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ABSTRACT: Atomically dispersed supported catalysts hold considerable promise as
catalytic materials. The ability to employ and stabilize them against aggregation in complex
process environments remains a key challenge to the elusive goal of 100% atom utilization
in catalysis. Herein, using a Gd-doped ceria support for atomically dispersed surface Pt
atoms, we establish how the combined effects of aliovalent doping and oxygen vacancy
generation provide dynamic mechanisms that serve to enhance the stability of supported
single-atom configurations. Using correlated, in situ X-ray absorption, photoelectron, and
vibrational spectroscopy methods for the analysis of samples on the two types of support
(with and without Gd doping), we establish that the Pt atoms are located proximal to Gd
dopants, forming a speciation that serves to enhance the thermal stability of Pt atoms against aggregation.
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■ INTRODUCTION

The stability of working atomically dispersed noble-metal
catalysts, often termed “single-atom catalysts” (SACs), is one
of the key factors that affects their efficiency and potential
applications in industry. To improve the stability of SACs, one
strategy is to stabilize single atoms on reducible supports via
surface defects such as oxygen vacancies.1−5 In addition to this,
active oxygen vacancies on reducible metal oxides are
considered to be essential for many redox reactions.6 Reducible
oxide supports, particularly CeO2, have been used and
researched extensively in the area of heterogeneous catalysis
due to their ability to support atomically dispersed metal
species and increase the mobility of oxygen atoms necessary for
some catalytic pathways.3,5,7−9 These capabilities of ceria can
be enhanced by aliovalent doping, specifically, using dopants
with valence lower than Ce(IV), thereby creating oxygen
vacancies and improving oxygen activation.6 For example, in
Gd(III)-doped ceria in the doping range of 20 to 50%, it was
reported that Gd−vacancy complexes were formed.10,11 On the
other hand, the inclusion of dopants affects the physical
properties of the ceria support which in turn leads to the
modification of the single metal−support interaction, the
electronic structure and geometry of active single-atom sites,
and their catalytic behavior under realistic conditions.12−14

Thus, aliovalent doping is an attractive strategy for stabilizing
single-atom catalysts, but there are no studies, to the best of
our knowledge, focusing on the atomic-level details of the
catalyst−support interaction, required for understanding their
enhanced stability.
We hypothesize that the effect of a substitutional dopant

M(III) into the CeO2 structure will modify not only the bulk

but also the surface of CeO2 and create new types of sites for
anchoring single atoms, as shown schematically in Figure 1.

Thus, for systematically investigating the role of doped support
in SAC stability, it is required to both detect the presence of
vacancy in the local environment of SACs and monitor the
changes in the chemical state and structure of SACs at elevated
temperatures and under reducing conditions.
In this work, as a demonstration of the aliovalent doping

effect, we used Gd(III) as a substitutional dopant in CeO2 and
observed the enhanced thermal stability of isolated Pt species
supported on doped CeO2 compared to the undoped support.
We hypothesize that the origin of such an improved stability of
atomically dispersed catalysts supported on doped reducible
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Figure 1. Simplified cartoon of the proposed Pt single-atom sites
introduced by aliovalently doped ceria. The dopant, M(III), is shown
by a green circle. The host, Ce(IV), is shown by purple circles.
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oxides must be linked to the doping-induced changes in the
catalytic active sites. This understanding is currently lacking, to
the best of our knowledge.
At the limit of single metal atoms on the support, ensemble-

averaging techniques such as X-ray absorption fine structure
spectroscopy (XAFS) should be combined with complemen-
tary probes to validate the atomic dispersion, discriminate
between different structures and electronic states of the
coexisting metal species, and monitor their changes under
similar environmental conditions. To that end, we performed
ex situ scanning transmission electron microscopy (STEM), in
situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS), and ambient pressure X-ray photoelectron spec-
troscopy (AP-XPS). As a result of correlation between multiple
experimental data, we found an explanation for the enhanced
stability of Pt atoms on the Gd-doped support.

■ RESULTS AND DISCUSSION
Two samples were prepared via a standard wet impregnation
method on either commercial CeO2 or commercial 20 mol %
Gd-doped CeO2 (Gd−CeO2). To prevent aggregation, we
used a sufficiently low concentration of Pt atoms in solution.
The details of the preparation are given in the Supporting
Information. Table 1 provides a summary of the surface

loadings (Pt atoms/area of support) for the two samples, as
computed from the Pt weight loadings measured by inductively
coupled plasma (ICP) spectrometry and support BET surface
areas.
The structure of the supported Pt samples was examined by

STEM (Figure 2). Lattice fringes attest to the crystalline
nature of the CeO2 and Gd−CeO2 supports in Figure 2a,b,
respectively. It was previously reported that the doping of rare-
earth metals into CeO2 causes changes in the specific surface
area, particle size, and morphology of ceria.15 To ensure that
the two samples had similar Pt surface loadings after
deposition (the higher the surface loading, the easier it is for
the Pt atoms to aggregate16), different weight loadings were
used to adjust for the difference in the surface area between the
two samples (Figure 2a,b and Table 1). Neither Figure 2a,b
nor the additional examples provided in Figure S1 (Supporting
Information) provide any sign of aggregated or clustered Pt
atoms on the surface of either support. Isolated bright spots
suggestive of individual Pt atoms were observed in both as-
prepared samples. Ex situ STEM micrographs of the samples
following thermal treatment at 100 °C under a reducing CO
atmosphere provide evidence of aggregation for the Pt/CeO2
sample (Figure 2c) but not for the Pt/Gd−CeO2 sample
(Figure 2d). In situ CO-probe DRIFTS verified the uniformity
of the distribution of single atoms on both supports. For
understanding the distribution of charge states of Pt atoms, we
performed in situ AP-XPS studies.
DRIFTS spectra for the Pt/CeO2 and Pt/Gd−CeO2 samples

are shown in Figure 3a. The characteristic peaks that appear
between 1800 and 2200 cm−1 correspond to the vibrational/
stretching modes of CO adsorbed onto Pt sites.17−19 At room

temperature, both samples display a single narrow peak at 2087
cm−1 assigned to CO linearly adsorbed onto isolated Ptδ+

species.20 Thus, DRIFTS measurements independently con-
firm our preliminary conclusion from Figure 2a,b that Pt was
atomically dispersed on the supports of the as-prepared
samples. Furthermore, the in situ DRIFTS measurements
(vide inf ra) illustrate the differences that exist in the electronic
structure and geometry of Pt single atoms, perturbations that
by direct inference must be caused by likely proximal

Table 1. Summary of Pt Loadings

support
weight loading
(wt % Pt)

surface area
(m2/g)

Pt surface loading
(atoms/nm2)

CeO2 0.28 44.73 0.192
Gd−CeO2 1.42 160.9 0.272

Figure 2. STEM images of the as-prepared Pt/CeO2 (a) and Pt/Gd−
CeO2 (b) samples lack evidence of Pt aggregation. After treatment
with CO at 100 °C, noticeable aggregation is observed (as indicated
by arrows) for the Pt/CeO2 sample (c) but not for the Pt/Gd−CeO2
sample (d).

Figure 3. (a) CO-probed DRIFTS spectra of the Pt/CeO2 (black)
and Pt/Gd−CeO2 (red) samples. Correspondingly, two dashed lines
were used to indicate the shifts of the CO bands for these two
samples. The data were collected after CO (20% balance in He) was
flushed away by helium. (b) Distribution of Pt oxidation states
observed under CO (20% balance in He) by AP-XPS of the Pt/CeO2
(black) and Pt/Gd−CeO2 (red) samples at in-situ temperatures (26−
50−100−150−26 °C).
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interactions with the Gd dopant sites. First, at 50 °C, a single
narrow peak is observed in both samples; while its position is
observed at 2087 cm−1 for the Pt/Gd−CeO2 sample, it is
shifted to 2090 cm−1 for the Pt/CeO2 sample. Such difference
in the positions of the CO-bound peak on isolated Ptδ+ species
(shown by arrows in Figure 3a) is also observed at 100 °C.
Second, in addition to that, at 100 °C, other peaks are readily
apparent for the Pt/CeO2 sample, while the Pt/Gd−CeO2
sample displays a subtle broadening. For the Pt/CeO2 sample,
those peaks between 2075 and 2010 cm−1 are assigned to CO
linearly adsorbed onto generally more reduced or clustered Pt
species than the peak at 2087 cm−1.21 Besides, the increased
intensity of Pt/CeO2 spectra can also be related to the partial
reduction of Pt species.22 These spectra at 100 °C confirm the
clustering observed for the Pt/CeO2 sample (Figure 2c), as
well as the lack of clustering observed for the Pt/Gd−CeO2
sample (Figure 2d). Third, we note that the spectral features at
150 °C are notably weaker in the case of Pt/CeO2 or absent in
the case of Pt/Gd−CeO2 due to a reduced population of
bound CO states arising from the higher thermal energy
present in the system and suggests a weak binding strength for
CO adsorbed onto the Pt species, especially in the Pt/Gd−
CeO2 sample. After subsequent cooling to 26 °C, pronounced
peaks were observed in both samples. The reason that the two
spectra are different could be due to the formation of Pt
clusters/particles with different sizes.23 Overall, between the
two samples, these differences in the position, intensity, and
changing trend of bound CO peaks detailed above are
attributed to the perturbation of the electronic structure and
geometry of Pt single-atom species caused by the Gd dopants.
Quantitative assignments of the formal oxidation states of Pt in
each system and an independent verification of the conclusions
drawn on the basis of STEM and DRIFTS measurements were
made by the AP-XPS studies at the same temperatures.
Figure 3b shows the fitting results of Pt 4f XPS core-level

data for the Pt/CeO2 and Pt/Gd−CeO2 samples. The raw
spectra and peak-fitting results for each sample at each
temperature are given in Figure S2 (Supporting Information).
At room temperature, both samples are dominated by Pt2+

species with the coexistence of a small fraction of Pt4+ species
(20% in Pt/CeO2 and 27% in Pt/Gd−CeO2). All the Pt4+

species are reduced to Pt2+ for the Pt/CeO2 sample at 50 °C,
while only 2% (out of 27% Pt4+) are reduced to Pt2+ at the
same temperature for the Pt/Gd−CeO2 sample, suggesting the
different nature of Pt4+ species in the two samples. At 100 °C,
peaks assigned to Pt0 (23%) appear only in the spectra of the
Pt/CeO2 sample, suggesting the formation of metallic Pt
species, in agreement with the results obtained via CO-probed
DRIFTS at the same temperature. The formation of Pt metallic
species is not observed until 150 °C for the Pt/Gd−CeO2
sample, suggesting that in the Pt/Gd−CeO2 sample, the Pt
single-atom species are more resistant to aggregation, which
could be due to the modified metal−support interaction by Gd
dopants. To get more insights into the effects of metal−
support interaction on the electronic and atomic structure of
Pt single-atom species, XAFS measurements were performed.
The Pt L3-edge X-ray absorption near-edge structure

(XANES) spectra (Figure 4a) reveal the changes in the
electronic structure of the Pt species in the two samples during
heating under the CO atmosphere. The white line peak in Pt
L3 XANES is a strong absorption maximum due to a 2p → 5d
transition, and its area can be used as a measure of the density
of unoccupied 5d states.24,25 A comparison of the room-

temperature spectra of the Pt foil, α-PtO2, Pt/CeO2, and Pt/
Gd−CeO2 is shown in Supporting Information Figure S3. The
white line intensity of Pt/Gd−CeO2 is similar to that in the α-
PtO2 spectrum and higher than that in the spectrum of the Pt/
CeO2 sample. In the post-edge region, the deviation of the
catalysts’ data from that of PtO2 clearly indicates the unique
structure of the catalysts. The integrated area of the difference
in the XANES region for Pt/CeO2 and Pt/Gd−CeO2 at each
temperature is shown in Figure 4b, with the spectra of the Pt/
Gd−CeO2 sample at 150 °C used as the reference for all the
spectra. The Pt/CeO2 sample spectra show almost no intensity
changes in the white line region upon heating from room
temperature to 100 °C and a relatively small change upon
heating to 150 °C, as compared to the Pt/Gd−CeO2 sample.
The decrease of the white line peak intensity is more
significant in the Pt/Gd−CeO2 sample. The greater change
in the white line of the Pt/Gd−CeO2 sample indicates that the
average electronic density of the Pt species changes more
rapidly than that of the Pt/CeO2 sample: in the Gd-doped
sample, Pt atoms easily gain electrons in d-states by increasing
the temperature under CO.26,27 The greater change in the
white line of the Pt/Gd−CeO2 sample cannot be solely
explained by the temperature-dependent changes in the
speciation, as observed by AP-XPS (Figure 3b), which
indicates that the Pt species are more easily reduced in the
Pt/CeO2 sample, in seeming contradiction with the trends
shown in Figure 4. To reveal the factors that affect the d states
of Pt species, we performed extended X-ray absorption fine
structure (EXAFS) analysis to provide information about the
local coordination environment of Pt species.
The Fourier transform magnitudes of the EXAFS data for

the two samples under the same treatment as in the DRIFTS
and AP-XPS measurements are shown in Figure 5a. For both
samples, there is a pronounced peak at about 1.6 Å,
corresponding to the first shell Pt−O contribution. Generally,
with the increase of the temperature, the intensity of Pt−O
peak decreases. For the peaks in the higher R range (2.0−3.5
Å), multiple photoelectron scattering paths were examined and
considered for including in the fitting model (the details are
provided in Supporting Information Table S1). Except for the
spectrum of the Pt/CeO2 collected at 150 °C, the best model
consists of a Pt−O bond at approximately 2.0 Å, a Pt−Ce

Figure 4. (a) In situ Pt L3 edge XANES spectra of the Pt/CeO2 and
Pt/Gd−CeO2 samples under a CO atmosphere (5% balance in He) at
different temperatures and (b) the integrated intensity of the area of
XANES difference spectra for each sample at each temperature
compared to that of the Pt/Gd−CeO2 sample at 150 °C. The energy
range for calculating the area is from 11559 to 11573 eV.
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contribution at 3.2 Å, a Pt−O contribution at 3.6 Å, and a Pt−
Ce contribution at 3.9 Å. This model is consistent with the
optimized Pt single-atom structures proposed by DFT
calculations.28,29 For the spectrum of Pt/CeO2 collected at
150 °C, the Pt−Pt scattering path corresponding to a metallic
bond was required to achieve a good fit, suggesting, again, that
the Pt species in the Pt/Gd−CeO2 sample are more resistant
to clustering than in the Pt/CeO2 sample. As a result of the use
of different in situ reactors for DRIFTS, AP-XPS and XAFS,
the aggregation of Pt single atoms for the Pt/CeO2 sample
occurred at approximately 100 °C in DRIFTS and AP-XPS
experiments, whereas it was first observed at 150 °C in XAFS
measurements. We will thus correlate the results obtained from
different techniques based on the temperature-dependent
changes instead of actual temperatures. Quantitative fitting
results of EXAFS data are summarized in Supporting
Information Table S2. The data and the fits for all samples
and temperatures are shown in Supporting Information Figure
S4. Out of several DFT-optimized structural models of the Pt
environment with four Pt−O nearest neighbor bonds,28 the
model (denoted as D4 in ref 28) in which Pt atoms had short
(3.3 Å) and long (3.9−4.2 Å) Pt−Ce distances proved to be
the best for describing the experimental data for both supports.
We note that EXAFS analysis does not distinguish between Ce
or Gd as a backscattering atom,30 due to their proximity in the
periodic table. We hypothesize that the Pt−Ce coordination

reported for both the supports (Supporting Information Table
S2) represents both Pt−Ce and Pt−Gd pairs for the Gd−CeO2
support, as explained in greater detail below.
We now focus on what is learned from the trends in

coordination numbers and interatomic distances. As shown in
Figure 5c, at 26, 50, and 100 °C, the coordination numbers of
the nearest Pt−O bond are nearly the same (the mean values
vary between 4.3 and 3.9) for both samples. Further increasing
the temperature results in an abrupt decrease of the Pt−O
coordination number. For the Pt/CeO2 sample, from 100 to
150 °C, the coordination number of Pt−O drops by ca. 18%
(from 3.9 to 3.2), and for the Pt/Gd−CeO2 sample, it is
reduced by 36% (from 3.9 to 2.5). When combined with AP-
XPS results, the explanation for the slow decrease of the Pt−O
coordination number from 26 to 100 °C is mostly likely due to
the reduction of a small fraction of Pt4+ to the dominating Pt2+

single-atom species. For the Pt/CeO2 sample, at 150 °C, the
sudden drop in the Pt−O coordination number is due to the
formation of Pt metallic clusters, evidenced also by the
emerging of the Pt−Pt bond in EXAFS at that temperature.
According to the Pt−O coordination numbers, about 20%
[ΔN/N = (4 − 3.2)/4 = 0.2] Pt atoms aggregate into clusters,
that is, very similar to the fraction of 23%, the concentration of
Pt0 obtained from AP-XPS. Interestingly, for the Pt/Gd−CeO2
sample, the greater drop in the first neighboring O atoms does
not result in the formation of Pt clusters, which were not
detected at 150 °C. These results suggest that even though at
low temperatures (26, 50, and 100 °C), the coordination
number of Pt−O is similar for both samples, the electronic
structure and the geometry of Pt single-atom species are
different, thus causing different temperature-dependent
changes observed in DRIFTS (Figure 3a), AP-XPS (Figure
3b), XANES (Figure 4), and EXAFS (Figure 5d). It was
previously reported that the catalytic properties of single-atom
catalysts correlated with the number of neighboring atoms
around single atoms.29,31,32 Our combined results reveal that
the coordination number (same for the as-prepared samples,
but the Gd-doped support showed improved stability for Pt
single-atom species) is not the only descriptor determining the
catalytic stability of single-atom catalysts.
The Pt−O interatomic distances (Figure 5b,d) so

determined are consistently longer for the Pt/Gd−CeO2
sample compared to those found for the Pt/CeO2 material.
As shown by Kossoy et al., a solid solution of 20 at % Gd in
CeO2 features structural buckling of the lattice, whereas Gd−O
distances are distinctly longer than the host Ce−O distances.33

Similar results were obtained by EXAFS in other binary solid
solutions AyB1−yX, in which the larger cation A had a longer
distance to a common anion X as compared to a smaller cation
B.34−38 Hence, we propose that the longer first shell Pt−O
distances in the Pt/Gd−CeO2 sample provide evidence that a
significant fraction of Pt species is proximal to surface Gd sites.
The existence of these Gd dopants modifies the electronic
structure and geometry of the Pt single atoms anchored on the
ceria support as discussed above. In addition to it, the Gd
dopants improve the reducibility of ceria: at 150 °C, for each
Pt single atom, on average, the ceria support offers from 3.2 to
4 nearest neighbor oxygen atoms in Pt/CeO2 but only 2.5 in
the Pt/Gd−CeO2. Correspondingly, Gd introduces 0.7−1.5
more oxygen vacancies near the Pt single atoms. The
combined effect of proximal Gd(III) and oxygen vacancies
modifies the electronic structure and geometry of Pt single
atoms, and, together with the increased number of oxygen

Figure 5. (a) Temperature-dependent Fourier transform magnitudes
of k2-weighted EXAFS spectra of the Pt/CeO2 and Pt/Gd−CeO2
samples under a CO atmosphere at different temperatures. All data
were collected at room temperature after high-temperature treatment.
(b) Comparison of experimental spectra with the fit (dash line) for
Pt/CeO2 and Pt/Gd−CeO2 samples under a CO atmosphere at room
temperature after 150 °C treatment. The first shell Pt−O
coordination numbers (c) and interatomic distances (d), as
determined from the fitting of EXAFS spectra for Pt/CeO2 (black)
and Pt/Gd-CeO2 (red).
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vacancies in the ceria support, strengthen the metal−support
interaction. The latter conclusion is supported by the evidence
of enhanced charge transfer between Pt single atoms and the
support (Figure 4b) and, in turn, provides the explanation for
the enhanced stability of Pt single atoms on aliovalently doped
support.
Combining the information from all experimental data,

different scenarios of the evolution of atomically dispersed Pt
species under a CO atmosphere that were studied for the two
types of support, pure ceria and Gd-doped ceria, are shown
schematically in Figure 6.

■ CONCLUSIONS

In summary, we have shown that, on the Gd-doped CeO2

support, Pt atoms prefer to be located at the four-coordinated
sites proximal to surface-localized Gd atoms. The inclusion of
Gd as a dopant in a CeO2 support modifies the electronic
structures and geometries of the Pt single-atom species and
increases the number of oxygen vacancies neighbored to Pt
single atoms, resulting in the enhanced metal−support
interaction and the stability of Pt single atoms. Tuning the
metal−support interaction by a combined effect of aliovalent
doping and oxygen vacancies provides a new pathway for
improved stability and reducibility of the ceria support. We
propose that these properties will also open new opportunities
for modifying the activity of Pt single-atom sites in redox
reactions.
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Bruix and K. Neyman for discussion of theoretical models of Pt
on the CeO2 support.
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