied by an increase of both components
(B) and (C) associated with the Pt-Sn alloys. This behavior suggests
a thermally induced Pt-Sn alloying which is accompanied by
migration of Sn from the mixed Sn-Ce oxide into the alloy.
During the annealing, the intensity of the component (D)
(Sn*") gradually decreases on all samples until it vanishes on
samples (IV) and (VI) at 500 K. Above 450 K, the new weak
component (E) emerges at 24.5 eV on samples (IV) and (V), i.e.
at high Sn concentration, but not on the sample (VI) where the
Sn concentration is low. The binding energy of this component is
in between the typical values for Sn® and Sn**. A likely explanation
would be associated with the formation of sub-stoichiometric
SnO,, species, possibly in contact with the Pt-Sn nanoalloy. The
binding energy of the component (E) is close to the value of
24.44-24.46 eV associated with SnO species formed upon
oxidation of Pt-Sn alloys.>* In this temperature regime, the
oxygen can be provided to Pt-Sn nanoalloys by reverse spillover
from Sn-Ce mixed oxide.*® We may speculate that simultaneous
spillover of oxygen and Sn may result in partial encapsulation of
Pt-Sn nanoalloys by sub-stoichiometric SnO,, species. However,
taking into account low intensity of the corresponding
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component (E), we assume that this effect is minor. The absence
of the component (E) on Pt-Sn/Sn,CeO, (VI) suggests that encap-
sulation of Pt-Sn does not occur at low Sn concentration.

With respect to the thermal stability and morphology of the
prepared layers, the concentration of Sn in the samples appears
to be a key parameter. This is evident from the comparison of
the integrated Pt 4f intensities on samples (IV-VI) and their
development upon annealing (Fig. 2j-1). The lower Pt 4f inten-
sities at 300 K suggest formation of larger Pt-Sn particles on
sample (VI, low Sn concentration) as compared to samples (IV-V,
high Sn concentration).

Thermally induced coalescence and growth of the Pt-Sn
particles occurs on all samples (IV-VI). However, the decrease
of the integrated Pt 4f intensities is more pronounced on samples
(IV-V) than on sample (VI) (Fig. 2j-1). Partial encapsulation of
Pt-Sn nanoalloy by SnO,, species may contribute to the attenua-
tion of the Pt 4f intensity on samples (IV-V) above 500 K.

As mentioned above, the evolution of RER on samples (IV-VI)
upon annealing has to be discussed carefully taking into account
multiple processes. In addition to the two processes discussed
above (charge transfer from Pt to the oxide and migration of Sn
from the mixed oxide into Pt-Sn nanoalloy), oxygen vacancies
become mobile at elevated temperature and may migrate from
the interface into the bulk. For Sn-free Pt/CeO,(111) system, we
have shown that vacancies are removed from the surface above
300 K.*® Therefore, the decrease of RER on samples (IV) and (VI)
may result from both processes, Sn diffusion and vacancy
migration. The decrease of RER is not well resolved on sample
(V) due to the strong oxidation during sample preparation.

Above 500 K, the evolution of RER differs considerably on
samples (IV-VI). Only RER on sample (VI) (Fig. 2f) is similar to
those observed for Sn-free Pt/Ce0,(111).>® Based on a compari-
son with the latter, we associate the increase of RER above
500 K with the reverse oxygen spillover from the oxide substrate
to the Pt-Sn nanoalloy. Reverse oxygen spillover is a general
phenomenon on ceria-based catalysts®®*® and has been
thoroughly studied on Pt/Ce0,(111).>® Note that reverse oxygen
spillover is not accompanied by migration of Sn to the Pt-Sn
nanoalloy on sample (VI). According to the development of Sn
4d components (A) and (D) (Fig. 2i), the Sn is nearly completely
removed from the cerium oxide phase below 500 K. Also, the
SnO, component (E) in the Sn 4d spectra (Fig. 2¢) is absent
suggesting that migration of Sn from the oxide support to Pt-Sn
nanoalloy stops before the reverse oxygen spillover sets in.

Unlike on sample (VI), annealing above 500 K does not cause
any significant changes of the RER on samples (IV-V). We attribute
this to the counteracting processes of Sn migration to the Pt-Sn
nanoalloy (leading to partial re-oxidation) and oxygen reverse
spillover (leading to partial reduction) which occur in parallel.

3.2 Stability of Pt-free Sn-Ce oxide under hydrogen treatment

First, we studied interaction of hydrogen with Pt-free Sn-Ce
mixed oxides. Selected Sn 4d core level spectra obtained from
Sn,CeO, (I) after annealing in hydrogen are shown in Fig. 3a.
The Sn 4d spectrum obtained prior to hydrogen exposure is
shown at the top.
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Fig. 3 Sn 4d spectra (a), and evolutions of integrated Sn 4d intensities
(squares) and RERs (circles) (b) on () Sn,CeO, during annealing under 50 L
H, exposure (filled symbols) at constant temperatures between 150 to
750 K and occasional annealing in UHV (empty symbols).

We find that exposure of the Sn,CeO, (I) to hydrogen between
150 and 750 K does not cause any measurable reduction of Sn**
to metallic Sn. The integrated intensity of the Sn** component
remains unchanged up to 600 K (Fig. 3b). However, annealing
above 600 K leads to a significant decrease of the Sn 4d intensity
of the component (A). We assign this effect to thermally induced
diffusion of Sn** ions into deeper layers.>* The fact that this effect
is induced thermally and not by hydrogen is evident from the
comparison of the Sn 4d intensity in which we first annealed in
UHV and then in hydrogen at the same temperature (see Fig. 3b).

As evident from Fig. 3b, the integrated intensity of Sn 4d
corresponds to the evolution of RER throughout the whole
temperature range. This is consistent with migration of Sn>" into
the bulk, thus, leading to a partial re-oxidation of cerium cations
at the surface. Further, no loss of oxygen was observed as can be
concluded from the unchanged O 1s signal (data not shown).

3.3 Stability of the Pt-Sn/Sn-Ce-O model catalysts under
hydrogen treatment

Next, we investigated the interaction of H, with three Pt-Sn/
Sn-Ce-O samples (IV-VI). Two sets of experiments are explored.
In the first set of experiments we expose the samples to 50 L H,
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at 150 K followed by stepwise annealing in UHV. We refer to this
procedure as hydrogen ‘“desorption” experiment. In the second
set of experiments we anneal the samples in H, (exposure 50 L) at
temperatures between 150 and 750 K. We refer to this procedure
as a hydrogen “reaction” experiment. The corresponding inten-
sities in the Sn 4d (component (A) and sum of components B, C,
and E) and Pt 4f regions are shown in Fig. 4. In addition to the
“desorption” and “reaction” experiment we show a “reference”
experiment that corresponds to annealing in UHV (i.e. in absence
of hydrogen).

Note that exposure to 50 L H, at 150 K does not cause any
detectable changes in the Sn 4d and Pt 4f regions on any of the
three samples (IV-VI), nor do the signals show significant
deviations from the reference experiment during the annealing
in UHV. Small intensity variations may be caused by traces of
contaminants, primarily water, adsorbed from the background
gas at low temperature. Therefore, we conclude that the changes
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of morphology and composition induced by the adsorption and
desorption experiment are minor. In brief, we identify the same
temperature regions as without H, treatment: the sharp increase
of the reduced Sn components (B, C, E) between 300 and 450 K is
caused by onset of Sn diffusion into the Pt particles. At tem-
peratures above 450 K sintering of the Pt-Sn nanoalloys lead to a
decrease of both signals, Pt 4f and Sn 4d (B-D).

In contrast to the H, ‘“adsorption’”” experiment, a clear effect
is observed for the “reaction” experiment (in which we expose
the sample to H, at different temperatures) on the samples with
high Sn concentration (IV-V). We find that the decrease of the
oxide component (A) is shifted to lower temperatures (onset
around 300 K). A similar shift is observed for the increase of the
“reduced” Sn (B, C, E), which, in addition, is more pronounced
between 300 K and 400 K (see Fig. 4a, b, d and e). These changes
are accompanied by a concomitant shift of the decrease in the
Pt 4f intensity (Fig. 4a, b, g and h). Our observations suggest

28 28 28
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that the decomposition of the mixed Sn-Ce oxide is accelerated
by the reaction with H,. As a result, diffusion of Sn to the Pt
particles and Pt-Sn alloy formation is facilitated at relatively
lower temperature, ie. in the temperature region between 300
and 400 K. At temperatures above 400 K, particle sintering
dominates and leads to decrease of both alloy components,
Pt 4f and Sn 4d (B, C, E). Interestingly, the decrease in intensity
exceeds that of the reference experiment, suggesting that
sintering is also facilitated under H, treatment.

3.4 Redox behavior and spillover on Pt-Sn/Sn-Ce-O model
catalysts under hydrogen treatment

Finally, we investigated the cerium oxidation state during H,
activation on Pt-Sn/Sn-Ce-O model catalysts as a function of
the Sn concentration. The developments of the RER on samples
(Iv-VI) during annealing in UHV and upon interaction with H, are
shown in Fig. 5a-c. The experimental conditions are the same as
described in Section 3.3 and, accordingly, we label the experiments
as “reference”, “desorption”, and “reaction”. In addition, we added
the RER on the Sn-free Pt/CeO,(111) for comparison.>>*°

The evolution of RER on samples (IV-VI) in UHV, i.e. under
“reference” condition, has been discussed in Section 3.1.
Briefly, the decrease of the RER between 300 and 500 K is
associated with re-oxidation of Ce*" caused by the reduction of
Sn** upon Pt-Sn alloy formation. An additional contribution
arises from migration of oxygen vacancies from the surface into
deeper layers.*® Above 500 K, reverse oxygen spillover from the
oxide support to the nanoalloys leads to partial reduction of
mixed Sn—Ce oxide, counteracting the above oxidation channels.

Earlier we reported that adsorption of hydrogen on Pt/CeO,(111)
at 150 K followed by annealing in UHV results in reversible
reduction of cerium oxide between 190 and 310 K.*° The corre-
sponding RER evolution is shown in Fig. 5b. Here, the increase of
RER between 190 and 210 K is associated with spillover of
hydrogen from the Pt particles to CeO, followed by formation
of hydroxyl groups that are stable up to 260 K. Reverse hydrogen
spillover and desorption of hydrogen from Pt particles is
activated between 260 and 310 K and leads to re-oxidation of
cerium oxide. As can be seen from the data in Fig. 5b, the above
mentioned reversible reduction of cerium cations occurs also
on samples (IV-VI). The extent of the reversible reduction can
be estimated from the difference between RERs before hydro-
gen adsorption at 150 K (circled symbols in Fig. 5b) and the
value of the RER at 225 K, where hydrogen spillover from the
particles to the oxide has reached its maximum. The table inset
in Fig. 5b shows the estimated extent of hydrogen spillover on
all samples. Apparently, the extent of hydrogen spillover on
samples (IV) and (V), i.e. at high Sn concentration, is compar-
able to the Sn-free Pt/CeO,(111). Surprisingly, the extent of
hydrogen spillover is considerably larger on sample (VI), i.e. at
low Sn concentration. There are several possible explanations
for this observation. First, the effect may be caused by the
modified hydrogen adsorption on the nanoalloy. Secondly, the
stability and mobility of the hydroxyl groups on cerium oxide
could be modified by Sn doping. In this respect it is noteworthy
that dissociation of molecular hydrogen was found to be

13216 | Phys. Chem. Chem. Phys., 2014, 16, 13209-13219

View Article Online

PCCP
20
| (a) Reference
1.6 4
1.2 =— Pt/Ce0,(111)
e —e— (IV) Pt-Sn/Sn,CeO,
[ —4— (V) Pt-Sn/Sn,CeO,,,
0.8 —v— (VI) Pt-Sn/Sn,CeO,
0.4
0.0 T T y T ¥ T ¥ T v T ¥ T v
100 200 300 400 500 600 700 800
Temperature, K
2.0
(b) Desorption
1.6 -
| ARER
Pt/Ce0,(111) 0.3
124 (IV) Pt-Sn/Sn,Ce0, | 05
= (V) Pt-Sn/Sn,Ce0,,,| 0.3
[ (V1) Pt-Sn/Sn,CeO, | 1.0
0.8 -
0.4
0.0 ) T i T ¥ T v T v T ¥ T Y
100 200 300 400 500 600 700 800
Temperature, K
2.0
(c) Reaction
1.6 4
1.2
o
w
o
0.8
0.4
0.0 X T ¥ T v T ¥ T " T ¥ T ¥
100 200 300 400 500 600 700 800

Temperature, K

Fig. 5 Evolutions of RERs on Pt/CeO,(111), (IV) Pt—Sn/Sn,CeO,, (V) Pt-Sn/
Sn,CeOs,,, and (V) Pt-Sn/Sn,CeO; as functions of temperature during step-
wise annealing in UHV (a, reference), adsorption of 50 L H, at 150 K followed by
stepwise annealing in UHV (b, desorption), annealing under exposure to 50 L
H, at constant temperatures between 150 and 750 K (c, reaction). The circled
symbols in (b) indicate RERs prior to H, adsorption. Differences between the
initial and the maximum RERs achieved at 225 K specify an extent of hydrogen
spillover from Pt—Sn nanoalloys to the support.

suppressed on Sn/Pt(111).>® A moderate destabilization of hydro-
gen adsorption on the Pt-Sn nanoalloy, i.e. at low Sn concen-
tration, may, on the other hand, provide an additional driving
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Fig. 6 Sn 4d spectra obtained from (IV) Pt-Sn/Sn,CeO; (a), Pt-=Sn/Sn,CeO,., (b), and Pt-Sn/Sn,CeO; (c) after annealing at 750 K in UHV (reference),
after exposure to H, (50 L) at 150 K followed by annealing to 750 K (desorption), after annealing at 750 K under exposure to 50 L H, (reaction).

force for hydrogen spillover to the oxide. Such effect would be
consistent with the experimental observation that the onset of
hydrogen spillover is shifted to a lower temperature in the
presence of tin. On the Sn-free samples the onset is observed
between 190 and 200 K (see Fig. 5 and ref. 59) whereas on all
Sn-containing samples hydrogen spillover is already observed at
temperatures as low as 150 K. Theoretical studies on alloy nano-
particles may help to clarify this point. Above 350 K, the RER
returns to similar values as obtained under “reference” conditions
(Fig. 5a). As described in the previous section, the interaction of
hydrogen with the samples (IV-VI) does not cause changes of the
Sn diffusion and sintering behavior under “desorption” condi-
tions. Therefore, we assume that similarly to Pt/CeO,(111), the
hydrogen spillover is reversed on samples (IV-VI) between 250 and
350 K leading to desorption of molecular hydrogen. This process
reestablishes the original oxidation state of the cerium cations.
Irreversible reduction of cerium oxide occurs upon reaction of
hydrogen with reversely spilled-over oxygen on the Pt particles for
Pt/Ce0,(111).>° The corresponding development of the RER is
shown in Fig. 5c. The evolution of RER under the “reaction”
condition shows irreversible reduction in the temperature region
between approximately 450 and 700 K. The region of irreversible
reduction on sample (VI) with low Sn concentration is very similar
to those observed on the Sn-free Pt/Ce0Q,(111).>° However, the
degree of reduction on sample (VI) is lower than it is on Sn-free
Pt/CeO, (Fig. 5¢). The effect is even more pronounced on the samples
with high Sn concentration (IV-V). We attribute this observation
to the fact that oxygen reverse spillover and Sn diffusion from the
oxide into the Pt-Sn nanoalloy occurs in the same temperature
region. As discussed above, both effects lead to opposite changes
of the oxidation state of cerium cations and thus may obscure or

This journal is © the Owner Societies 2014

even cancel each other. However, the accelerated decomposition
of the mixed Sn-Ce oxide followed by Pt-Sn alloying discussed in
Section 3.1 proved the existence of oxygen reverse spillover also
for the samples with high Sn concentration (IV-V).

Finally, comparison of the Sn 4d spectra obtained from samples
(Iv-VI) after annealing to 750 K under “reference”, “desorption”,
and “reaction” conditions is shown in Fig. 6a—c. It is seen that the
component (A) associated with Sn>" in the mixed Sn-Ce oxide
decreased considerably after the annealing of the samples (IV-V)
under the “reaction” conditions as compared to annealing under
UHV (“reference” conditions) and with H, exposure at low tem-
perature (“desorption” conditions). Thus, the extent of the decom-
position of mixed Sn—Ce oxide could be used as a measure of the
oxygen spillover on these samples under the “reaction” conditions.
The differences observed between the samples (IV) and (V) suggests
that the initial degree of reduction of the mixed oxide has a major
influence on reverse oxygen spillover. In particular, the sample (V)
prepared with lower degree of reduction of the mixed oxide shows
lower extent of the mixed oxide decomposition under “reaction”
conditions and therefore points to less facile oxygen reverse
spillover on this sample as compared to the sample (IV).

4. Conclusion

Hydrogen activation on Pt-Sn nanoalloys supported on mixed
Sn—Ce oxides has been studied as a function of the Sn concen-
tration and the degree of reduction of mixed Sn-Ce oxide by
means of SRPES and RPES.

(1) The model catalysts are prepared in three steps that involve:
(i) preparation of stoichiometric CeO,(111)/Cu(111) films; (ii) Sn
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deposition under UHV or oxygen atmosphere; (iii) Pt deposition in
UHV at 300 K. In this way, Pt-Sn/Sn-Ce-O systems are obtained in
which the Pt coverage, the Sn concentration, and the degree of
reduction of the Sn—Ce mixed oxide can be controlled independently.

(2) During the sample preparation formation of mixed Sn-Ce
oxides occurs upon deposition of metallic Sn on well-ordered
Ce0,(111) films at 523 K. Sn is formed exclusively in the oxidation
state 2+. The formation of the mixed oxide is accompanied by a
strong reduction of cerium cations, ie. transformation of Ce**
to Ce**. A lower degree of reduction can be established by
deposition of Sn in oxygen atmosphere. Upon Pt deposition at
300 K, a Pt-Sn nanoalloy is formed, regardless of the Sn concen-
tration and the degree of reduction of the mixed oxide. Formation
of the Pt-Sn alloy is accompanied by partial re-oxidation of cerium
cations and by formation of a small fraction of Sn**. The resulting
degree of reduction of mixed Sn-Ce oxide depends on the Sn
concentration and is further modified by charge transfer between
the Pt-Sn nanoalloys and the oxide support.

(3) At temperatures above 400 K, the Pt-Sn nanoalloy on
the mixed Sn-Ce oxides undergoes sintering. This process is
accompanied by enhanced diffusion of Sn from Sn-Ce mixed
oxide into the Pt-Sn nanoalloys.

(4) Oxygen reverse spillover occurs on all Sn-containing systems
irrespective of the Sn concentration. At high Sn concentration,
however, oxygen reverse spillover is accompanied by migration of
Sn which may result in partial encapsulation of the Pt-Sn nano-
alloys by SnO,, species. At low Sn concentration, the encapsulation
of Pt-Sn does not occur due to the decomposition of the mixed
oxide below the onset temperature of oxygen reverse spillover.

(5) Spillover of hydrogen between the Sn-Ce mixed oxide and
the Pt-Sn nanoalloy occurs on all samples, irrespective of the Sn
concentration and degree of reduction of the Sn-Ce oxide. How-
ever, the highest extent of hydrogen spillover was observed at low
Sn concentration. The onset temperature for hydrogen spillover is
lowered by Sn doping (150 K). Above 250 K hydrogen reverse
spillover is followed by H, desorption and leads to re-oxidation in
the temperature range up to 350 K.
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