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ABSTRACT: Tuning the metal—support interaction and coordination
environment of single-atom catalysts can help achieve satisfactory
catalytic performance for targeted reactions. Herein, via the facile control
of calcination temperatures for Pt catalysts on pre-stabilized CejZr,,0,
(CZO) support, Pt single atoms (Pt;) with different strengths of Pt—
CeO, interaction and coordination environment were successfully
constructed. With the increase in calcination temperature from 350 to
750 °C, a stronger Pt—CeO, interaction and higher Pt-O-Ce coordination
number were achieved due to the reaction between PtO, and surface Ce>*
species as well as the migration of Pt; into the surface lattice of CZO. The
Pt/CZO catalyst calcined at 750 °C (Pt/CZO-750) exhibited a
surprisingly higher C;H; oxidation activity than that calcined at 550 °C
(Pt/CZ0-550). Through systematic characterizations and reaction
mechanism study, it was revealed that the higher concentration of
surface Ce®" species/oxygen vacancies and the stronger Pt—CeQ, interaction on Pt/CZ0-750 could better facilitate the activation of
oxygen to oxidize C;Hj into reactive carbonate/carboxyl species and further promote the transformation of these intermediates into
gaseous CO,. The Pt/CZO-750 catalyst can be a potential candidate for the catalytic removal of hydrocarbons from vehicle exhaust.
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1. INTRODUCTION

Hydrocarbons (HCs) emitted by vehicles are well known as
toxic and detrimental pollutants, which can cause untold
damage to both ecological environment and human health by
involving in the formation of photochemical smog and haze
pollution.' ™ The most effective way to eliminate HCs from
vehicle exhaust such as diesel engine emission is the catalytic

are still the most promising candidates for HC oxidation from
vehicle exhaust to meet the requirement for excellent low-
temperature act1v1ty and high (hydro)thermal stability
simultaneously.'”~>* To ensure the high catalytic performance
of PGM catalysts for HC oxidation, the precise control of
PGM dispersion, the development of new supports combined
with surface defect engineering, and the fine-tuning of metal—

complete oxidation of HCs to less harmful CO, and H,0."”’
Unlike CO oxidation, which has been widely studied as an
important probe reaction to evaluate the catalytic performance
of vehicle emission control catalysts," "> HC oxidation has
been given much less attention in environmental catalysis area.
This is probably due to the higher difficulty to achieve
complete oxidation of HCs to CO, and H,O within the
required low-temperature range as the short-chain alkanes,
main components of HCs emitted by vehicles, are chemically
and thermodynamically stable.'*"®

With the awakening of environmental awareness and the
implementation of increasingly stringent vehicle emission
regulations, the development of more efficient catalysts for
the complete oxidation of short-chain alkanes, especially
propane (C;Hg), has become a critical task.'® So far, the
platinum group metals (PGMs), such as Pt, Pd, Ru, etc,
supported on refractory metal oxides (AL,O, CeO,, ZrO,, etc.)
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support interaction strength were reported as the most
commonly used strategies.”'¥**™>* For example, Zhan’s
group systematically studied the impact of spatial distribution
of Ru nanoparticles and morphology/exposed facets of CeO,
support on the C;Hg oxidation performance of Ru/CeO,
catalysts.">** They highlighted that the strong metal—support
interaction between Ru and CeO, could stabilize Ru and also
provide active oxygen species for the oxidation of C;Hjg
adsorbed on Ru nanoparticles.”* Fang et al. reported that the
electronic structure of Pt nanoparticles and chemisorbed
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Figure 1. (a) XRD patterns, (b) pore size distribution, and (c) Raman spectra for CZO support and Pt/CZO-X catalysts. (d) Relative
concentration of the Pt-O-Ce structure on Pt/CZO-X catalysts derived from Raman spectra. (e) H,-TPR profiles for Pt/CZO-X catalysts (X = 350,

550, 650, and 750 °C).

oxygen species on a defective Pt/TiO,_, catalyst determined
its catalytic performance in C;Hg/C;H; oxidation.” Pt/ALO;,
and Pd/AlL,O; catalysts modified with transition metal oxides
(WO,, Nb,Os, V,0q, efc.) were found to exhibit enhanced
C;H; oxidation activity due to the syner%i’stic effect between
Pt/Pd sites and metal oxide promoters.”” >’ The effect of
different supports (TiO,, CeO,, ALO; Nb,O;, etc.) for Pt
catalysts on HC oxidation performance was also investigated,
and it was concluded that the presence of more metallic Pt
species and more acidic supports could better facilitate the
oxidation of C;Hg.’”?' With the development of more
advanced synthesis and characterization techniques, supported
single-atom PGM catalysts have also emerged as a new type of
efficient catalytic material for HC oxidation.****

Recently, Pt single-atom (Pt,) catalysts supported on CeO,-
based supports have been intensively studied in CO oxidation
due to their near 100% atomic utilization efficiency and
satisfactory stability.”>~>” Although the Pt; catalysts supported
on CeO, are generally considered to show limited CO
oxidation activity due to the CO poisoning effect,* after fine-
tuning the local structure or chemical states of Pt; species,
significantly enhanced CO oxidation performance could be
achieved.”®*”*! For example, Jiang et al. found that Pt; in an
asymmetric Pt;O, configuration on CeO, induced by the
thermal-shock synthesis method using ultrafast shockwaves in
an inert atmosphere (>1200 °C) showed greatly enhanced CO
oxidation activity compared to the widely reported Pt;/CeO,
catalyst prepared by the atom trapping method (800 °C in
air).”° After treatment by H, at appropriate temperatures (for
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example, ca. 300 °C), the Pt; species within Pt;/CeO,-Al,04
catalyst with a high Pt fraction (above 70%) could also exhibit
superior CO oxidation activity at low temperatures.”” Inspired
by these studies, it is hypothesized that the catalytic
performance of Pt; catalysts on CeO,-based supports for
C;H, oxidation can also be enhanced by controlling the states
of Pt; species, including the Pt—CeO, interaction strength,
oxidation states and coordination environments, etc.

Based on our previous work and studies from other
researchers, it is inferred that controlling the calcination
temperature can be a facile strategy to tune the Pt, states on
CeO,-based supports, during which the atomic-local environ-
ment of Pt species can evolve remarkably.**~** In this study,
the Pt; catalysts with different coordination environments and
Pt;—CeOQ, interaction strength were constructed on a pre-
stabilized CeO,-ZrO, support by simply controlling the
calcination temperatures. The Pt; species embedded in the
CeO, surface lattice with higher Pt-O-Ce coordination number
and stronger Pt—CeO, interaction could be created as the
calcination temperature was set at 750 °C. Although high-
temperature calcination or aging usually results in catalyst
deactivation, for example, in CO oxidation, the Pt;/CeO,-
ZrO, catalyst calcined at higher temperature (750 °C)
exhibited surprisingly better C;Hg oxidation performance
than that calcined at regular catalyst preparation temperature
(such as 550 °C). Through systemic structure characterization
and reaction mechanism study, such an unexpectable but
beneficial effect of high-temperature calcination on the
catalytic performance of Pt; for C;Hg oxidation was well
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elucidated. This study opens a new route of synthesizing more
efficient Pt single-atom catalysts for catalytic removal of C;Hg
in emission control applications.

2. MATERIALS AND EXPERIMENTAL METHODS

2.1. Catalyst Preparation. Pt catalysts used in this work
were supported on a ZrO,-modified CeQO,, with a Ce-Zr molar
ratio of 9:1 (CeyoZry,0,). The CeyoZry;0, support was
prepared by the co-precipitation method using Ce(NO;);:
6H,0 and ZrO(NO,), as precursors. In detail, a calculated
amount of Ce(NO;);:6H,0 and ZrO(NO;), was first
dissolved in deionized water, and then excess NH;-H,O was
added under vigorous stirring until the pH reached 10.
Afterward, the resulted mixture was aged for 12 h, followed by
filtration and washing. The obtained precipitate was dried at
100 °C for 24 h and subsequently calcined at 800 °C for 12 h
with a ramping rate of 2 °C-min~". The CeyoZr,,0, support
was denoted as CZO. 1 wt % Pt (using Pt(NO;), as a
precursor) was deposited on CZO support by the conventional
incipient wetness impregnation (IWI) method. After drying at
120 °C, the mixture was calcined at 350, 550, 650, or 750 °C
for 2 h (with a ramping rate of 5 °C-min™"). The obtained Pt/
CZO catalysts were denoted as Pt/CZO-X, in which -X is the
calcination temperature in °C.

2.2. Catalytic Performance Evaluation and Catalyst
Characterizations. The detailed description of catalytic
performance evaluation and characterizations in this work
can be found in the Supporting Information (Text S1 and Text
S2).

3. RESULTS AND DISCUSSION

3.1. Structural Characterization. Since the Pt catalysts
were calcined at different temperatures from 350 to 750 °C
after Pt impregnation, the CeO,-based support should be pre-
calcined at higher temperatures to minimize its potential
structure change during the second calcination. In this work,
800 °C was chosen as the pre-calcination temperature for
CeO,-based support. However, after the calcination at 800 °C,
the specific surface area of pure CeO, (prepared by the
precipitation method) would decrease significantly, which was
detrimental to the formation and stabilization of single atoms.
As a result, the CeO, support used in this work was stabilized
by ZrO, doping (Ce:Zr molar ratio of 9:1) and pre-calcined at
800 °C for 12 h (CZO). As shown in Figure 1a, all peaks in the
XRD pattern for CZO could be assigned to CeO, with a cubic
fluorite structure (JCPDS No. 34-0934). Crystalline ZrO, was
not detected by XRD for CZO, indicating that Zr*" was well
doped into the CeO, matrix."”*® After the loading of Pt
followed by calcination, the peak intensity of cubic fluorite
CeO, within Pt/CZ0-350/550/650/750 catalysts almost
remained constant, indicating that the CZO support was
highly stable during the catalyst fabrication process at different
temperatures (350—750 °C). In situ XRD experiments under
two selected calcination conditions (550 and 750 °C) were
also conducted to investigate the crystal structure of Pt/CZO
during the calcination process (Figure S1). Besides the
observable lattice expansion of CeQ, at elevated temperatures,
after cooling down to room temperature, both Pt/CZO-550
and Pt/CZO-750 catalysts showed almost the same XRD
patterns as that for uncalcined Pt/CZO, suggesting again the
high thermal stability of CZO support. Moreover, in both ex
situ and in situ XRD results, no diffraction peaks assigned to

crystalline Pt or PtO, were observed,*”** indicating that the Pt

species on CZO support was present in amorphous or highly
dispersed state (Figure la and Figure S1). The similar type IV
isotherms with HI1 hysteresis loops for N, adsorption—
desorption (Figure S2) as well as the comparable specific
BET surface areas, pore volumes, average pore sizes (Table
S1), and pore size distributions (Figure 1b) for CZO support
and Pt/CZO-X catalysts further supported the viewpoint that
the CZO structure was indeed very stable upon the Pt
deposition and calcination.

To further reveal the structure of CZO and Pt/CZO-X,
Raman spectra were collected (Figure 1c). For CZO support,
two bands at ca. 460 and 595 cm™" showed up, which could be
assigned to triply degenerate F,, mode of fluorite-type CeO,
lattice and defect-induced mode due to the existence of oxygen
vacancies in CeO,, respectively.”” After the loading of Pt, a
red-shift of the CeO, F,, band was observed on all Pt/CZO-X
catalysts, which should result from the larger lattice parameter
of CeOQ, induced by Pt modification.”” Moreover, two new
bands at ca. 557 and 650 cm™! emerged, which were related to
the formation of Pt-O-Ce and Pt-O (in Pt-O-Ce) structures,
respectively,‘m’50 suggesting the strong interaction between Pt
and CZO support. The peak area ratio of Pt-O-Ce and Pt-O
bands (Ip.o.ce + pe0) to CeO, Fyy band (Igyp), i-e, Ip.o-ce + pr-o/
Ipg was calculated to indicate the relative concentration of Pt-
O-Ce structures. As shown in Figure 1d, with the calcination
temperature increased, the relative concentration of Pt-O-Ce
linkages within Pt/CZO-X catalysts showed a monotonic linear
increase, suggesting that the high-temperature calcination
could drive the Pt species to interact with CZO support
more strongly.

H,-TPR is a powerful technique to investigate the redox
property and structure of catalytic materials, which was used in
this study to further reveal the reducibility and microstructure
of Pt/CZO-X serial catalysts. As shown in Figure S3, besides
the H,-consumption peaks assigned to the reduction of surface
Ce** (300—600 °C) and bulk CeO, (>600 °C),”" the H,-
consumption peaks at 50—250 °C also showed up on Pt/CZO-
X serial catalysts, which could be assigned to the reduction of
Pt-O and Pt-O-Ce structures as well as CeO, adjacent to Pt
species (Figure le, Figure S4, and Table $2).*°* When the
calcination temperature increased from 350 to 550 °C, a more
intensive H,-consumption peak assigned to the surface Pt-O-
Ce structure was observed, indicating the dispersion of PtO,
clusters into Pt single atoms. When the calcination temperature
further increased from 550 to 750 °C, although the intensity of
the H,-consumption peak assigned to the surface Pt-O-Ce
structure decreased, a more intensive H,-consumption peak
assigned to the embedded Pt-O-Ce structure emerged on Pt/
CZ0-750, suggesting that a large portion of Pt atoms on Pt/
CZ0-750 have migrated into the surface lattice of CZO and
the formation of more Pt-O-Ce linkages. The shift of the H,-
consumption peak assigned to the reduction of the Pt-O-Ce
structure to higher temperatures on Pt/CZO catalysts with the
increase in calcination temperature suggested the formation of
stronger Pt—CeO, interaction, which was also well supported
by the CO-TPR results (Figure S5). Based on characterization
results as mentioned above, it can be inferred that the Pt sites
with different local coordination structures were successfully
created on the highly stable CZO support, which could
potentially show distinct catalytic performance. The different
colors of Pt/CZO-X serial catalysts also hinted at the different
states of Pt species on CZO support (Figure S6).
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Figure 2. (a) In situ DRIFTS of CO adsorption at 25 °C on Pt/CZO-X catalysts. AC-HAADF-STEM images of (b) Pt/CZ0-350, (c) Pt/CZO-
550, (d) Pt/CZ0-650, and (e) Pt/CZO-750. Note that the inset figures are line profiles to better demonstrate the presence of Pt single atoms, and

some line profile signals labeled as Ce atoms might be Zr atoms.

3.2. Pt Single Atoms on CZO Support. To further
investigate the states of Pt species within Pt/CZO-X catalysts,
in situ DRIFTS of CO adsorption was performed at 25 °C
(Figure 2a). On Pt/CZ0-350, a dominant band at 2098 cm™'
was observed with a shoulder band at ca. 2070 cm™ also
showing up, which could be assigned to the CO adsorbed on
Pt single atoms (CO-Pt;) and CO adsorbed on Pt clusters
(CO-Pt cluster), respectively.”” >° Interestingly, when the
calcination temperature was increased to 550 °C or higher,
only well-defined symmetric bands at 2095—2086 cm™" could
be observed, suggesting that the Pt species on Pt/CZO-550,
Pt/CZ0-650, and Pt/CZO-750 were mainly in the form of Pt
single atoms. The monotonically lowered band intensity with
an obvious red-shift in wavenumber as the calcination
temperature increased from 550 to 750 °C suggested that
the local coordination structure and electronic property of Pt
single atoms on CZO might have evolved at elevated
temperatures.

AC-HAADF-STEM images of Pt/CZO-X serial catalysts
were also collected to explore the states of Pt species (Figure
2b—e and Figures S7—S10). Matching well with the in situ
DRIFTS results of CO adsorption, aggregated Pt species were
observed on Pt/CZO-350 (ie, brighter clusters with an
average diameter of ca. 2 nm in Figure 2b). On Pt/CZO-550,
Pt/CZ0-650, and Pt/CZO-750, no clearly identifiable Pt
clusters or nanoparticles were present on both on-axis and off-
axis AC-HAADF-STEM images (Figure 2c—e and Figures S8—
S10). Moreover, the isolated bright dots (marked with yellow
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circles) were observed and identified as Pt single atoms on the
catalysts calcined above 550 °C, which were further verified by
the representative line profile results (Figure 2c—e and Figure
S11). The enormous difference between the AC-HAADEF-
STEM images for Pt/CZ0O-550/650/750 and Pt/CZO-350
also supported that the Pt species on Pt/CZO-X should be
atomically dispersed when the calcination temperature was
higher than 550 °C. Moreover, the Pt single atoms on Pt/
CZ0-550/650/750 were found to fit well with the Ce column,
indicating that Pt single atoms should be located at the
different substitution sites or epitaxial growth sites of Ce on
CZO support. The EDS mapping results (Figure S12) also
showed that both Pt species and Zr species on Pt/CZO-X
catalysts (X > 550 °C) were in highly dispersed state without
obvious aggregation during high-temperature calcination.

CO oxidation is one of the most prototypical probe
reactions to investigate the structure—activity relationship of
catalysts in heterogeneous catalysis field."’ Furthermore, Pt—
CeO,-based catalysts have been widely studied for the catalytic
oxidation of CO. Therefore, the CO oxidation activity was also
evaluated herein to characterize the structural difference of Pt/
CZO-X serial catalysts. As shown in Figure S13, with the
increase in calcination temperature, the CO oxidation activity
on Pt/CZO-X catalysts showed a monotonic decrease,
following Pt/CZ0O-350 > Pt/CZ0O-550 > Pt/CZ0O-650 > Pt/
CZ0-750. Considering that the bulk structure of CZO support
within Pt/CZO-X catalysts was almost the same and the Pt
species were all in single-atom form for Pt/CZO-550, Pt/
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Figure 3. (a) Pt 4f XPS for Pt/CZO-X serial catalysts; (b) Ce 3d XPS for CZO support and Pt/CZO-X catalysts; (c) surface Pt concentration on
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CZ0-650, and Pt/CZO-750, the strikingly different CO
oxidation activities suggested that the Pt; species on Pt/
CZO-X catalysts (X = 550, 650, and 750) were indeed in
different chemical states or located at different sites of CZO
support. The similar CO oxidation activity on Pt/CZO-750 to
that on CZO support suggested that the Pt atoms on Pt/CZO-
750 might have migrated into the surface lattice of CZO.
Based on the results of Raman spectra, H,-TPR, in situ
DRIFTS of CO adsorption, AC-HAADF-STEM, and CO
oxidation activity evaluation, it could be concluded that the
elevated calcination temperatures (from 350 to 750 °C) could
drive Pt species to disperse on CZO support and facilitate the
formation of more Pt-O-Ce linkages as well as stronger Pt—
CeQ, interaction. To better elucidate the surface states of Pt/
CZO-X catalysts, a detailed analysis of XPS results was
conducted (Figure 3 and Table S3). As shown in Figure 3a, for
Pt 4f XPS, the peaks at ca. 72.4 and 75.8 eV were assigned to
Pt** species, while the peaks at ca. 74.2 and 77.6 eV were
assigned to Pt** species.'”** Accordingly, the Pt species on Pt/
CZO-X catalysts were all in ionic states. Based on the
deconvolution results of Pt 4f XPS, more Pt** species could be
obtained on Pt/CZO catalysts calcined at higher temperatures.
For Pt/CZ0O-750, all Pt species were in Pt** form, matching
well with the previous reports.’”>’ According to the
deconvolution results of Ce 3d XPS (Figure 3b and Table
S3), the ratio of surface Ce®" species among total Ce species
(ie, Ce¥*/(Ce* + Ce*")) first decreased and then increased,
with the lowest Ce®* ratio achieved on Pt/CZ0-550 (15.7%).
For Zr 3d XPS, the peaks at 184.0 and 181.6 eV on CZO could
be assigned to Zr*" species,” and no shift was observed for
these two peaks after Pt deposition and subsequent calcination

at different temperatures, suggesting that no significant
interaction was formed between Pt and Zr (Figure S14).

The surface concentration of Pt species on Pt/CZO-X serial
catalysts was also calculated (Table S3 and Figure 3c). When
the calcination temperature was increased from 350 to 550 °C,
the concentration of Pt species increased significantly from 0.7
to 1.5%, which resulted from the dispersion of Pt clusters to Pt
single atoms (Figure 2b—e). When the calcination temperature
was further increased to 750 °C, the concentration of Pt
species showed an obvious decrease to 1.1%. Since all the Pt
species on Pt/CZ0O-550, Pt/CZ0-650, and Pt/CZO-750 were
in single-atom form, the lower surface Pt concentration on Pt/
CZ0O-750 than that on Pt/CZO-550 should be due to the
migration of Pt single atoms into the surface lattice of CZO at
higher calcination temperature, and the Pt single atoms on Pt/
CZ0O-750 should be located at the Ce substitution sites, as
suggested by the AC-HAADF-STEM results (Figure 2b—e).
The lower intensity of the CO-Pt; band on Pt/CZO-750
observed in the in situ DRIFTS of CO adsorption should also
be owing to the Pt migration into the surface lattice of CZO,
which significantly reduced the CO adsorption amount (Figure
2a).

The ratios of Pt** species and Ce®" species on Pt/CZO-X
serial catalysts were re-organized in Figure 3d to better
illustrate the surface structure evolution process under elevated
calcination temperatures. After the loading of Pt and
subsequent calcination at low temperatures (<550 °C), the
surface Ce’* ratio decreased from 21.3% on CZO to 20.3% on
Pt/CZ0O-350 and then to 15.7% on Pt/CZO-550. Such a
decrease in the surface Ce®" ratio could be related to the
reaction between Ce** species and pt* species (PtO,), ie.,
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2Ce* + PtO, — Ce**-O-Pt?*-0-Ce**.>” When the calcination
temperature was further increased to 650 and 750 °C, the Ce®*
ratio increased to 17.3 and 23.9%, respectively. As concluded
above, the Pt single atoms could migrate into the CeO, surface
lattice when calcined at high temperatures (>650 °C), and the
formation of more Ce®* species on Pt/CZ0O-650 and Pt/CZO-
750 could be due to the substitution of Ce** sites (r = 0.970 A)
by Pt*/Pt** with smaller ionic radius (r = 0.625/0.800 A).**’
To balance the surface structure, more Ce*" species (r = 1.143
A)®° and Pt** species with larger ionic radius should be formed
on Pt/CZO-X catalysts calcined at higher temperatures (>650
°C). Moreover, the generation of more surface Ce®* species is
always accompanied by the formation of richer oxygen
vacancies,61 which was also the case for Pt/CZO-650 and
Pt/CZO-750 catalysts in this study as confirmed by Raman
spectra (Figure S15 and Table S3). Based on the results of
XPS, Raman spectra, AC-HAADF-STEM, and a previous
report,” it can be concluded that the calcination temperature,
surface mobile oxygen species, and surface defects/Ce®"
species could jointly determine the dispersion and location
of Pt species on CZO support.

XAS analysis was conducted to further explore the oxidation
states and coordination environments of Pt species. As shown
in Figure 4a, the white line intensity of Pt-L; XANES for Pt/
CZO-X decreased significantly as the calcination temperature
increased, indicating that the Pt species within Pt/CZO-X
catalysts calcined at higher temperatures showed lower
oxidation states. The further XANES linear fitting results
suggested that the average valence states of Pt species within

a) **T—pio,
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—— Pt/CZ0O-350
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Figure 4. (a) Normalized XANES and (b) EXAFS magnitude of the
Fourier-transformed k*weighted y(k) data for Pt/CZ0-350, Pt/
CZ0-550, Pt/CZ0O-650, and Pt/CZO-750 at the Pt-L; edge. Pt foil
and PtO, were used as references.

Pt/CZO-X catalysts decreased monotonically from 3.9 + 0.1
(Pt/CZ0-350) to 2.2 + 0.1 (Pt/CZO-750) (Figure S16 and
Table S4), matching well with the trend observed in XPS
experiments (Table S3). The decrease in valence states of Pt
species after calcination at higher temperatures also well
explained the red-shift of CO adsorption IR bands on Pt/
CZ0-350 to Pt/CZO-750 (Figure 2a). To investigate the local
structure of Pt species within Pt/CZO-X catalysts, Pt-L,
EXAFS data were plotted in R space (Figure 4b). For Pt/
CZ0-350, although the Pt-Pt coordination shell was not
observed, the presence of the Pt-O-Pt coordination shell
suggested the formation of PtO, clusters, in agreement with
the results of AC-HAADF-STEM and XPS. For Pt/CZO-550,
Pt/CZ0-650, and Pt/CZO0-750, both Pt-O-Pt and Pt-Pt
coordination shells were absent, and only Pt-O and Pt-O-Ce
coordination shells were observed, further confirming that the
Pt species within Pt/CZ0O-550, Pt/CZ0O-650, and Pt/CZO-
750 were in the form of single atoms. Moreover, according to
the curve fitting results of EXAFS (Figure S17 and Table SS),
the lower coordination number (CN) of Pt-O was achieved on
Pt/CZO-750 (CNp.o = 2.5 + 0.3) compared to that on Pt/
CZ0-550 (CNp,o = 3.6 & 0.4), suggesting that the Pt single
atoms with different coordination environments were con-
structed within these two catalysts. The lower CNyp,_ o on Pt/
CZO-X catalysts calcined at higher temperature also well
explained their lower valence states. Interestingly, Pt/CZO-750
with lower CNp, ¢ actually possessed a higher CNp, ¢, of 2.4
+ 1.2 than Pt/CZ0O-550 (CNpy.o.ce = 2.0 + 0.2), agreeing well
with the results of Raman spectra in which more Pt-O-Ce
linkages were formed within Pt/CZO-X catalysts calcined at
higher temperatures. This was mainly due to the incorporation
of Pt single atoms into the CeO, surface lattice driven by the
high-temperature calcination. In short summary, the local
coordination environments of Pt; on CZO support could be
fine-tuned by controlling the calcination temperatures, and Pt,
with low CNp.o.c. and relatively higher CNp.g.c. was
successfully created on Pt/CZO-550 and Pt/CZO-750,
respectively.

3.3. Catalytic Activity for Propane Oxidation. Hydro-
carbons (HCs) emitted from vehicles powered by different
types of engines could result in serious air pollution problems,
and the catalytic elimination of short-chain alkanes at low
temperatures is still a great challenge in environmental catalysis
field. Herein, propane (C3Hg) oxidation was used as a probe
reaction to evaluate the potential of Pt/CZO-X catalysts in HC
removal for vehicle emission control applications. As shown in
Figure Sa and Figure S18, Pt/CZO-550 catalyst showed
moderate C3H, oxidation activity from 250 to 400 °C, with the
T, (the temperature at which C;Hg conversion reached 50%)
observed at 302 °C. Interestingly, the Pt/CZO-750 catalyst
showed much higher C;H, oxidation activity than Pt/CZO-
550, with the T, shifted to 278 °C. The similar C;Hjy
oxidation activity on Pt/CZO-750 and Pt/CZO-800 (pt/
CZO catalyst calcined at 800 °C after Pt impregnation)
indicated that 750 °C was already a suitable calcination
temperature for achieving efficient C;Hg oxidation activity on
Pt/CZO catalyst (Figure S19).

Since there is always abundant H,O in the vehicle exhaust,
which usually also shows a significant impact on the pollutant
removal efficiency on particular emission control catalysts, the
C;Hj oxidation activity on Pt/CZO-X catalysts in the presence
of H,0 was also tested (Figure Sa and Figure S20). After the
introduction of H,O to the feeding gas, unlike the fact that Pt/
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Figure 6. In situ DRIFTS of C3Hg adsorption and oxidation on (a) Pt/CZ0-550, (b) Pt/CZO-750, and (c) CZO support at 150 °C.

CZO0O-550 catalyst suffered from severe deactivation, the Pt/
CZ0-750 catalyst showed much higher resistance to H,O with
the C;Hjg conversion only showing a slight decrease. The much
lower apparent activation energy (E,) for C;H, oxidation on
Pt/CZ0O-750 under dry and wet conditions (81 and 98 kJ-
mol™!, respectively) compared to those on Pt/CZ0-550 (113
and 155 kJ-mol™', respectively) further supported the view-
point that Pt/CZO-750 constantly outperformed Pt/CZO-550
in C3Hg oxidation reaction. As shown in Figure S21, both Pt/
CZ0-550 and Pt/CZO-750 catalysts exhibited superior CO,
selectivity, suggesting the complete oxidation of C;Hg.

The stability of Pt/CZ0O-750 under reaction condition was
also investigated by a long-term activity test at 270 and 350 °C
in the presence of H,O (Figure Sc). The C;Hg oxidation
activity on Pt/CZO-750 showed no decrease during the test,
indicating the superior stability of Pt/CZO-750 under long-
term reaction. To further evaluate the stability of Pt/CZO-750,
its SO, and CO, durability was also evaluated. As shown in
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Figure S22a, after the introduction of SO, to the feeding gas,
an unexpected enhancement in the C;Hy oxidation activity was
achieved on Pt/CZO-750, which was possibly because the
sulfate species formed on Pt/CZO-750 could serve as
additional acid sites to facilitate the activation of C;Hg. "'
Furthermore, no obvious change was observed in the catalytic
performance of Pt/CZO-750 after the addition of 10% CO,,
suggesting that CO, had very limited impact on the C;Hg
oxidation activity on Pt/CZO-750 (Figure S22b). To explore
the state of Pt on the most efficient Pt/CZO-750 catalyst after
reaction, in situ DRIFTS of CO adsorption experiment (25
°C) was conducted on used Pt/CZO-750 (exposed to reaction
flow at 300 °C for 1 h). As shown in Figure S23, the position,
intensity, and width of the CO adsorption IR band on used Pt/
CZ0O-750 were almost the same as those on fresh Pt/CZO-
750, suggesting that the Pt species on used Pt/CZO-750 were
still mainly in the form of single atoms. The Pt single atoms on
Pt/CZO-750 were highly stable under reaction condition.
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Besides the superior stability, Pt/CZO-750 also exhibited
higher C;H; oxidation activity than the conventional Pt
catalysts supported on commercial y-A,O; and CeO, (Figure
5d). Compared to the recently reported Pt catalysts for C;H,
oxidation reaction, Pt/CZO-750 reported herein was still one
of the most efficient catalysts (Table S6). The superior
catalytic activity, stability, and CO,/SO, durability enabled Pt/
CZ0-750 to be a promising candidate for the efficient catalytic
oxidation of C;Hjq.

Generally, the calcination or aging treatment at high
temperatures (for example, 700 °C or above) usually resulted
in the deactivation of catalysts for oxidation reactions.
Therefore, it is worth investigating the origin of this
unexpected activity promotion for C;Hg oxidation on Pt/
CZO-X catalysts induced by high-temperature calcination to
establish a clear structure—activity relationship.

3.4. Reaction Mechanism for Propane Oxidation. To
reveal the intrinsic reason for the higher C;H; oxidation
activity on Pt/CZ0O-750 than that on Pt/CZO-550, systematic
in situ DRIFTS of C;Hg adsorption and oxidation was
performed. As shown in Figure 6, when C;Hg flow was
introduced onto CZO support and Pt/CZ0O-550 and Pt/CZO-
750 catalysts, several bands assigned to carbonate and carboxyl
species were observed (1200—1700 cm™).****> The bands at
1302 cm ™" could be assigned to ©(C—0) mode in carbonate
species.”***%° The bands at 1436 and 1500—1600 cm™" could
be attributed to ,(COO) and v,,(COO) modes in carboxyl
species, respectively.zs’(’s_67 The bands at 1633 and 1350—
1380 cm™' could be assigned to v,(C=C) and §,(CH,)
modes, respectively.”**>®® The formation of oxygenated
species indicated that C;Hg could effectively react with the
active oxygen species from CZO support. The bands related to
carboxylate and carbonate species on Pt/CZO-750 showed
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much lower intensity compared to that on Pt/CZO-550, which
could result from the fact that the Pt single atoms on Pt/CZO-
550 were mainly located at the epitaxial growth sites of Ce on
CZO support (fully exposed), while the Pt single atoms on Pt/
CZO0O-750 have migrated into the surface lattice of CZO
(partially buried). Interestingly, upon the introduction of O,
into the feed stream, although the bands assigned to carbonate
and carboxyl species on Pt/CZO-550 were still more intensive
than those on Pt/CZ0-750, a more significant enhancement in
the intensity of these bands was observed on Pt/CZO-750
than on Pt/CZO-550, suggesting that O, could be activated
more easily on Pt/CZO-750 catalyst to further react with C;Hg
and facilitate the formation of more active intermediate
species.”” As concluded in the sections of Raman spectra and
XPS and XAS analysis, more surface defects and oxygen
vacancies were formed on Pt/CZO-750 due to the migration
of Pt into the surface lattice of CZO and the resulting surface
lattice distortion, which should be the main reason for the
more efficient O, activation on Pt/CZO-750. Although
ensemble/cluster catalysts have been reported to exhibit
higher C;H; oxidation activity than single-atom catalysts,"®*’
this work provides new insight into the construction of a Pt
single-atom catalyst with superior C;Hg oxidation activity.

To further monitor the reaction process, in situ DRIFTS of
C;Hj oxidation from 150 to 400 °C was conducted, with the
temperature ramping rate controlled at 10 °C-min~". As shown
in Figure 7a,b, with the increase in the reaction temperature
under C;Hg + O, flow, the intensity of the bands assigned to
carbonate/carboxyl species (1302, 1436, and 1500—1600
cm™') on Pt/CZ0-550 and Pt/CZO-750 decreased gradually.
Furthermore, as the surface carboxyl/carbonate species
decreased, gaseous CO, at 2300—2400 cm™' was generated
accordingly, suggesting that the carbonate/carboxyl species
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that resulted from C;H; partial oxidation could be important
intermediates for the total oxidation of C;Hg to CO,. In clear
contrast, the carboxyl species on CZO support remained stable
at as high as 350 °C (Figure 7c), indicating that the Pt single
atoms within Pt/CZ0O-550 and Pt/CZO-750 could effectively
promote the further oxidation and decomposition of
carbonate/carboxyl species to CO,. On Pt/CZO-750 catalyst,
its adsorption capacity for carbonate/carboxyl species was
apparently smaller than that on Pt/CZO-550 under different
temperatures, suggesting that carbonate/carboxyl species could
desorb from Pt/CZO-750 more easily under the reaction
condition. As illustrated in Figure 7d, the onset temperature
for the generation of gaseous CO, on Pt/CZO-750 was 50 °C
lower than that on Pt/CZO-550, further confirming the easier
transformation of adsorbed carbonate/carboxyl species to CO,
at lower temperatures on Pt/CZO-750 catalyst. When the
reaction temperature was above 300 °C, new intermediate
species containing C=C bonds were clearly observed.
However, since high oxidation efliciency of C;Hg could
already be achieved on both Pt/CZ0O-550 and Pt/CZO-750
above 300 °C (Figure 5), the formation of C=C-containing
species should not be the rate-determining step in C;H,
oxidation reaction on Pt/CZO-X catalysts.

4. ENVIRONMENTAL IMPLICATIONS

In this work, a facile but effective strategy of tuning the
calcination temperature was proposed to optimize the catalytic
performance of Pt single atoms supported on CeyyZry;0,
(CZO) for C;Hg oxidation, an important reaction in
environmental catalysis field. With the increase in calcination
temperature from 350 to 750 °C, Pt species (PtO,) deposited
on CZO support first dispersed into Pt single atoms (350 °C
— 550 °C) and then migrated into the surface lattice of CZO
(550 °C — 750 °C). As a result, the Pt single atoms with
stronger Pt—CeO, interaction, higher CNp.g.c, and more
Ce" species and surface oxygen vacancies were achieved on
Pt/CZO-750 catalyst. The unique surface structure of Pt/
CZO0-750 could promote the activation of O, to further react
with C;Hg-forming reactive carbonate/carboxyl and facilitate
the further conversion of these intermediate species to gaseous
CO,. This work provides a new concept for fine-tuning the
surface structure of Pt;—CeO,-based catalysts, achieving high
efficiency in hydrocarbon oxidation for emission control
applications and benefiting the environmental catalysis
community.
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