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ABSTRACT: Engineering surface defects on metal oxide supports
could help promote the dispersion of active sites and catalytic
performance of supported catalysts. Herein, a strategy of ZrO,
doping was proposed to create rich surface defects on CeO,
(CZO) and, with these defects, to improve Pt dispersion and
enhance its affinity as single sites to the CZO support (Pt/CZO).
The strongly anchored Pt single sites on CZO support were initially
not efficient for catalytic oxidation of CO/C;H,. However, after a
simple activation by H, reduction, the catalytic oxidation perform-
ance over Pt/CZO catalyst was significantly boosted and better than
Pt/CeO,. Pt/CZO catalyst also exhibited much higher thermal
stability. The structural evolution of Pt active sites by H, treatment
was systematically investigated on aged Pt/CZO and Pt/CeO,
catalysts. With H, reduction, ionic Pt single sites were transformed
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into active Pt clusters. Much smaller Pt clusters were created

on CZO (ca. 1.2 nm) than on CeO, (ca. 1.8 nm) due to stronger Pt-CeQ, interaction on aged Pt/CZO. Consequently, more
exposed active Pt sites were obtained on the smaller clusters surrounded by more oxygen defects and Ce** species, which directly
translated to the higher catalytic oxidation performance of activated Pt/CZO catalyst in vehicle emission control applications.
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1. INTRODUCTION

To meet the increasingly more stringent automotive emission
standards, it is imperative to develop more efficient catalysts
that can better utilize precious metals especially after aging.'
Platinum group metals (PGMs), such as Pt, Pd, and Rh,
supported on various refractory metal oxides have been widely
investigated as emission control catalysts, among which Pt-
based catalysts have attracted much attention due to their
excellent activity for carbon monoxide (CO) and hydrocarbon
(HC) oxidation. Perhaps, another reason for the abundance of
Pt-related work is because of its relatively low price relative to
Pd and Rh in recent years.”” In addition to choosing the
optimal PGMs with different sizes or shapes as active sites,
designing catalyst supports with tunable physical—chemical
properties can also lead to optimized state of PGM and thus
improved catalytic performance and stability. In this regard,
engineering surface defects on widely used metal oxide
supports is both academically interesting and industrially
useful. For example, defect-engineered TiO, has been reported
as an efficient photocatalytic material for various reactions,
with the fine-tuned TiO, exhibiting enhanced visible light
response.” The surface defects on TiO, could help disperse
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and stabilize PGMs and tune the electronic states, thus
adjusting their catalytic performance.””"® This approach has
also been widely applied to ZnO, Co;0,, and Nb,O; for CO/
HCs oxidation reactions.''™"> The surface defects on these
metal oxides were found to enhance the interaction between
PGMs and supports, to facilitate the adsorption, activation, and
transfer of active oxygen, and thus to promote the catalytic
oxidation performance.

CeO, is a commonly used support and an important
component of oxygen storage materials in automotive exhaust
control catalysts due to its facile redox ability and oxygen
mobility. Much effort has been devoted to exploiting the
potential of Pt-CeO,-based catalysts for practical applications
in vehicle emission controls, aiming to meet the requirements
for both low-temperature catalytic activity and high-temper-
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Figure 1. (a) Raman spectra of CeO, and CZO; (b) in situ DRIFTS of methanol adsorption on CeO, and CZO at 25 °C; in situ DRIFTS of CO
adsorption at 50 °C on (c) Pt/CeO,, (d) Pt/CZO, (e) Pt/Ce0,-8004, and (f) Pt/CZ0O-800A; HAADF-STEM images and line profiles of (g) Pt/
Ce0,-800A and h) Pt/CZO-800A. Note: Some of the Ce atoms marked in the line profiles of Pt/CZ0-800A could be Zr atoms.

ature thermal stability. Recently, there have been vigorous and
continuous discussions on developing efficient Pt ensemble/
cluster catalysts from Pt single-atom catalysts (SACs)
supported on CeO,-based materials.'*™"* Although the Pt
SACs highly stabilized by CeO, may not be efficient catalysts
tor CO/HCs oxidation, after appropriate activation treatment
(e.g, steam aging, CO/H,/HC reduction), the catalytic
performance of Pt single sites could be substantially
promoted.' ¥~

In addition to the promotion effect of activation treatment,
the initial states of Pt single sites also had a significant impact
on the catalytic performance of the subsequently activated Pt/
CeO, catalysts. For instance, it was reported that the strongly
anchored Pt single sites on CeO, prepared by the atom
trapping strategy, which had limited initial CO oxidation
activity, could be transformed into highly efficient Pt clusters
after appropriate reduction treatment with CO, while the
counterpart catalyst prepared by strong electrostatic adsorption
(SEA) method with relatively weak Pt-CeO, interaction
showed inferior catalytic oxidation performance after the
same activation procedure.'® To prepare strongly anchored Pt
single sites on CeO,, surface defect engineering on CeO,-
based supports was one of the general methods used to create
more surface defects and Ce®" species for Pt single site
anchoring.'”**™** The reaction between Ce*" species and
PtO, (2Ce*" + PtO, — Ce*"—O-Pt**—0-Ce*") was proposed
to be responsible for the formation of strong Pt—O—Ce bonds,
promoting the dispersion and stabilization of Pt single
sites.”®*® However, so far, the commonly used methods for
creating surface defects on CeO,-based supports, such as
reducing CeO, using various reactants/plasma irradiation and
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controlling the particle size of CeO,,”****** are complex and

may not be viable for commercial applications. Therefore, it is
necessary to develop facile and cost-effective strategies to
engineer the surface defects of CeO,-based supports for the
easy fabrication of strongly anchored Pt single sites and the
transformation of such single sites into highly active catalytic
centers for targeted reactions.

Doping CeO, with different transition metals or rare-earth
elements (e.g, Cu, Zr, La, Y, Pr, etc.) has been recognized as an
efficient method to fine-tune CeO, in terms of specific surface
area, thermal stability, and oxygen mobility.”’~** Catalysts
supported on doped CeO, materials exhibit more superior
catalytic performance than those supported on pristine
Ce0,.3°™" In the field of automotive emission control, Zr
is one of the most commonly used elements to modify the
physical—chemical properties of CeQ,.”"**** Incorporating Zr
into CeO, can improve its hydrothermal stability and redox
capacity, and, due to the smaller ion radius of Zr*" comparing
to Ce*, the resulting lattice distortion also can increase the
density of surface defects and Ce** species on Zr doped
Ce0,.* Comparing to previously reported methods, Zr
doping is undoubtedly more convenient and cost-effective in
defect engineering of CeO,-based materials. Although CeO,—
Zr0O, solid solutions have been widely used in vehicle emission
control catalysts,"””~>° no systematic work has been reported
focusing on the impact of defect engineering by Zr doping into
CeO, on the state of supported Pt single sites. Furthermore,
the structural evolution of Pt single sites during the activation
process is also worth exploring to better understand the nature
of catalytically active centers for the reactions of interest.

https://doi.org/10.1021/acs.est.1c02853
Environ. Sci. Technol. 2021, 55, 12607—12618


https://pubs.acs.org/doi/10.1021/acs.est.1c02853?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02853?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02853?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02853?fig=fig1&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c02853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

a) 100 ’A_A-AQ‘OQQ

< 7 S

o> 80 S’

[ /

(]

‘% 60

o

= 40

S i --A-- Pt/CeO,

3 20 . ,Q --@-- Pt/ICZO

o A9 —A— Pt/Ce0-a
o] o689 —@— PtICZO-a

Temperature (°C)

50 100 150 200 250 300 350 400

C) 100

2 80+

c

o

"5 60

(o

o

2 40

8 —Q— Pt/CZ0O-a

O 201 —— Pt/CZO_c-a

(&) ——Pt/CeO,_c-a
ol —¥— Pt/CeO, NR-a
50 100 150 200

Temperature (°C)

b) 100

X 80 —A— Pt/CeO,-a

S —@— Pt/CZ0O-a

B 0] —/\— Pt/Ce0,-800A-a

o —O— Pt/CZ0-800A-a

S 4 --/\- Pt/Ce0,-800A

S 2] --O-- PtICZO-800A

O e,
N e

50 100 150 200 250
Temperature (°C)

100 -

Q.
~

80 +

60 ~

40

20+

CO conversion (%)

—/— Pt/CeO,_NR-800A-a
50 100 150 200
Temperature (°C)

Figure 2. CO oxidation activities on (a) fresh and (b) aged catalysts that were pretreated with air at 300 °C or activated with 10% H, at 400 °C;
CO oxidation activities on (c) fresh and (d) aged Pt catalysts supported on CeO, nanorod (CeO, NR), commercial CeO, (CeO,_c) and
commercial CeZrO, (CZO_c) that were activated by 10% H, at 400 °C. (Reaction condition: [CO] = 1%, [O,] = 1%, Ar balance, with a weight

hourly space velocity (WHSV) of 200 000 mL-g,.~"-h™").

In this study, a facile defect engineering strategy for CeO, by
Zr doping has been successfully developed. Increased surface
defect density and Ce** concentration have been achieved on
the engineered CeO, support. Such defect engineered support
was highly beneficial for anchoring Pt species as single sites
upon simple impregnation because of the stronger interaction
between Pt and CeO, comparing to the pristine CeO, support.
Upon a simple reductive activation by H,, the strongly
anchored Pt single sites on Zr-doped CeO, were transformed
into highly active Pt clusters, outperforming the state-of-the-art
Pt/CeO, catalyst for CO and C;Hj oxidation. The impact of
Zr doping on the microstructure and catalytic oxidation
performance of Pt-CeO,-based catalyst was systematically
investigated using a series of characterization techniques,
which revealed a detailed process of structural transformation
of Pt single sites into robust Pt clusters under reduction
atmosphere. The structure—activity relationship for the Pt
catalyst supported on defect-engineered CeO, support was also
established accordingly.

2. MATERIALS AND EXPERIMENTAL METHODS

Pt catalysts used in this work were supported on CeO, and
Cey9Zry10,. The supports were prepared by (co)precipitation
method.” 1 wt % Pt (Pt(NH,),(NO,), as precursor) was
loaded on CeO, and CeyyZry;0, (Pt/CeO, and Pt/CZO)
using incipient wetness impregnation (IWI) method. To study
the thermal stability, the prepared catalysts were also aged at
800 or 1000 °C for 12 h in air, denoted with “-800A” or
“-1000A” sufhix, respectively. Before CO oxidation activity test,
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the samples were pretreated with flowing air at 300 °C or
activated with 10% H,/Ar at 400 °C for 1 h. Before C;Hq
oxidation activity test, the activation treatment with 10% H,/
Ar was performed at 500 °C for 1 h. The activated samples
were denoted with “-a” (-a = after activation by H, reduction).

Details of catalyst preparation, catalytic activity testing and
characterizations are described in Supporting Information (SI)
Text S1, Text S2, and Text S3.

3. RESULTS AND DISCUSSION

3.1. Surface Defects and Pt Single Sites. As reported
elsewhere, the surface defects on CeO, could significantly
contribute to the formation and stabilization of Pt single
sites.”®> Herein, to prepare a highly dispersed Pt single site
catalyst, Zr doping was applied to create more surface defects
on CeO, support. XRD patterns of CeO, and CZO are shown
in SI Figure S1, from which only diffraction peaks assigned to
cubic fluorite CeO, could be found, suggesting that Zr was
successfully doped into CeO, matrix without forming
crystalline ZrO,. The CZO support showed lower diffraction
peak intensity and smaller crystal size than pristine CeO,
support (SI Table S1). The deposition of Pt onto CeO, and
CZO followed by 550 °C calcination resulted in increased
intensity of the CeO, diffraction peaks, but after aging
treatment at 800 °C, no appreciable change was observed.
As illustrated by the EDS mapping images of Pt/CZ0O-800A
(SI Figure S2), ZrO, was found to be uniformly distributed in
CeO,, further supporting the formation of a homogeneous
Ce0,—Zr0O, mixed oxide. The normalized Raman spectra of
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CeO, and CZO are illustrated in Figure 1a. The intensive band
at 465 cm™ is attributed to the triply degenerated F,, mode of
fluorite-type CeO,. The band at 595 cm™ is ascribed to the
defect-induced mode, related to the formation of oxygen
vacancies in CeQ,.*”"> The increased intensity of the band at
595 cm™' for CZO indicates that higher concentration of
surface defects was obtained through Zr doping into CeO,. To
further verify this viewpoint, in situ DRIFTS of methanol
adsorption was conducted on CeO, and CZO at 25 °C (Figure
1b). The bands at 1033, 2796, and 2913 cm™ can be assigned
to bridging methoxy species, with the bridged Ce ions having
an oxygen vacancy in the neighborhood.”” These three bands
on CZO were more intensive than those on CeO,, indicating
that more surface oxygen vacancies were indeed formed on
CZO support.

After Pt deposition, no crystalline Pt or PtO, was detected
by XRD (SI Figure S1), suggesting that Pt is highly dispersed
on both CeO, and CZO, probably in single site form. To verify
this, in situ DRIFTS of CO adsorption was performed on Pt/
CeO, and Pt/CZO (Figure 1c,d). Under the CO flow, a well-
defined band at ca. 2095 cm™' and a broad band at ca. 2172
cm™ could be observed on both samples, which can be
assigned to CO adsorbed on Pt single sites (CO-Pt™*@Pt,)
and gas phase CO, respectively.”* > After Ar purge, only the
band at 2095 cm™' remained, suggesting that the CO species
adsorbed on Pt single sites is very stable.”” It is noteworthy
that the intensity of the CO adsorption band on Pt/CZO was
much more intense than that on Pt/CeO, (SI Table S2),
indicating a higher exposure of Pt species on CZO support.
For a vehicle emission control catalyst, high thermal stability is
greatly required. Therefore, in situ DRIFTS of CO adsorption
was also conducted on aged samples, that is, Pt/CeO,-800A
and Pt/CZO-800A (Figure leSf). After CO adsorption and Ar
purge, similar to what was observed on the fresh samples, only
the CO adsorbed species on Pt single sites could be observed
on the aged samples. The decrease in the intensity of CO-
Pt>*@Pt, bands and the shift of these bands to lower
wavenumbers could be due to the migration of Pt single site
into CeO, or CZO lattice.”® However, the Pt/CZO-800A still
showed much higher Pt site exposure than the Pt/CeO,-800A
counterpart.

The HAADF-STEM images of Pt/CeO,-800A and Pt/
CZO-800A are shown in Figure 1gh and SI Figure S3. In
consistence with the in situ DRIFTS results of CO adsorption,
no identifiable Pt clusters or nanoparticles were found on Pt/
Ce0,-800A and Pt/CZ0O-800A. With the aid of elemental line
profiling, isolated bright dots on the supports could be
identified as Pt single sites. Interestingly, for Pt/CeO,-800A,
most of the Pt single sites were located at the step edges of
CeO, particles, while for Pt/CZO-800A, Pt single sites were
widely distributed on both step edges and Ce atom columns
within surface lattice. These results clearly show that, as
expected, Zr doping into CeO, indeed created more surface
defects, which could act as additional anchoring sites for
atomically dispersed Pt species. Given the comparable specific
surface areas for CeO, (44 m’/g) and CZO (59 m?/g)
supports (SI Table S3) and their similar morphology, the
higher density of surface defects on CZO should be the main
reason for the much higher Pt exposure on Pt/CZO and Pt/
CZO-800A samples.

3.2. Catalytic Performance for CO Oxidation. CO
oxidation is a key reaction in vehicle emission control and was
selected as a probe reaction to evaluate the catalytic

performance of Pt/CeQO, and Pt/CZO catalysts. As shown in
Figure 2a, before activation, both Pt/CeO, and Pt/CZO
exhibited limited CO oxidation activity, which should be
resulted from the CO poisoning effect where CO was
overstrongly bound to Pt single sites.'® It has to be noted
that the Pt single sites supported on CZO even exhibited
inferior CO oxidation activity comparing to those supported
on CeO, probably due to the over-rigid local coordination
structure of Pt/CZO with stronger Pt-CeO, interaction.
However, after activation by H, reduction, the CO oxidation
activity on Pt/CZO-a showed significant enhancement, with a
Tyo (temperature required to achieve 90% CO conversion) of
120 °C, much lower than that on Pt/CeO,-a (Ty, = 160 °C). It
is interesting to note that the ranking of CO oxidation activity
on Pt/CeO, and Pt/CZO was reversed after activation, and
this was the result of different structural evolution processes
during activation, leading to distinct final states of Pt species.
Pt catalysts supported on Ce,Zr, ,O, with different amounts of
Zr dopant (x = 0.95, 0.9, 0.85, 0.6, and 0.3) were investigated,
and Pt/CZO-a (Pt/CeyoZry;0,) was found to perform the
best for CO oxidation (SI Figures S4 and SS). After aging
treatment and activation, Pt/CeO,-800A-a showed a signifi-
cant activity decrease below 150 °C, whereas Pt/CZO-800A-a
only showed a slight activity decline below 100 °C but an
increase above 100 °C (Figure 2b). The much higher CO
oxidation activity on Pt/CZO-1000A-a (Tyy = 212 °C) than
that on Pt/Ce0,-1000A-a (T4, = 377 °C) further supported
the viewpoint that Pt/CZO exhibited superior thermal stability
(SI Figure S6). The long-term stability test also suggested that
Pt/CZ0O-800A-a could maintain relatively stable activity under
the reaction conditions at low temperatures (SI Figure S7).

To further compare the defect engineered CZO with
commercially available CeO,-based supports, the CO oxidation
activities on Pt catalysts supported on commercial high surface
area CeO, and CeZrO, (ie., Pt/CeO, c and Pt/CZO c)
were also evaluated (Figure 2c,d). Before the test, activation
treatment by H, was also performed on Pt/CeO, c and Pt/
CZO_c to promote their catalytic performance (Pt/CeO,_c-a
and Pt/CZO_c-a). Activated Pt/CZO catalyst outperformed
Pt/CeO,_c-a and Pt/CZO_c-a not only before but also after
high temperature aging treatment. As previously reported,
CeO, nanorod (CeO, NR) was one of the most frequently
used supports for the synthesis of highly efficient Pt/CeO,
catalysts.”>** Therefore, the CO oxidation activities on Pt/
CeO,_NR-qa and Pt/CeO, NR-800A-a were also tested as
references. The Pt/CZO-a catalyst clearly showed a much
higher CO oxidation activity than Pt/CeO,_ NR-a throughout
the entire temperature range, especially after high temperature
aging (Figure 2d). Moreover, compared with recently reported
Pt-CeO, based materials, Pt/CZO-a and Pt/CZ0O-800A-a were
among the most well-performed catalysts (SI Table S4). In
short, the activated Pt/CZO is an eflicient low-temperature
CO oxidation catalyst with satisfactory high temperature
thermal stability.

3.3. Surface Structural Evolution. After H, reduction,
the CO oxidation activities on both fresh and aged Pt/CeO,
and Pt/CZO catalysts were greatly enhanced, indicating that a
striking structural evolution of the catalytically active center
occurred during the activation process. The higher CO
oxidation activity on the activated Pt/CZO catalyst suggests
that the resulting Pt species were more active catalytic centers
relative to those on CeO,. To better understand the change in
catalyst structure, Raman spectra of Pt/CeO,, Pt/CZO, Pt/
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Figure 3. H,-TPR profiles of (a) CeO, and CZO, (b) fresh Pt/CeO, and Pt/CZO, (c) aged Pt/CeO,-800A and Pt/CZO-800A; HAADF-STEM
images of (d) Pt/CeO,-800A-3, and (e) Pt/CZ0O-800A-a. The Pt cluster size distributions within (f) Pt/CeO,-800A-a and (g) Pt/CZO-800A-a
were displayed in the inserted graphs (more than 300 Pt clusters were counted).

Ce0,-800A, and Pt/CZO-800A before and after activation
were collected (SI Figure S8). Besides the sharp band at ca.
465 cm™' (CeO, Fyg mode), two new bands at ca. 557 and 662
cm™ were observed on Pt/CeQ,, Pt/CZO, Pt/CeQ,-800A
and Pt/CZ0O-800A, which could be attributed to Pt—O—Ce
and Pt—O (in Pt—O—Ce) structures.”” The bands assigned to
Pt—O—Ce and Pt—O on Pt/CZO showed higher intensity
than those on Pt/CeO, (SI Figure S8a) for both fresh and
aged samples, indicating more Pt—O—Ce linkages on Pt/CZO.
After activation, the intensity of these two bands on all samples
declined significantly (SI Figure S8b,c), which was related to
the reduction of Pt single sites and neighboring Ce*" cations.
Also, as indicated by the decrease in Pt—O—Ce linkage, the Pt
single sites might have agglomerated and formed Pt clusters
after activation, which will be discussed later.

H,-TPR experiment was performed to further reveal the
structural evolution of Pt/CeO, and Pt/CZO catalysts during
the activation process. Three H,-consumption peaks were
observed for CZO and CeO, supports (Figure 3a, SI Figure
S9), where peaks a, §, and y could be assigned to the reduction
of surface oxygen species, surface Ce*’, and bulk CeO,,
respectively.* It is interesting to note that the peak a on CZO
shifted to a much lower temperature (from 381 to 338 °C)
than that on CeO,, due to the formation of more oxygen
vacancies and surface adsorbed oxygen species on CZO. After
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Pt deposition, a new H,-consumption peak (marked as §) at
ca. 180 °C was observed on both Pt/CZO and Pt/CeO,,
which could be ascribed to the reduction of Pt—O or Pt—O—
Ce species (Figure 3b). For Pt/CZO, the peak § was more
intense and symmetrical, centered at a higher temperature of
198 °C (versus 171 °C on Pt/Ce0,), indicating a stronger
interaction between Pt and CZO as well as more reducible
oxygen species from Pt—O—Ce linkages (SI Table $5).°%¢'
After aging treatment, peak o shifted to higher temperatures
and showed an increase in symmetry, indicating the stronger
Pt-CeO, interaction on aged samples. The Pt-CeO, interaction
on Pt/CZO-800A was still stronger than that on Pt/CeO,-
800A (Figure 3c). Based on the results of Raman spectra and
H,-TPR, higher density of surface defects and adsorbed oxygen
species were created on CZO comparing to pristine CeO,,
which led to stronger Pt—O—Ce interaction on Pt/CZO and
Pt/CZ0O-800A than that on Pt/CeO, and Pt/Ce0,-800A
counterparts.

After activation by H, reduction, the less active Pt single
sites transformed into active Pt species with new structures.
HAADF-STEM images of Pt/Ce0,-800A-a and Pt/CZO-
800A-a were collected to illustrate the state of Pt species on the
activated catalysts. As shown in Figure 3d—g and SI Figure
S10, abundant Pt clusters formed on Pt/CeQO,-800A-a and Pt/
CZ0-800A-a. The average size of Pt clusters on Pt/CZO-
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Figure 4. XPS of Ce 3d for (a) CeO,, Pt/CeO,, Pt/CeO,-a, Pt/CeO,-800A and Pt/Ce0,-800A-a; (b) CZO, Pt/CZO, Pt/CZO-a, Pt/CZO-800A
and Pt/CZ0O-800A-a; XPS of Pt 4f for (c) Pt/CeO,, Pt/Ce0,-800A, Pt/CeO,-a and Pt/Ce0,-800A-a, (d) Pt/CZO, Pt/CZO-800A, Pt/CZO-a
and Pt/CZO-800A-a; (e) Normalized XANES; and (f) EXAFS magnitude of the Fourier transformed k*-weighted y(k) data for Pt/CeO,-800A,
Pt/CZ0O-800A, Pt/Ce0,-800A-a, and Pt/CZO-800A-a at the Pt-L; edge. Reference samples of Pt foil and PtO, were used for comparison.

800A-a was noticeably smaller (1.2 + 0.2 nm) than that on Pt/ much more intense than those of Pt/CeO, and Pt/CeQ,-800A

Ce0,-800A-a (1.8 + 0.3 nm), and the size distribution on Pt/ counterparts, suggesting the formation of more Ce®* species on
CZ0O-800A-a was narrower and more symmetric. Apparently, CZO after activation. The intensity of XRD peaks of Pt/CeO,
the more homogeneous distribution of Pt single sites and and Pt/CZO reduced significantly after activation (S1 Figure
stronger Pt-CeO, interaction on Pt/CeZO-800A favored the S11), another indication of forming more Ce*" within the
formation of more uniform and much smaller Pt clusters. activated samples, which was likely to reduce the crystallinity
Interestingly, the average size of Pt clusters on Pt/CZO-800A- of CeO, and CZO. Higher concentration of surface Ce®"
a (1.2 £ 0.2 nm) was very close to the optimal size of Pt species is usually related to the formation of more oxygen
clusters reported previously, where the CeO,-supported Pt vacancies and more abundant surface adsorbed oxygen, which
clusters with an average diameter of ca. 1.4 nm were just is a key factor in promoting the CO oxidation activity on Pt/
sufficiently large to efficiently activate the CeO, redox CZO-a and Pt/CZ0O-800A-a catalysts.
chemistry and provide plentiful active interfacial sites for CO As shown in Figure 4c,d, Pt on fresh and aged Pt/CeO, and
oxidation.”” Pt/CZO was mainly in Pt*" form, which was in line with
XPS measurements were carried out to characterize the previous reports that Pt single sites strongly anchored on CeO,
surface chemical states of all the samples. The surface atomic tended to exist in Pt>*.'”?%° After H, activation, the
concentration for different elements can be found in SI Table concentration of Pt** was reduced on both supports with the
S3. As displayed in Figure 4ab, after doping Zr** (with a simultaneous appearance of Pt’. Lower concentration of
smaller ionic radius, r = 0.80 A), the concentration of surface surface Pt” species was observed on Pt/CZO-a (44.1%) and
Ce** on CeO, increased from 21.4% to 23.6%, a result of Pt/CZ0O-800A-a (25.2%), comparing to that on Pt/CeO,-a
lattice shrinkage/strain (SI Table S1) and spontaneous (53.3%) and Pt/CeQ,-800A-a (32.6%), respectively. Since all
transformation of Ce* (r = 0.092 nm) to Ce’* (r = 0.103 activated catalysts were exposed to air at room temperature
nm).”> After Pt deposition onto CeO, and CZO, the after H, reduction treatment, the Pt° clusters formed on the
concentration of surface Ce** on both supports decreased, activated samples, especially those located at the Pt-CeO,
and this decrease was a result of the reaction between PtO, interface, are prone to be reoxidized due to their small sizes
and surface Ce?*, forming a strong chemical bonding of Pt*'— (<2 nm). The lower concentrations of Pt® on Pt/CZO-a and
O-Ce*.2° After activation, the surface Ce3" concentration on Pt/CZ0O-800A-a suggest that the Pt cluster sizes were smaller
all activated samples showed a significant increase, especially than the CeO, supported counterparts, which was well
on Pt/CZO-a and Pt/CZO-800A-a. This was in good supported by the HAADF-STEM results in Figure 3.
agreement with the H,-TPR results where the H, consumption To further reveal the structural change of Pt species during

peaks of Pt—O—Ce on Pt/CZO and Pt/CZO-800A were the activation treatment, XAS analysis was performed. As
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shown in Figure 4e, the white line intensities of Pt-L; XANES
for Pt/Ce0,-800A and Pt/CZ0O-800A were lower than that on
PtO, but higher than that on Pt foil, indicating an intermediate
valence state (between +4 and 0) of Pt on these two samples.
After activation, the white line intensities obviously decreased,
suggesting the lower average valence states of Pt species on
activated catalysts compared to the untreated ones. Judging
from the white line intensity, the valence state of Pt species on
Pt/CZ0O-800A-a was found to be higher than that on Pt/
Ce0,-800A-a, matching well with the XPS results. To further
understand the local coordination structure of Pt on these
catalysts before and after activation, EXAFS data were
processed and plotted in R space. As shown in Figure 4f, SI
Figure S12 and Table S6, the absence of Pt—Pt and Pt—O—Pt
coordination shells and the existence of Pt—O and Pt—O—Ce
coordination shells exclusively clearly confirm the formation of
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Pt single sites on Pt/Ce0,-800A and Pt/CZO-800A. The
higher coordination number (CN) of Pt—O—Ce on Pt/CZO-
800A (ca. 3.0) than that on Pt/Ce0O,-800A (ca. 2.2) suggests
that more Pt—O—Ce linkages were formed on Pt/CZO-800A,
supporting the Raman spectra and H,-TPR results. After
activation, Pt/CZO-800A-a showed a lower CN of Pt—Pt (ca.
0.8) than Pt/Ce0,-800A-a (ca. 1.2), indicating again the
formation of smaller Pt clusters on Pt/CZO-800A-a.°> In
agreement with the Pt 4f XPS and Pt-L; XANES results, the
higher CN of Pt—O and Pt—O—Ce on Pt/CZO-800A-a also
suggests that smaller Pt clusters, with more exposed Pt atoms,
were much easier to reoxidize at the Pt-CeO, interface.

3.4. Identification of Active Sites. In situ DRIFTS of CO
adsorption and oxidation on activated catalysts were performed
to identify the true catalytically active sites for CO oxidation
reaction. As shown in Figures Sa,b, besides the band at ca.
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Figure 6. (a) CyH, oxidation activity on Pt/CeO,-800A and Pt/CZ0—800A that were pretreated with air at 300 °C or activated with 10% H, at
500 °C; (b) OSC functions on fresh and aged Pt/CeO, and Pt/CZO catalysts tested at different temperatures; (c) The relationship between CO
conversion and OSC functions on Pt/CeO,-800A-a and Pt/CZO-800A-a; (d) OSC functions and CO conversions at 100 °C on fresh and aged Pt/
CeO, and Pt/CZO catalysts (all samples were activated by H, at 400 °C for 1 h before OSC testing).

2107 cm™! assigned to CO adsorbed on PtO, species (CO-
Pt**@PtO,), the band at ca. 2084 cm™ attributed to CO
linearly adsorbed on the terrace of metallic Pt clusters (well-
coordinated Pt sites) and the band at ca. 2066 cm™" assigned
to CO adsorbed on the step and corner sites of metallic Pt
clusters (under-coordinated Pt sites) were observed on both
Pt/Ce0,-800A-a and Pt/CZO-800A-a.°*"°° CO adsorbed on
Pt clusters were denoted as CO-Pt’@cluster. After Ar purge
and the introduction of O,, the intensities of the bands
assigned to CO-Pt’@cluster decreased rapidly, indicating that
the CO adsorbed on Pt clusters were highly reactive at a
temperature as low as 50 °C. To determine the reaction rate of
CO-Pt°@Pt clusters, the integrated peak areas of CO-Pt’@Pt
clusters are plotted as a function of time and the rates of the
peak area decrease are calculated. As shown in Figures S¢,d,
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more CO-Pt’@Pt clusters species were found on Pt/CZO-
800A-a, and the combined consumption rate of CO-Pt"@Pt
clusters on Pt/CZO-800A-a (0.48 unit/min) was much higher
than that on Pt/Ce0,-800A-a (0.34 unit/min), another
indication that more Pt° sites with higher activity were formed
on Pt/CZO-800A-a.

The role of PGMs cluster-support interface in CO oxidation
has been highlighted in literature, where the process of
oxygen/charge transfer and intermediate diffusion across the
interface were thought to largely determine the catalytic
activity.”” Cargnello et al. concluded that CO oxidation was
highly active on the metal-CeO, interfacial sites for CeO,
supported VIII metal catalysts, including Ni, Pd, Pt supported
on Ce0,.” Liu et al. and Lu et al. also found that the Pt-CeO,
interface was the true active site for CO oxidation, on which
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the activated oxygen species could react with the CO adsorbed
on Pt clusters effectively.””’" Combining the results of
HAADE-STEM, H,-TPR, Raman spectra, XAS and in situ
DRIFTS with the catalytic activity results from this study, we
can establish a clear structure—activity relationship for CO
oxidation on Zr doped Pt/CeO, catalyst (Figure Se). Through
H, activation of the strongly anchored Pt single sites within the
Pt—O—Ce linkages on the defect engineered CZO support,
higher density of surface Ce®" species and oxygen vacancies
(O,) along with smaller Pt clusters could be obtained on Pt/
CZO. The enriched Pt clusters-CeO, perimeter sites, assisted
by the abundant Ce** and oxygen vacancies, were beneficial for
the activation and transfer of active oxygen on activated Pt/
CZO, thus significantly contributing to its excellent CO
oxidation activity.

3.5. Catalytic Performance for C;Hy Oxidation and
OSC Testing. To assess the hydrocarbon oxidation activities
on Pt/Ce0,-800A and Pt/CZO-800A, C;Hy oxidation was
chosen as a probe reaction, and their activities are shown in
Figure 6a. Similar to CO oxidation, both Pt/CeO,-800A and
Pt/CZ0O-800A showed limited C;H¢ oxidation activity. After a
H, activation, however, their activities were dramatically
enhanced with Pt/CZO-800A-a (Tqy = 223 °C) being
significantly more active than Pt/CeO,-800A-a (T4 = 249
°C). C3H, oxidation activity on fresh Pt/CeO, and Pt/CZO
showed a similar trend (SI Figure S13). The superior C;Hg
oxidation activity observed on this newly developed Pt/CZO
catalyst represents a significant improvement in catalytic
hydrocarbon combustion and provides a promising lead for
the practical application in vehicle emission controls.

Oxygen storage capacity (OSC) is one of the most
important performance indicators of automotive catalysts. To
reveal the impact of Zr doping on the OSC function of the Pt/
CeO, catalysts, the dynamic OSC of as-prepared and aged Pt/
CZO and Pt/CeO, were tested (all catalysts were activated by
H, at 400 °C for 1 h before testing). As shown in Figure 6b,
the OSC values on fresh Pt/CeQO,-a and Pt/CZO-a were about
the same. However, after aging the OSC value on Pt/CZO-
800A-a was much higher than that on Pt/CeO,-800A-a. In
addition, at a given OSC value, the CO conversion was much
higher on Pt/CZO-a and Pt/CZ0-800A-a than on Pt/CeO,-a
and Pt/Ce0,-800A-a, respectively (Figure 6c and SI Figure
S14). The robust Pt clusters on CZO support, with smaller size
and more Pt-CeO, interface, facilitated the adsorption,
activation and oxidation of CO and consequently contributed
to the higher CO oxidation activity on Pt/CZO-a and Pt/
CZ0O-800A-a, which was well supported by the results of
DRIFTS study (Figure S). Comparing to Pt/CeO,-a, aging
had a much lower impact on Pt/CZO-a in OSC function
because Zr doping significantly promoted the thermal stability
of Pt/CeO, (Figure 6d). The drastic decline in the OSC
function of Pt/CeQ,-a after aging treatment could be one of
the causes for the significant decrease in CO oxidation activity
in the low-temperature range (<120 °C). The superior
catalytic oxidation activity and more thermally stable OSC
functions make the activated Pt/CZO a promising candidate as
an efficient vehicle emission control catalyst.

In summary, an efficient Pt/CeZrO, (Pt/CZO) catalyst for
catalytic oxidation of CO and C;H¢ at low temperature was
designed and systemically studied. Through a facile ZrO,
doping method, more surface defects and Ce®* species were
created on CZO support, which promoted the formation and
stabilization of Pt single sites with much stronger Pt-CeO,

12615

interaction than that on pristine CeO,. Although the strongly
anchored Pt single sites showed limited CO/C;H, oxidation
activity, after activation by H, reduction, superior CO/C;Hq
oxidation activity was achieved on activated Pt/CZO catalysts,
outperforming the state-of-the-art Pt/CeO, catalysts. It was
concluded that much smaller Pt clusters could be formed on
activated Pt/CZO catalysts, with more exposed Pt sites for CO
adsorption and more abundant perimeter Pt cluster-CeO,
active sites. After high-temperature aging, no obvious decline
in CO/C;Hy oxidation activity and OSC function were
observed on activated Pt/CZO, indicating the excellent
thermal stability of this newly developed catalyst. This work
provides a facile but eflicient strategy for fabricating a robust Pt
cluster oxidation catalyst using strongly anchored Pt single sites
on defect engineered CeO,-based support, and such an
engineered catalyst may lead to improved catalyst technologies
for vehicle emission controls.
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