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ABSTRACT: CeO, supported Pt nanoparticles are of prominent technological
interest due to their excellent dispersion and thus performance in a wide range of
catalytic reactions. In this study, the dynamic structural evolution of Pt supported on
ceria particles in response to changes of reaction conditions has been studied by
surface ligand infrared spectroscopy in conjunction with X ray photoelectron
spectroscopy. The combined results obtained under oxidative and reductive
conditions reveal that oxidation at elevated temperatures leads to a pronounced
fragmentation of the Pt nanoparticles, yielding positively charged Pt single atoms
bound to the surface of the ceria particles. Subsequent reduction carried out at
different temperatures leads to the formation of various metallic Pt species including
small clusters and nanoparticles, dependent on the dispersion of Pt during the
oxidation step and the kind of reduction. The present spectroscopic data provide a
thorough insight into the structural and electronic properties of CeO, supported Pt
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particles that show strong changes of charge state and size depending on the reaction conditions.

1. INTRODUCTION

Among the metal/oxide catalysts, ceria supported platinum is
of particular interest due to its unique catalytic properties and
wide range of applications in numerous chemical reactions,
including water—gas shift reaction,'”* CO oxidation,””®
selective hydrogenation,” ' gas sensing,'> automotive exhaust
gas cleaning,'* and production of synthesis gas.'> Pt/CeO,
based catalysts are among the most promising candidates to
achieve high conversion of pollutants in exhaust emissions at
low temperatures.16 However, Pt is very expensive due to its
low natural abundance in the earth’s crust that amounts to only
about S parts per billion by weight. To reduce the cost of the
catalysts, it is required to increase the surface area to volume
ratio of Pt in catalysts, which maximizes their utilization
efficiency. When reducing the size of the particles of this
precious metal, it has to be considered, however, that
remarkable changes in the electronic structure of metal
particles occur.'” ! For this reason, the effects of decreasing
the particle size of Pt, a promising approach to enhance the
low temperature activity and selectivity of the catalytic
materials, have to be carefully investigated.

Recently, Ganzler et al."® developed a protocol that enabled
them to tune the size of Pt nanoparticles (NPs) in situ at
moderate temperatures. They reported a dynamic structural
behavior of Pt NPs deposited on ceria surfaces at temperatures
below 500 °C during a cycle of oxidizing/reducing treatments.
In an oxidizing atmosphere, redispersion of Pt on CeO,
occurred. In the subsequent reducing pulses, a controlled

formation of Pt particles was achieved. This approach is
supposed to be promising for tuning the dispersion and
electronic properties of noble metals during operation, with
tremendous effects on the low temperature activity of such
catalysts.”>”>* Thus, a fundamental understanding of the
structural evolution of Pt/CeO, catalysts under these
oxidation/reduction conditions is of critical importance.

In this study, various Pt species (single atoms, small clusters,
and NPs) supported on ceria NPs were characterized by CO
surface ligand infrared (CO SLIR) spectroscopy under ultra
high vacuum (UHV) conditions using a sophisticated UHV
apparatus.”® This surface sensitive and non destructive ap
proach is well suited to characterize the structural evolution of
the surface and chemical properties of metal/oxide cata
lysts.””~>° The systematic study using CO SLIR, together with
X ray photoelectron spectroscopy (XPS), enabled us to gain
detailed insights into the strong Pt—ceria interaction and the
dynamic structural evolution of Pt species under oxidative and
reductive conditions at different temperatures.
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2. EXPERIMENTAL SECTION

Commercial CeO, NPs with a surface area of 28 m?/g were
doped with Pt (0.94 wt %) by robot controlled incipient
wetness impregnation (accelerator SLT106 Parallel Synthe
sizer, SLT CATIMPREG, ChemSpeed Technologies).s'o The
Pt/CeO, catalyst (25 m?/g after hydrothermal aging), denoted
as oxidized Pt/CeO,, was first calcined in 20% O,/N, at 773 K
for S h (after this step, referred to as the calcined sample) and
then hydrothermally treated at 1073 K for 16 h under 10% O,
and 10% H,O in N,. The oxidized sample was subsequently
reduced in 2% H,/N, for 30 min at 673 K to generate reduced
Pt NPs, denoted as reduced Pt/CeO, (673 K). The detailed
sample preparation procedure was described elsewhere.”® For
comparison, the oxidized Pt/CeO, NPs were reduced by
atomic hydrogen (p = 5 X 107° mbar) at lower temperatures
(530 K) for 60 min. Exposure to atomic hydrogen was
conducted by dissociating H, on a hot tungsten filament
situated in line of sight from the sample.

The CO SLIR measurements were conducted with an
advanced UHYV system that combines a state of the art Fourier
transform infrared (FTIR) spectrometer (Bruker Vertex 80v)
and a multichamber UHV system (Prevac).*”*' Pt/CeO,
powders were pressed into a stainless steel grid (about 13
mm in diameter) under the pressure of S bar for 2 min with a
hydraulic press and then mounted on a sample holder, which
was specially designed for the FTIR transmission measure
ments under UHV conditions. The base pressure in the
chamber for infrared (IR) measurements was below 3 x 107"
mbar. The exposure of the sample to CO was carried out by
backfilling the IR chamber up to 0.01 mbar using a leak valve
based directional doser connected to a tube (2 mm in
diameter) that terminated 3 cm from the sample surface and
50 cm from the hot cathode ionization gauge. The infrared
data were accumulated by recording 1024 scans with a
resolution of 4 cm™.

XPS measurements were carried out in a UHV setup
equipped with a high resolution RG Scienta 4000 analyzer. Al
Ka (1486.6 V) radiation was used as the excitation source.
The energy resolution was better than 1 eV with a pass energy
of 200 eV. The binding energies were calibrated based on the
C 1s line at 284.8 eV as a reference. The XPS spectra were
deconvoluted using software Casa XPS with a Gaussian—
Lorentzian mix function and a Doniach—Sunjic function for
metallic Pt° species.”

3. RESULTS AND DISCUSSION

3.1. Structural Evolution of Pt/CeO, Nanoparticles
Characterized by XPS. We focus first on the XPS
investigations of various Pt/CeO, NPs pretreated under
activation conditions including a consecutive treatment of
oxidation and reduction with hydrogen at different temper
atures, as described in Section 2. Figure 1 shows the
corresponding deconvoluted Pt 4f XPS data. The deconvolu
tion of Pt 4f peaks of reduced Pt/CeO,, pretreated with H, at
673 K, results in a 4f,,,/4f;,, spin—orbit doublet at 71.4/74.7
eV, which is the characteristic for metallic Pt° NPs.”*3™%7 After
the oxidation treatment at 1073 K, two new Pt 4f doublets are
clearly resolved. The predominant doublet at 73.0/76.3 eV is
ascribed to Pt** species, while the minority one at 74.4/77.7
eV originates from Pt*" species, in line with the literature
data.**73® Furthermore, there is no indication of metallic Pt°,
revealing that all Pt atoms were oxidized to Pt*" and Pt*'
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Figure 1. Pt 4f XPS data of reduced Pt/CeO, (673 K, bottom),
oxidized Pt/CeO, (1073 K, middle), adapted with permission from
ref 25. Copyright 2020 Springer Nature, and Pt/CeO, obtained after
reduction of the oxidized sample with H atoms at 530 K (top).

cations under hydrothermal conditions (10% H,0, 10% O,,
1073 K). We note that the electronic and chemical properties
of small Pt clusters and NPs differ substantially from those of
bulk Pt.

Upon further treatment of the oxidized sample with H atoms
at lower temperatures (530 K), the Pt 4f,/,/4f;,, peaks shift
again to lower binding energies (Figure 1), indicating dynamic
changes in the Pt components from positively charged to
neutral species. Interestingly, the binding energy of the Pt 4f
doublet at 72.0/75.3 eV is slightly higher by 0.6 eV compared
with those observed for reduced Pt/CeO, pretreated with
hydrogen at higher temperatures (673 K). We assign the
doublet at 72.0/75.3 eV to the formation of very small Pt°
clusters, in excellent agreement with those (72.0/75.2 €V)
reported for ~0.08 ML Pt deposited on a CeO,(111) thin film
grown on the Cu(111) substrate.”® In general, the higher
binding energy indicates strong electronic interactions between
small Pt clusters and ceria support, leading to charge transfer
from Pt to CeO,. The presence of small Pt clusters is further
supported by the CO SLIR spectra, as shown below. We note
that the binding energy shift is also related to the Pt particle
size. Overall, these XPS results reveal that the CeO, supported
Pt species significantly change under alternating reductive and
oxidative atmospheres at different temperatures.

Figure 2 shows the deconvoluted XPS data of Ce 3d and O
1s for Pt/CeO, after the treatments described above. In the Ce
3d spectra (Figure 2a), five 3d;,,/3d;,, spin—orbit doublets are
resolved and labeled following the convention proposed by
Burroughs et al*® The v/u, v"/u”, and v"/u” peaks are
characteristic for Ce** species, while the vy/u, and v'/u’
doublets are attributed to the Ce** final state. On the basis of a
quantitative analysis of the Ce 3d XPS data, the Ce** content is
estimated to amount to 35% for the reduced Pt/CeO, (673 K)
and 30% for the sample treated with H atoms at 530 K. It
should be noted that the shape of the Ce 3d XPS spectrum
recorded for the oxidized Pt/CeO, (1073 K) is substantially
different from those obtained for pure ceria samples.*’
Importantly, after oxidizing treatment at 1073 K, the surface
Ce’" concentration is still as high as 18% (Figure 2b). The
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Figure 2. (a) Ce 3d and (b) O 1s XPS data of reduced Pt/CeO, (673 K, bottom), oxidized Pt/CeO, (1073 K, middle), and Pt/CeO, obtained

after reduction of the oxidized sample with H atoms at 530 K (top).

observation of high population of Ce®* species indicates a
substantial modification in structural and electronic properties
of ceria surfaces induced by Pt substitution, as will be discussed
later.

The strong interaction between Pt and the ceria surface is
further evidenced by the corresponding O 1s XPS spectra
(Figure 2b). An intense peak at ~529.6 eV and a weak signal at
~531.0 eV were observed, which are assigned to lattice oxygen
anions in the regular CeO, coordination**™* and oxygen
anions located near defect sites, respectively.*>**~* Compared
to the regular O*" ions, the binding energy of the defect
related O 1s core level increases by about 1 eV. This is
attributed to the modification of the chemical coordination
environment of oxygen anions when coordinated to reduced
Ce*. Importantly, for the oxidized sample (1073 K), the
defect related O 1s peak does not disappear but becomes more
pronounced (26%). Furthermore, the lattice O*~ peak shifts
slightly to lower binding energies (529.3 eV, Figure 2b). These
findings reveal significant electronic interactions between the
Pt and ceria support. On the basis of the XPS data and
previous investigations,” we propose that Pt was completely
oxidized at 1073 K and highly dispersed on CeO, surfaces as
single atoms, accompanied by surface restructuring of the
oxide particles. This migration of Pt into CeO, changes the
chemical environment of oxygen in the sample, thus explaining
the shift of the O 1s peak mentioned above. This assignment is
validated by the CO SLIR investigations discussed below.

3.2. CO-SLIR Characterization. The dynamic structural
evolution of ceria supported Pt species under different
activation conditions is further monitored by SLIR spectros
copy using CO as a probe molecule. Figure 3 shows the
corresponding CO SLIR spectra. For the reduced Pt/CeO,
sample, the IR band at 2170 cm ™" is assigned to CO bound to
Ce’* defect sites, in line with the observation for CeO,(111)
single crystal surfaces.*® Furthermore, the spectrum of the
reduced Pt/CeO, is dominated by an intense IR band at 2073
cm™, which is assigned to CO bound to highly coordinated Pt
atoms exposed by Pt NPs.**"* This result demonstrates the
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Figure 3. CO SLIR spectra of pure CeO, NPs and differently treated
Pt/CeO, NPs: reduced Pt/CeO, at 673 K, oxidized Pt/CeO, at 1073
K (adapted with permission from ref 25. Copyright 2020 Springer
Nature), and Pt/CeQ, obtained after reduction of the oxidized
sample with H atoms at 530 K. All spectra were recorded in 0.01 mbar
CO at 113 K.

formation of metallic Pt NPs as majority species upon
reduction with hydrogen at elevated temperatures (673 K),
in good agreement with the XPS observation. The presence of
Pt NPs is further confirmed by high angle annular dark field
imaging scanning transmission electron microscopy (STEM)
images (Figure S1) that show an average particle size of 1.1
nm. This value is also in line with that (1.0—1.2 nm)
determined by X ray absorption fine structure analysis.>®

For the oxidized Pt/CeO, (1073 K), the metallic Pt° related
CO vibrations disappear completely, whereas pronounced
changes are observed for the CeO, related CO bands regarding
both frequency and intensity. As shown in Figure 3, a weak IR
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Figure 4. CO SLIR spectra of (a) calcined (773 K) and oxidized (1073 K) Pt/CeO, samples and (b) subsequent reduction with H atoms at 530 K.

All spectra were recorded in 0.01 mbar CO at 114 K.

band is clearly resolved at 2129 cm™!, which is the
characteristic for CO bound to oxidized Pt*" atop species.*
This assignment is confirmed by recent theoretical work,” in
which the isolated Pt single atoms are stabilized as Pt**
substitutes at four fold hollow sites by adopting a square
planar geometry involving Pt—O—Ce bonds. The computed
CO vibrational frequency (2128 cm™') is in excellent
agreement with the IR observation.

The atomic dispersion of Pt NPs and Pt induced
restructuring of ceria surfaces are further supported by the
significant splitting of the Ce related CO band at 2170 cm™
into two peaks at 2179 and 2161 cm™! after oxidation at 1073
K (see Figure 3). According to the density functional theory
calculations,” the predominant blue shifted vibration at 2178
ecm™! is attributed to CO adsorbed on the surface Ce ions
located in the direct vicinity of Pt, whereas the low lying IR
band at 2161 cm™" is assigned to CO bound to the surface Ce
sites, where the chemical environment is slightly modified due
to the restructuring of CeO, surfaces induced by Pt
substitution in CeO,. Again, these assignments have been
confirmed by computed vibrational frequencies.”> Since CO
can adsorb only at sites exposed at the particle surfaces, these
SLIR results demonstrate the presence of highly dispersed Pt
single ions on the surface of ceria. This finding is supported by
STEM observations (Figure S1), in which no Pt particles were
found.*

When subjecting the oxidized Pt/CeO, sample to a
controlled reduction treatment by exposing to H atoms at
lower temperatures (530 K), a substantial change is observed
in the IR spectrum (see Figure 3). Besides the absorption band
at 2172 em™ assigned to CO bound to Ce cations, intense
low lying CO bands appear in the range between 1850 and
2062 cm™'. The Pt NP related IR band at 2073 cm™’, clearly
present for the Pt/CeO, sample exposed to H atoms at higher
temperatures (673 K), is absent after the low temperature H
atom exposure. Instead, numerous new CO vibrations at 2062,
2045, 2003, and 1960 cm™! are detected. The bands at 2062,
2045, and 2003 cm™! are attributed to CO adsorbed at
different types of under coordinated Pt atop sites present on
the surfaces of small Pt clusters,'®>> whereas the 1960 cm™
band can be assigned to CO bound to the Pt (small clusters)—
ceria interface in a bridging configuration, in accordance with
previous work.>" Overall, the presented CO SLIR data provide
solid evidence that the structural and electronic properties of

Pt supported on CeO, vary strongly depending on activation
conditions.

We have further studied the impact of oxidation conditions
on the dispersion of Pt. Figure 4a shows the CO SLIR spectra
of Pt/CeO, catalysts oxidized at different temperatures (773
and 1073 K). After oxidizing treatments, Pt is well dispersed as
Pt** cations (2129 cm™') on CeQ,, whereas no IR bands are
observed for CO bound to metallic Pt sites. We note that for
Pt/CeO, oxidized at 773 K, the 2129 cm™" band is not visible,
which could be due to the much lower concentration of surface
Pt** single sites compared to the sample oxidized at higher
temperatures (1073 K). The corresponding XPS results of Pt
4f, Ce 3d, and O 1s peaks are shown in Figures S2—S4,
respectively. The Pt 4f XPS data reveal that all metallic Pt
atoms were oxidized to Pt** and Pt*" cations (Figure S2). As
discussed above, the splitting of the CeO, related CO
vibrations is indicative of strong electronic interactions
between Pt and the support, leading to substantial restructur
ing of the ceria surface via Pt substitution. Accordingly, the
bands at 2175 and 2165 cm™ are assigned to CO bound to
surface Ce sites with and without Pt neighbors, respectively.
Interestingly, for the calcined sample treated at 773 K, the peak
splitting of the CO vibrations is smaller than that (2179/2161
cm™') observed for the Pt/CeO, sample oxidized at 1073 K.
This could be related to the relatively limited dispersion/
substitution of Pt in the sample oxidized at lower temperatures
(773 K) and thus some ceria surfaces that are not in direct
contact with Pt, as supported by the IR results for the re
reduced samples discussed below.

When both samples were further reduced by heating in a
hydrogen atmosphere at 530 K, the corresponding IR spectra
change substantially (see Figure 4b). In both cases, intense CO
bands below 2100 cm™', owing to the adsorption of CO on
metallic Pt species, are observed. The reduction treatment of
the oxidized (1073 K) Pt/CeO, yields a large number of CO
bands, corresponding to CO species bound to various under
coordinated Pt atop sites exposed by small clusters and CO
adsorbed to bridge sites at the Pt (small clusters)—ceria
interface."**"*> In comparison, after reducing the calcined
(773 K) sample, the SLIR spectrum is dominated by an intense
CO band at 2069 cm™" (Figure 4b), which is typical for CO
adsorbed on high coordinated Pt atop sites of Pt NPs.*™*
These findings reveal that the particles size of Pt species,
generated under the same reduction conditions, varies
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Figure 5. Temperature dependent CO SLIR spectra of Pt/CeO, catalysts obtained after reduction of (a) oxidized (1073 K) and (b) calcined (773
K) Pt/CeO, samples with H atoms at 530 K. The spectra were recorded after CO adsorption (0.01 mbar) at 113 and 115 K, respectively, followed

by heating to indicated temperatures.

depending strongly on the initial dispersion states of Pt species
formed under different oxidation conditions. It is expected that
Pt shows a better dispersion in the oxidized Pt/CeQO, due to
the higher treatment temperature at 1073 K. Accordingly, the
subsequent reduction in hydrogen at 530 K facilitates the
formation of smaller Pt clusters on ceria surfaces. Hence, the Pt
atoms must be better distributed over ceria and not migrate so
easily to form larger clusters if oxidized at higher temperatures
(1073 K vs 773 K).

Figure S presents the corresponding temperature dependent
CO SLIR spectra of Pt/CeO, catalysts obtained by reducing
the oxidized (1073 K) and calcined (773 K) Pt/CeO, samples
with H atoms at 530 K. For the oxidized sample (Figure Sa),
the peak at 2172 cm™', belonging to CO adsorbed on the
CeO, support, vanishes at 125 K. However, the relative
intensities of the CO bands at 2062, 2045, and 2003 cm™*

remain constant even upon heating to 200 K, indicating much
stronger interactions between CO and metallic Pt species. As
the temperature further increases, the peak at 2062 cm™'
gradually decreases in intensity and finally vanishes at 360 K.
The peak at 2045 cm™' disappears at a higher temperature
(~500 K). The band at 2003 cm™ shows a red shift with
increasing temperature because of the decrease of CO
coverage. The 2003 cm™' band becomes the dominating one
at temperature higher than 320 K and finally vanishes at 545 K.
These results reveal that the CO species bound to Pt sites with
lower coordination numbers are thermally more stable as they
only vanish at higher temperatures. This finding is further
supported by the results observed for the calcined (773 K)
sample. As shown in Figure 5b, the predominant vibration at
2069 cm™ (CO adsorbed to highly coordinated Pt atop sites)
undergoes a red shift to about 2050 cm™' with increasing


https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02420?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02420?fig=fig5&ref=pdf

temperature and disappears after heating to 500 K, revealing a
weaker interaction of CO molecules with Pt NPs.>*

4. CONCLUSIONS

CO SLIR spectroscopy was used to characterize the dynamic
structural evolution of Pt species on CeO, NPs under oxidative
and reductive atmospheres. The IR results, together with XPS
investigations, allow us to conclude that a substantial amount
of Pt is substituted into the CeQ, surface lattice after oxidation
treatment at elevated temperatures, yielding positively charged,
highly dispersed Pt species. The subsequent reduction in
hydrogen leads to Pt surface segregation, yielding various
metallic Pt species ranging from NPs to ultrafine clusters, as
confirmed by the observation of characteristic CO IR bands.
Our results reveal that higher oxidation temperatures (1073 K)
promote the dispersion of Pt cations and, consequently,
facilitate the formation of smaller metallic Pt clusters on CeO,
along with the reduction at lower temperatures (530 K). The
structural transformation of Pt species leads to strong changes
in the electronic interactions between Pt and the ceria support,
which directly affects the adsorption and the bond strength
between the noble metal and adsorbates.
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