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ABSTRACT: Supported metal catalysts play a vital role in the chemical industry; however, ensuring high activity while maintaining
high stability remains a significant challenge. Herein, a strategy for modulating the metal—support interactions (MSIs) in CeO,-
supported Pt-based catalyst via doping N into ceria using thiourea as a dopant (Pt/TA-CeQ,) is proposed, through which excellent
low-temperature CO oxidation activity and recycling stability are achieved simultaneously. Experimental characterization results
demonstrate that the introduction of thiourea properly alters the structural defects and electronic state of Pt in the Pt/TA-CeO,
catalyst, thereby weakening the metal—support interaction. As a result, the complete conversion temperature of Pt/TA-CeO,
decreases from 200 to 150 °C while still maintaining high activity after 11 cycles of CO oxidation. This work ofters valuable insights
into modulating the catalytic capability in essential reactions by regulating the metal—support interactions in supported metal
catalysts.

1. INTRODUCTION been devoted to developing high-performance SACs, including
Supported metal catalysts are a subset of heterogeneous strategies such as modulating the coordination environment
catalysts that play a crucial role in the chemical industry.l_6 (or metal—support interactions (MSIs)), > support
Noble metals (Pt, Pd, Rh, Au, etc.) supported on oxides (ceria, modification,"®"” altering the crystal facet,”'® additional
alumina, titania, etc.) serve as typical CO oxidation catalysts, coating layer,'””” and doping with heteroatoms.”"** However,
and the properties of the supports and noble metals most catalysts currently struggle to simultaneously achieve high

significantly affect their catalytic activity and stability.”
Among them, ceria has been commonly utilized as a support
for noble metals in the CO oxidation field due to its excellent
redox properties and oxygen storage capacity (OSC) via the
reversible redox cycle of Ce*"/Ce®* species.”"’

It is highly desirable that CO oxidation proceeds at low

CO activity and stability, especially under harsh conditions.
Therefore, there is an urgent need to develop new strategies to
construct SACs that exhibit excellent low-temperature activity
and satisfactory stability.

In terms of oxide-supported noble metal catalysts, metal—

temperatures while accounting for high stability, low cost, and support interactions (MSIs) are often reported to be beneficial
environmental friendliness.” Most of the noble metal nano- for catalytic reactions.””’ However, Tan et al. recently
particle-based catalysts are impractical for use under opera- proposed that the strong metal—support interaction in CeO,-
tional conditions due to their low atom efficiency and high supported single Pt atoms is detrimental to CO oxidation but

cost. Single-atom catalysts (SACs) offer the potential for
application under real conditions and significantly decrease the
cost of catalysts, which is attributed to the 100% atom -

efficiency and excellent performance across various catalytic Received: December 18, 2024 !g%!i,@,,
reactions.' > Nevertheless, SACs still have a certain gap in Revised:  January 18, 2025
catalytic activity and stability compared to noble metal— Accepted: February 17, 2025
supported nanoparticle catalysts due to the limited maximum Published: February 22, 2025
loadings of SACs and the tendency of agglomeration.

Consequently, in the past few years, substantial efforts have

beneficial for NH; oxidation.'* Inspired by these findings, we
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Figure 1. Catalytic performance and reaction kinetics of CO oxidation. (a) CO oxidation activity on CeQ,, TA-CeO,, Pt/CeO,, and Pt/TA-CeO,
with different doping contents of thiourea (reaction conditions: 1 vol % CO and 20 vol % O,, balanced with Ar, weight hourly space velocity
(WHSV) = 25,000 mL-g,,~"-h™"). (b) Comparison of turnover frequency (TOF) for Pt/CeO, and Pt/TA-CeO, catalysts at 150 °C. (c) Arrhenius
plots over Pt/CeO, and Pt/TA-CeO, catalysts (reaction conditions: 1 vol % CO and 20 vol % O,, balanced with Ar, WHSV = 150,000 mL-g "
h™). (d) CO and O, reaction orders of Pt/CeO, and Pt/TA-CeO, catalysts in the CO oxidation reaction.

propose that the catalytic capability of supported metal
catalysts can be improved by directionally weakening the MSIs.

In this work, Pt SACs supported on N-doped ceria (Pt/TA-
CeO,) were developed, where thiourea (TA) was introduced
into ceria as a dopant via hydrothermal synthesis to weaken the
MSI. As a result, Pt/TA-CeO, exhibited superior catalytic
performance and recycling stability in CO oxidation compared
to the reference Pt/CeO, samples. Furthermore, the structural
characteristics, properties, and MSIs of the synthesized
catalysts were thoroughly characterized by Raman spectrosco-
py, X-ray diffraction (XRD), TEM, EDS, H,-TPR, UV—vis
spectroscopy, in situ CO-DRIFTS, and XPS to better
understand the experimental results.

2. EXPERIMENTAL SECTION

2.1. Preparation of CeO, and TA-CeO,. All reagents
were of analytical grade and were utilized without further
purification during the synthesis. In a tygical preparation of
CeO, sample via hydrothermal synthesis,”* 25 mL of cerium
nitrate (Ce (NO,);-6H,0) solution (0.08 M) was slowly
added to 25 mL of Na,CO; aqueous solution (0.15 M) under
continuous stirring. The mixed solution was stirred for 60 min,
and then the obtained solution was transferred to a 100 mL
stainless steel autoclave with an inside Teflon liner, which was
further heated at 200 °C for 24 h. After the autoclave was
cooled to room temperature, the precipitate was separated by
centrifugation, washed several times with distilled water and
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ethanol, and dried at 120 °C for 1 h. Finally, the obtained solid
was calcined at 700 °C in nitrogen for 2 h to obtain yellow
ceria, denoted as CeO,. For the TA-CeO, (m:n) supports
(m:n represents the molar ratio of Ce(NO;);:6H,0 and TA),
the only difference in the preparation procedure was that a
certain amount of thiourea (TA) was added to the mixed
solution of Ce(NO;);-6H,0 and Na,CO;.

2.2. Preparation of Pt/CeO, and Pt/TA-Ce0,. Pt/CeO,
and Pt/TA-CeO, (m:n) catalysts were prepared by the
electrostatic adsorption method. First, CeO, or TA-CeO,
(m:n) was dispersed in an aqueous solution, and the pH was
slowly adjusted to 3.0—3.2 by adding HCI dropwise. The
corresponding amount of H,PtCly:6H,0 was dissolved in
distilled water and added dropwise to the mixture solution
under vigorous stirring. After further stirring for 3 h at room
temperature, the solution was filtered, washed several times
with distilled water and ethanol, and then dried at 120 °C for 1
h. Finally, the dried catalysts were calcined at 700 °C for 2 h
under a nitrogen atmosphere.

2.3. Preparation of Urea (UA)-CeO, Support and Pt/
UA-CeO,. The other preparation procedure of the UA-CeO,
support was the same as that of CeO,. The only difference was
that urea (UA) with a molar ratio of 1:1 to Ce(NO;);:6H,0
was added to the mixed solution of Ce(NO;);-6H,O and
Na,CO;. Then, the Pt/UA-CeO, catalyst was prepared using
an electrostatic adsorption method, as shown in Section 2.2.

https://doi.org/10.1021/acs.iecr.4c04820
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Figure 2. Characterization of thiourea modification. (a) XRD patterns of CeO,, TA-CeO,, Pt/CeO,, and Pt/TA-CeO,. (b) Shift of the XRD peaks
related to the CeO, (111) crystal plane. TEM images of (c) Pt/CeO, and (d) Pt/TA-CeO,.

2.4. Catalytic Performance Evaluation and Character-
ization. The catalytic performance was evaluated in a fixed-
bed reactor. Thirty milligrams of the catalyst (40—60 mesh)
were mixed with 400 mg of silica. The reaction feeding gas
consisted of 1.0% CO, 20.0% O,, and balanced Ar with a total
flow rate of 12.5 mL-min ™", thus giving a weight hourly space
velocity (WHSV) of 25,000 mL-g.,~"+h™". The concentrations
of CO and CO, in the inlet and outlet streams were detected
online using a gas chromatograph equipped with FID detector.

The details of the calculation and characterization are
provided in the Supporting Information (Texts S1 and S2).

3. RESULTS AND DISCUSSION

3.1. Catalytic Activity and Reaction Kinetics in the CO
Oxidation Reaction. First, the activity of the synthesized Pt
catalysts for CO oxidation was evaluated. As presented in
Figure la, TA modification could significantly improve the CO
oxidation activity on Pt/CeO,, and the CO oxidation activity
on Pt/TA-CeO, (m:n) followed a volcano trend with
increasing molar ratio of Ce to TA. Pt/TA-CeO, (1:1) was
found to perform the best (Figure S1), with much lower T}y,
and T, (Tq0 of 150 °C and Ty, of 112 °C; Ty or Ty is the
temperature at which CO conversion reached 100% or 50%)
than that of Pt/CeO, (T,o of 200 °C and T, of 164 °C). For
convenience, Pt/TA-CeO, (1:1), with the best catalytic
performance, was chosen as the representative catalyst for
further investigation and labeled Pt/TA-CeO, in the following.
Comparing the CO oxidation conversion rate of the Pt/CeO,-
based catalyst with recent literature (Table S1), it was found
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that Pt/ TA-CeO, developed in this work performed one of the
best among the novel catalysts. The comparable CO oxidation
activity on TA/CeO, (T4 of 285 °C and Ty, of 234 °C) and
CeO, (Tygo of 290 °C and Ty, of 238 °C) suggested that the
improved CO oxidation activity on Pt/TA-CeQ, is associated
with the modulated Pt dispersion, Pt-CeO,, or Pt-TA
interaction, rather than the contribution from TA itself. In
order to compare the influence of different dopants, Pt/UA-
CeO, was prepared with urea of the same molar ratio instead
of thiourea as the dopant for the CO oxidation activity test, as
shown in Figure S2, which shows that the CO oxidation
activity of Pt/UA-CeO, was comparable with that of Pt/CeO,,
indicating that urea modification could not significantly
improve the CO oxidation activity of Pt/CeQ,.

As an important performance indicator, the stability of Pt/
TA-CeO, was also evaluated using recycling and long-term CO
oxidation tests. Unlike Pt/CeQO,, which suffered from severe
deactivation in the recycling test (Figure S3a), no obvious
decrease in the activity was observed for CO oxidation on Pt/
TA-CeO, (Figure S3b), highlighting its superior stability under
reaction conditions. Meanwhile, after the long-term CO
oxidation test of 6 h at Ty, (Figure S4), although both Pt/
CeO, and Pt/TA-CeO, suffered from deactivation, the
decrease in the CO oxidation activity on Pt/TA-CeO, (25%)
was much less than that on Pt/CeO, (43%), further indicating
the better stability of Pt/TA-CeO,.

To gain deep insight into the intrinsic catalytic behaviors of
the Pt/CeO, and Pt/TA-CeO, samples, reaction kinetic data
were collected. As shown in Figure 1b, the turnover frequency

https://doi.org/10.1021/acs.iecr.4c04820
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Figure 3. Structural characterization of the metal—support interaction. (a) Raman spectra and (b) UV—vis spectra for CeO,, TA-CeO,, Pt/CeO,,
and Pt/TA-CeO,. (c) Plots of (ahv)? vs photon energy (hv) for the Pt/CeO, and Pt/TA-CeO, catalysts. (d) H,-TPR results of Pt/CeO, and Pt/

TA-CeO,.

(TOF) on the basis of the specific reaction rate and Pt content
at 150 °C was calculated, and the TOF of Pt/TA-CeO, (0.075
s™!) was approximately 2.5 times that of Pt/CeO, (0.030 s™*),
confirming the excellent catalytic activity of Pt/TA-CeO, for
CO oxidation. The lower apparent activation energy (E,) of
Pt/TA-CeO, (51.8 + 0.2 kJ-mol™') compared to that of Pt/
CeO, (74.9 + 0.3 kJ-mol™") corroborated the viewpoint that
TA modification was beneficial for the activation of reactants
on the Pt/TA-CeO, catalyst (Figure 1c). Furthermore, the
reaction orders of CO and O, over Pt/TA-CeO, (0.44 + 0.03
and 0.42 + 0.01, respectively) were both lower than those over
Pt/CeO, (0.55 & 0.04 and 0.47 & 0.03, respectively), as shown
in Figure 1d, which indicated that robust Pt sites for the
adsorption and activation of CO and O, were constructed on
Pt/ TA—CeOZ.ZS_27 Generally, TA modification might have
significantly altered Pt dispersion and the interplay between Pt
and CeO,, which could be the main reason for the improved
activity of Pt/TA-CeO, for CO oxidation. Thus, it was of great
value to probe the structure—performance relationship of Pt/
TA-CeO, and Pt/CeO, for CO oxidation.

3.2. Structural Characterization. According to the results
of inductively coupled plasma optical emission spectrometer
(ICP-OES) analysis, Pt/CeO, (0.63 wt %) and Pt/TA-CeO,
(0.55 wt %) showed comparable Pt loadings (Table S2). To
probe the structures of Pt/CeO, and Pt/TA-CeO,, powder X-
ray diffraction (XRD) patterns were first collected and shown
in Figure 2a. It was obvious that all peaks in the XRD patterns
for Pt/CeO, and Pt/TA-CeO, were associated with CeO, with
a cubic fluorite structure (JCPDS 34-0394), and no peaks
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assigned to Pt°/PtO, emerged, suggesting that Pt species on
CeO, and TA-CeO, were highly dispersed. EDS mapping
images (Figure SS) showed that the distribution of N followed
well with that of Ce and O, suggesting homogeneous doping of
N. The absence of S on Pt/TA-CeQ, indicated that thiourea
decomposed during the hydrothermal treatment process, and
residual N was doped into the lattice of CeO, (Table S3).
Furthermore, as shown in the XPS spectrum of N 1s (Figure
S6), the peak located at ca. 339.5 eV suggested that N atoms
were in the form of N°  instead of nitrates/nitrites.”®*’
Besides, in order to balance the surface charge, N>~ must have
partially substituted the O>~ species bonded to Ce**/*". That
is, N—Ce—O structures were formed in Pt/TA-CeO,,*’ "}
further confirming that N anions were incorporated success-
fully into the crystal lattice of CeO,. Moreover, all the peaks for
Pt/TA-CeO, shifted to higher angles (ca. 0.06° higher than
those for Pt/CeO,, Figure 2b), and the unit cell parameter of
Pt/TA-CeO, (5.394 A) was smaller than that of Pt/CeO,
(5.399 A), which revealed lattice contraction of CeO, resulted
from the substitution of lattice O*~ by N anions.”*
Thermogravimetric (TG) analysis was used to investigate
the loss of N element in Pt/TA-CeO, in an air atmosphere
(Figure S7). The TGA results show that there was no obvious
difference between Pt/TA-CeO, and Pt/CeO, below 425 °C.
When the temperature continued to increase, a significant
weight loss (0.95%) occurred in Pt/TA-CeO,, resulting from
the loss of N-doped Pt/TA-CeO,. Therefore, the loss of N
under oxidized conditions was almost negligible during the CO
oxidation reaction (below 200 °C). As confirmed by the TEM

https://doi.org/10.1021/acs.iecr.4c04820
Ind. Eng. Chem. Res. 2025, 64, 4835—4844


https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c04820/suppl_file/ie4c04820_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c04820/suppl_file/ie4c04820_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c04820/suppl_file/ie4c04820_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c04820/suppl_file/ie4c04820_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c04820/suppl_file/ie4c04820_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c04820/suppl_file/ie4c04820_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c04820?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c04820?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c04820?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c04820?fig=fig3&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c04820?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

Table 1. Data Summary from the Raman Spectra and XPS Results

parameters of Raman spectra

surface atomic concentration (%)

samples Ipe0-cerpt-0/ Tpsg o Ce
CeO, 81.3 18.7
TA-CeO, 78.7 17.6
Pt/CeO, 0.32 83.5 15.4
Pt/TA-CeO, 0.20 80.0 16.6

N Pt Ce’*/total Ce (%) Pt**/total Pt (%)
129
3.7 12.7
1.1 17.3 89.8
2.4 1.0 13.2 86.8
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Figure 4. Electronic states of Pt and surface chemical states. (a) In situ CO-DRIFTS of Pt/CeO, and Pt/TA-CeO, catalysts before the CO
oxidation reaction. (b) Ce 3d, (c) O 1s, and (d) Pt 4f XPS for Pt/CeO, and Pt/TA-CeO,.

images, the two catalysts exhibited similar nanocube
morphologies, and no Pt particles were observed (Figure
2¢,2d). The isotherms of N, adsorption—desorption for Pt/
CeO, and Pt/TA-CeO, were similar, exhibiting type IV
isotherms with H3 hysteresis loops, and the BET surface areas
of Pt/Ce0, (17.5 m*g™') and Pt/TA-CeO, (16.8 m*g™')
were almost the same, which meant that the surface area and
pore structure were not the key factors accounting for their
different catalytic performances (Figure S8 and Table S2).
To further investigate the structure of all catalysts, Raman
spectra were collected and are presented in Figure 3a. For pure
CeO, and TA-CeO,, two peaks at ca. 464 and 590 cm™" could
be attributed to the F,; mode of Ce—O vibration in the
fluorite-type CeO, lattice and the defect-induced mode
because of the presence of oxygen vacancies in CeO,.'”*’
After Pt loading, the band related to the F,, mode shifted to
lower wavenumbers (464 — 450 cm™"), and the half-width of
F,; increased, which could originate from the strong
interaction between Pt and CeO,. Moreover, the two new
peaks at ca. 557 and 648 cm ™" were observed on Pt/CeO, and
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Pt/TA-CeO,, which were attributed to the vibrations of Pt—
O—Ce and Pt—O (in Pt—O—Ce) configurations, respec-
tively.® The relative concentration of the Pt—O—Ce structure
could be represented as the peak area ratio of the Pt—O—Ce/
Pt—O peaks to the CeO, Fy peak, i.e, Ip_o_cesp—0/Irag The
relative concentration of the Pt—O—Ce structure on Pt/TA-
CeO, (0.20) was lower than that on Pt/CeO, (0.32) (Table
1), indicating that the doping of N into CeO, could have
weakened the interplay between the Pt species and CeO,
support.””

The UV—vis spectra for CeO,, TA-CeO,, Pt/CeO,, and Pt/
TA-CeO, were also collected to further explore the
physicochemical properties. All catalysts presented a character-
istic absorption region related to CeO, below 400 nm (Figure
3b). In detail, the band at around 266 nm was assigned to
charge transfer from O,, to Ce,; and the band at about 338
nm was attributed to interband transitions.” Upon Pt
deposition, a new absorption band associated with the
absorption or Urbach tail that was caused by the band gap
smearing emerged in the range of 400—600 nm,"* which was
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associated with the structural distortion and surface defects
induced by the highly dispersed Pt species.”” Moreover, the
adsorption intensity for Pt/TA-CeO, decreased by 35%
compared to Pt/CeQ,, suggesting that fewer surface defects
were formed on Pt/TA-CeO,, possibly due to the weaker
interactions between Pt atoms and the CeO, support.'* The
direct band gap for the catalysts was further estimated using
the Davis and Mott equation to probe the intel;fplay between Pt
atoms and CeQ, support (Figures S9 and 3c).”” The band gap
for CeO, (3.14 eV) and TA-CeO, (3.13 eV) were comparable
(Figure S9), while it decreased after Pt loading, indicating that
the formation of Pt-CeQO, interaction could influence the
electronic structure of CeQ,."" Moreover, the band gap for Pt/
TA-CeO, (3.00 eV) was larger than that of Pt/CeO, (2.85 V)
(Figure 3c), indicating that the Pt—O—Ce interaction in Pt/
TA-CeO, was weaker than that in Pt/CeO,, consistent with
the results of Raman spectra.

H,-TPR experiments were employed to evaluate the redox
properties of the catalysts as well as the strength of the Pt—O—
Ce interaction in the Pt/CeO, catalysts.42 As shown in Figure
3d, three H,-consumption peaks (@, f3, and y) emerged for Pt/
CeO, and Pt/TA-CeO, from 50 to 450 °C, which could be
attributed to the reduction of the Pt—QO/Pt—O-Ce structure
(100 °C), CeO, adjacent to Pt species (150—220 °C), and
surface Ce*" (300—450 °C), respectively.'”*>** Notably, after
thiourea modification, the position of the H,-consumption
peaks ascribed to the reduction of the Pt—O/Pt—O-Ce
structure and CeO, adjacent to Pt on Pt/CeO, shifted from
111 to 101 and 209 to 174 °C, respectively, further validating
the Raman spectra and UV—vis results that the Pt—CeO,
interaction in Pt/CeO, was weakened by thiourea modifica-
tion. Notably, the relatively lower reduction temperature of the
Pt—O—Ce/Pt—O structure on Pt/TA-CeO, suggested that
Pt/TA-CeO, showed better redox performance than Pt/CeO,.

3.3. Pt Dispersion and Surface Chemical States. It has
been widely reported that the dispersion of Pt species could
significantly determine their catalytic performance.”** To
elucidate the dispersion of Pt species on Pt/CeO, and Pt/
TA-CeO, before and after the CO oxidation reaction, in situ
diffuse reflectance infrared Fourier transform spectroscopy of
the CO adsorption (CO-DRIFTS) experiment was performed.
As shown in Figure 4a, for fresh catalysts, only one intensive IR
band associated with linearly adsorbed CO on the ionic Pt sites
(CO@Pt™*) was captured on Pt/TA-CeO, and Pt/CeO,
within the range of 1750—2250 em™}* indicating that Pt
SACs were successfully constructed on both Pt/CeO, and Pt/
TA-CeO,. Moreover, the blue shift of the CO-IR band from
2085 to 2088 cm™! after thiourea modification indicated that
the doping of N into ceria could change the electronic state of
the Pt atoms.

The dispersion of the Pt species after the CO oxidation
activity test was also investigated through in situ CO-DRIFTS
(Figure S10). After the treatment by CO oxidation reaction
flow, in addition to the CO@Pt** band, a CO band at ca. 2120
cm™! was also captured on Pt/CeO, and Pt/TA-CeO,, which
could be attributed to CO adsorbed on Pt** with higher
oxidation states.”” It should be noted that the new emerging
band (located at ca. 2120 cm™) on Pt/CeO, (74.4%) was
much more intensive than that on Pt/TA-CeO, (3.1%)
(Figure S11), and the CO@Pt’* band on Pt/CeO, also shifted
from 2085 to 2089 cm™, suggesting that Pt SACs anchored on
TA-CeO, were much more stable than those on CeO,, which
should be related to the N doping effect on Pt/TA-CeO,.
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Moreover, according to the results of the CO-DRIFTS
experiment on Pt/CeO, and Pt/TA-CeO, catalysts after the
long-term CO oxidation test (Figure S12), an intensive CO-IR
band at ca. 2068 cm™!, attributed to CO adsorbed on
aggregated Pt clusters/particles, was observed on Pt/ CeOZ,48
indicating that Pt single atoms on Pt/CeO, aggregated to
clusters/particles after the 6 h test. In clear contrast, for used
Pt/TA-CeO,, the presence of intensive bands at ca. 2084 cm™
related to CO adsorbed on Pt single atoms and the absence of
an exclusive CO-IR band attributed to CO adsorbed on Pt
clusters/particles suggested that Pt species on Pt/TA-CeO,
were still mainly in the form of single atoms. In short, the Pt
single atoms on Pt/TA-CeO, exhibited better stability than
those on Pt/CeO,. The ability of Pt/TA-CeO, to maintain the
supported Pt ions in relatively lower valence and avoid its
further agglomeration into clusters should be the key reason
for its superior activity and stability for CO oxidation.*

To better elucidate the surface states of all catalysts, an XPS
experiment was conducted, and the results are shown in
Figures 4b—d, S13 and Table 1. For Ce 3d XPS (Figures 4b
and S13a), the surface Ce>* concentrations (i.e., Ce>*/(Ce>* +
Ce*)) of CeO, (12.9%) and TA-CeO, (12.7%) were
comparable. After loading Pt, the concentration of Ce®" on
CeO, and TA-CeO, increased to 17.3% and 13.2%,
respectively. Considering that Ce*" within CeO, is usually
accompanied by the presence of oxygen vacancies, a higher
concentration of Ce’* species in Pt/CeO, indicates the
presence of more oxygen vacancies, which should be related
to the stronger metal—support interaction in Pt/CeO,
compared with that in Pt/TA-CeO,.”° O 1s XPS were also
acquired (Figures 4c and S13b). Three peaks located at 529.5,
531.8, and 533.3 eV were attributed to lattice oxygen species
(O,), oxygen vacancy-related oxygen species (Op), and
chemisorbed oxygen species closely related to the adsorbed
hydroxyl groups on the surface (O,), respectively.”’ Although
the relative concentrations of surface oxygen species ((O4 +
0,)/(0, + Oy + O,)) on CeO, (32.3%) and TA-CeO,
(32.9%) were almost the same, Pt/CeO, (46.6%) possessed
more surface oxygen species than Pt/TA-CeO, (43.4%),
matching well with the result of Ce 3d XPS since the
generation of Ce** was always accompanied by more surface
oxygen vacancies and adsorbed oxygen species.** To
determine the influence of N doping on the electronic state
of Pt species, Pt 4f XPS data were also collected (Figure 4d).
In the case of Pt/CeO,, there were two predominant peaks
centered at 72.3 and 75.6 €V ascribed to Pt** species, and two
peaks centered at 73.7 and 76.8 eV associated with the Pt*
species, indicating that the Pt species on Pt/CeO, mainly
existed as Pt**. For Pt/TA-CeO,, the Pt 4f XPS peaks shifted
to higher binding energies (72.5 and 75.8 eV for Pt**, 74.0 and
77.1 eV for Pt*"), indicating that the average oxidation state of
Pt species on Pt/CeO, was slightly higher than those on Pt/
TA-CeO,.

XPS valence band photoemission spectra for CeO, before
and after Pt deposition were collected and are plotted in Figure
S14, which were used to detect the peak position of the Pt
species. The valence band spectrum for the pristine CeO,
support exhibited a significant band gap associated with the
Cey—0O,, band within the range of 2.5-7.5 eV.>> Upon Pt
deposition, a new feature peak emerged at around 1.4 eV,
which originated from Pt Sd states.’> Meanwhile, it is
noteworthy that the density of states (DOS) near the Fermi
level (Eg) for Pt/CeO, approached zero (Figure S14). Since
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the valence band spectrum of bulk platinum could be observed
at the Fermi level with a notably high DOS,> it could be
proposed that no metallic platinum species were formed on the
Pt/CeO, catalyst. Previously, Nerskov et al. proposed a band
model based on DFT calculations to elucidate the impact of
the d-band center on the surface adsorption energy, a critical
parameter reflecting the adsorption capability of the catalyst
surface.”® According to their work, to identify the adsorption
capability of Pt/TA-CeO, and Pt/CeO,, d-band centers of Pt
5d states were calculated according to the XPS valence band
results (Figure S15). The d-band centers of Pt/CeO, and Pt/
TA-CeO, were —1.26 and —1.15 eV, respectively. Obviously,
the d-band center of Pt/TA-CeO, moved closer to the Fermi
level than that of Pt/CeO,, revealing that the adsorption
capability of Pt/TA-CeO, for the reactants was enhanced after
N doping.

3.4. Discussion. As discussed above, the detailed structures
of Pt/CeO, and Pt/TA-CeO, are proposed. Specifically, the
results of CO-DRIFTS, XPS, and valence band spectroscopy
indicated that the Pt species in Pt/CeO, and Pt/TA-CeO,
were in the form of isolated Pt’*. Moreover, the Raman spectra
and H,-TPR results further revealed that thiourea modification
would inhibit the formation of Pt—O—Ce linkages and weaken
the Pt—CeO, interaction on Pt/CeO,. Besides, the absence of
S element and the presence of N element with negative valence
on Pt/TA-CeO, suggested that the addition of thiourea during
the hydrothermal treatment process when preparing the TA-
CeO, support results in the formation of N-doped CeO,, in
which the lattice O~ of CeO, was partially substituted by N
anions. Therefore, it could be deduced that N doping could be
the most critical reason for the lower Pt—O—Ce concentration
and weaker Pt—CeO, interaction in Pt/TA-CeO, than in Pt/
Ce0,. Herein, a concise surface model of Pt/CeO, and Pt/
TA-CeO, is proposed (Figure S). As reported previously, the
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Figure 5. Schematic representation of the surface model of Pt/CeO,
and Pt/TA-CeO,. Dark blue: Pt, yellow: Ce, red: O, light blue: N,
purple: S, green: H, and gray: C.

reaction between adsorbed CO on Pt single atoms and the O
within the Pt—O—Ce structure was one of the rate-
determining steps for CO oxidation on Pt/CeO, catalysts.'*
In this work, as confirmed by H,-TPR, the oxygen atoms
within the Pt—O/Pt—0O-Ce structure in Pt/TA-CeO, with
weaker Pt—CeO, interaction showed a better low-temperature
reactivity than those on Pt/CeO,, which could be the key
reason for the better activity of Pt/TA-CeO, for CO oxidation.

4. CONCLUSIONS

In this work, a novel strategy for the modulation of the Pt—
CeO, interaction strength on CeO,-supported Pt SACs was
proposed. It was found that the substitution of lattice O*~ in
CeO, by N anions, which were introduced by adding thiourea
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during the hydrothermal synthesis of the CeO, support, could
inhibit the formation of Pt—O—Ce, weaken the Pt—CeO,
interaction, and tune the electronic states of the Pt sites. As a
result, the improved reactivity of O within the Pt—O/Pt—0-Ce
structure was achieved on Pt/TA-CeO,, thus generating better
low-temperature CO oxidation activity. This work can provide
valuable insight into the manipulation of metal—support
interactions on supported catalysts for industrially important
catalytic reactions.
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