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Pt-CeO;, catalysts have been widely studied for the vehicle emission control. Designing novel CeO, based sup-
ports with improved physical-chemical properties has become a research hotspot to further promote the catalytic
performance and stability of Pt-CeOy catalysts. In this work, through utilizing a unique, two-step incipient
wetness impregnation (T-IWI) method for ceria-zirconia-alumina (CZA-T) support preparation, a Pt single site
catalyst (Pt/CZA-T) with excellent thermal stability was synthesized. Higher oxidation activity and Oxygen
storage capacity (OSC) were achieved on activated Pt/CZA-T, comparing to Pt catalysts on regular CeO5/Al,03
(Pt/CA) and one-step prepared CeZrO,/Al,O3 (Pt/CZA). Via the modification of hydrophilic/hydrophobic
properties of y-AlyO3 by this unique T-IWI method, finer Ceg 9Zrg 102 particles with higher density of surface
defects were formed on CZA-T, on which a higher Pt dispersion and stronger Pt-O-Ce interaction were achieved.
Upon activation, smaller, well-dispersed Pt clusters on CZA-T were generated. It was concluded that the CO
oxidation performance and OSC were highly related to the size of Pt clusters on different supports that we have
developed. More Pt sites located at Pt cluster-CeZrO, interfaces, which were the real active sites, were respon-
sible for the highest OSC function and CO oxidation activity of activated Pt/CZA-T catalyst.

1. Introduction

Pollutants (CO, HCs and NO,) emitted from automotive exhaust have
serious impact on the ecological environment and human health [1].
With the tightening of emission control regulations and the widespread
application of automotive cold-start emission control technology [2],
current exhaust treatment catalysts require both improved low-
temperature activity and thermal stability. Ceria based materials
loaded with precious metals such as platinum (Pt) and palladium (Pd)
have been widely used in catalytic CO and HCs oxidation due to their
superior oxygen storage capacity and flexible valence states [3-7].
However, the thermal stability of pristine CeOy materials is still not
satisfactory for practical application as they usually suffer from severe
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sintering and surface area loss at high aging temperatures such as above
800 °C [8]. Many strategies have been developed to improve the thermal
stability of CeOo, such as the modification with alkaline earth or tran-
sition metals (Ba, Zr, Ti etc.), or loading CeO> on other stable refractory
oxide supports [9,10]. Coupled with the stability issue, another indus-
trially relevant concern is the cost-effectiveness of the catalyst if using
pristine CeO as support. As one of the rare earth elements, cerium has
limited reserves and is relatively more expensive than base metals such
as y-AlyO3 [11]. Although much progress has already been made to-
wards the improvement of reactivity and stability of precious metal
catalysts loaded on CeO; [12-14], achieving the balance between CeO4
usage reduction, improving thermal stability, and maintaining superior
catalytic activity is still a big challenge in environmental catalysis area.
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To address the above-mentioned thermal stability issue, CeO, loaded
on y-Al;03 has been widely used as catalyst supports in previous work by
other researchers [15-18]. For example, Jeong et al. loaded Pt, Pd and
Rh onto reduced y-Al,03 supported CeO», on which the highly dispersed
metal ensemble catalysts exhibited superior catalytic performance and
stability in three-way catalysis (TWC) reaction [17]. The synergic sta-
bilization effect between CeO, and y-Al,O3 could help retard the sin-
tering of CeOy on y-AlyO3 [19]. At the same time, the phase
transformation of y-Al,O3 to a-Al;O3 or 6-Al;,03 could also be hindered
by CeO5 modification [19,20]. It must be noted that, in environmental
catalysis field, great efforts have also been made on improving the
thermal stability and oxygen storage capacity (OSC) of CeOy itself. The
doping of other metals such as Zr, Y, Pr, Nd, Ga and La [20-23] was a
common strategy to enhance the thermal stability or OSC function of
CeO,. Particularly, the effects of Zr doping on CeO; have been widely
studied, with notable improvements on the thermal stability and oxygen
storage/release properties of CeOy [24-27]. For example, Zhang et al.
found that Zr doping in Ni/CeOs catalysts could improve the catalytic
activity and Hj selectivity in methane dry reforming [25]. Liu et al. re-
ported that the addition of Zr could increase the amount of oxygen va-
cancies in CeOy rods, further improving the catalytic activity for
dimethyl carbonate (DMC) synthesis from CO and methane [26]. It was
also reported that Zr doped Au/CeO2 showed better CO oxidation ac-
tivity than those with Fe or La doping [27]. Although Pt/CeO;, catalysts
have been investigated extensively in a variety of catalytic processes
such as CO/HCs oxidation reactions [13,28-30] and water-gas shift re-
action [31], and the relationship between the Pt status on CeO surface
and its catalytic performance has been well revealed, however, few
studies have focused on the impact of ZrO, doping on the Pt dispersion
and Pt-CeO; interaction thus affecting catalytic performance.

In this study, a new strategy was proposed to improve the catalytic
performance of Pt catalysts loaded on CeO, while simultaneously
reducing the usage amount of CeO,. Through the co-deposition of Ce-Zr
mixed precursor onto y-Al,O3 using a new two-step incipient wetness
impregnation (T-IWI) method, the surface hydrophilic/hydrophobic
properties of y-Al,O3 were effectively modified and a novel y-Al,O3
supported CeZrO, with unique morphology was obtained. Pt supported
on such support showed relatively higher CO oxidation activity and
thermal stability after activation treatment by Hs reduction. After the
introduction of water vapor into the reactant stream, the CO oxidation
activity on this novel catalyst even showed significant increase.
Comparing to the heavily reported pristine CeO, support, the CeO,
usage amount in such catalyst was significantly reduced while the cat-
alytic performance was actually improved, implying that the catalysts
developed in this work can be more cost-effective with great potential in
practical application. Furthermore, it was found that the dispersion state
of Pt and the intensity of Pt-CeO, interaction on CeOy/y-AlyO3 support
could be well regulated by ZrO; doping through the new T-IWI method.

2. Experimental
2.1. Catalyst preparation

2.1.1. Preparation of CeO2/Al;03 and CeZrO,/Al;03 supports

30 wt% CeO, (Ce(NO3)3-6H20 as precursor) was loaded on a com-
mercial y-AlpO3 provided by Sasol using a regular incipient wetness
impregnation (IWI) method, followed by calcination at 550 °C for 2 h.
The obtained CeO/Al,03 support was denoted as CA. The Zr-doped
CeO2/Al;,03 support was prepared by the same IWI method, yet a
mixed solution of Ce(NO3)3:6H;0 and ZrO(NOs3),:6.5H20 (the molar
ratio of Ce to Zr was 9:1 while keeping the mass ratio of CeZrO, still as
30 wt%) was used instead. The obtained CeZrO,/Al;O3 support was
denoted as CZA. For the improved CeZrO,/Al,O3 support used in this
work, the above-mentioned mixed precursor was loaded onto y-Aly03 in
two steps. First, 10 wt% Ceg 9Zro.102 was deposited onto y-Al;O3 fol-
lowed by calcination at 800 °C for 2 h (10CZA-800). Then, another 20 wt
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% Ceg.9Zrp 102 was deposited onto 10CZA-800 followed by calcination
at 550 °C for 2 h. The obtained support herein was denoted as CZA-T,
and such procedure was referred as T-IWI method.

2.1.2. Preparation of Pt catalysts supported on CeO,/Al;03 and CeZrO,/
Al,O3

Tetraamineplatinum nitrate (Pt(NH3)4(NO3),, TAPN) obtained from
Fisher Scientific was used as Pt precursor, which was deposited onto the
different supports by IWI method. The Pt loading was set at 1 wt%. In a
typical procedure, the Pt precursor with determined concentration was
added dropwise onto CA, CZA, or CZA-T, and the obtained powder was
dried at 120 °C for 1 h and then calcined at 550 °C for 2 h under air
condition. The as-prepared catalysts were denoted as 1Pt/CA, 1Pt/CZA
and 1Pt/CZA-T. To investigate thermal stability, the as-prepared 1Pt/
CA, 1Pt/CZA and 1Pt/CZA-T catalysts were aged at 800 or 1000 °C in air
for 12 h. The aged catalysts were denoted as 1Pt/CA-800A, 1Pt/CZA-
800A, 1Pt/CZA-T-800A, 1Pt/CA-1000A, 1Pt/CZA-1000A and 1Pt/CZA-
T-1000A. To study the hydrothermal stability, the catalysts were treated
in a flow of air with 10% H20 at 800 °C for 12 h, and the hydrothermally
aged samples were denoted as 1Pt/CA-HA, 1Pt/CZA-HA and 1Pt/CZA-T-
HA.

Before activity testing, each catalyst was pressed into pellet, then
crushed and sieved into 40-60 meshes. All the catalysts were pretreated
in air at 300 °C (for cleaning the catalyst surface) or 10% Hy/Ar flow at
400 °C (for reduction activation) for 1 h, with a total flow rate of 30
sccm. For the catalysts pretreated with Hy, ‘-a’ was suffixed after the
sample name. To facilitate a better understanding of the catalyst prep-
aration process, the preparation flow chart can be found in Fig. S1.

2.2. Catalyst characterization

The atomic resolution high angle dark field scanning transmission
electron microscopy (HAADF-STEM) images and the energy dispersive
spectroscopy (EDS) elemental mapping images were obtained on a fifth
order aberration-corrected transmission electron microscope (JEOL
ARM200CF) equipped with a dual-type EDS detector (JED-2300 T, large
effective solid angle at ca. 1.2 sr.).

Water contact angle measurements for the supports prepared in this
work were conducted on an Ossila water contact angle goniometer.

X-ray powder diffraction (XRD) patterns were collected on a Philips
X’pert Pro diffractometer with a Ni-filtered Cu Ka radiation source
(0.15408 nm). The XRD patterns were collected over a 20 range of 20-80
°. The scan step was 0.02° with a scan speed of 10°/min.

The specific surface area was measured by the Brunaeur, Emmett and
Teller (BET) method (Quantachrome Autosorb-iQ Physisorption Chem-
isorption Instrument) using N adsorption-desorption isotherms at 77.3
K. Before each test, the samples were degassed at 300 °C for 2 h.

Raman spectra were collected on a LabRAM Aramis (Japan Horiba)
Laser Raman spectrometer equipped with an Ar' laser beam. The
emission line was set at 532 nm and the laser power was 10 mW.

X-ray absorption spectroscopy (XAS) for Pt Lz-edge were measured in
fluorescence mode at beamline 7-BM QAS of the National Synchrotron
Light Source II (NSLS-II) at Brookhaven National Laboratory. The
beamline could provide X-ray with energies ranging from 4.7 to 31 keV.
Its monochromator has a Si(111) channel-cut crystal and runs at
continuous scan mode. A typical scan time was 40 s and each sample was
scanned 20 times. The XAS data including X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine structure
(EXAFS) were analyzed using Demeter software package.

Hy-temperature-programed reduction (Ho-TPR) was performed on a
Quantachrome Autosorb-iQ instrument. In each test, sample (ca. 30 mg)
was pretreated with air at 400 °C for 1 h. Then the sample was cooled
down to room temperature in air. After switching the purging gas to Hy
(10 % Hy/Ar, 30 mL/min), the temperature was linearly raised from 30
to 900 °C with a ramping rate of 10 °C/min. The signal of Hy con-
sumption was collected by a thermal conductivity detector (TCD). HoO
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Fig. 1. CO oxidation activity on a) as-prepared catalysts pretreated with air at 300 °C or activated with 10% H, at 400 °C and b) aged catalysts (800 °C in air for 12 h)
activated with 10% H, at 400 °C; c¢) CO oxidation rates at different temperatures on activated as-prepared catalysts with 5 vol% HO in the reactants; d) CO oxidation
rates at 80 °C on activated as-prepared catalysts with or without 5 vol% H,O in the reactants.

was removed by a cold trap filled with liquid Ny before the gas mixture
passed into the TCD.

X-ray Photoelectron Spectroscopy (XPS) were measured on a PHI
5000 Versa Probe system with a monochromatic Al X-ray radiation
(1486.6 eV) and an accelerating power of 15 kW. Binding energies (BE)
of all the elements were calibrated with Cls at 284.6 eV.

The oxygen storage capacity (OSC) was measured in CO/Oy multi-
pulse experiments. After the activation treatment by Hy at 400 °C for
1 h, the catalysts were heated to the target temperatures (80, 100, 120,
140 °C) under alternating pulses of 2% CO/4% O, (total flow rate of 100
scem) for 30 min, with a single cycle lasting 1 min (30 s CO/30 s Oy
cycling switch controlled by programmed MFC system). The OSC value
was calculated from the average CO, formation which was detected by
an online mass spectrometer (Hiden Analytical, HPR20 R&D).

In situ diffuse reflectance infrared Fourier transform spectroscopy (in
situ DRIFTS) was carried out on a Thermo Nicolet iS50 FTIR spectrom-
eter equipped with an MCT detector. The experiment started by loading
the catalyst in the DRIFTS cell, where ca. 30 mg of the catalyst was
pressed and mounted. Before testing, the catalysts were pretreated by air
at 300 °C or 10% Hy/Ar at 400 °C for 1 h. Afterwards, the catalysts were
cooled to room temperature. The backgrounds of the catalysts were
collected in air or Ar at 25 °C, 50 °C and 100 °C. For CO adsorption/
oxidation experiments, the feeding gas was controlled at a rate of 83.3
scem (1% CO when needed, or 1% O, when needed; balanced with Ar).
The spectra were collected from 400 to 4000 cm™! at a spectral reso-
lution of 4 cm ™! for 100 scans. The DRIFTS data were presented in the
form of absorbance.

2.3. Catalytic performance test

Catalytic performance evaluation was conducted on a fixed-bed
quartz tube reactor. In each test, 25 mg of sample (40-60 mesh) was

diluted with 250 mg SiC to minimize the heat effect. The oxidation ac-
tivity was tested under steady conditions. For CO oxidation, the re-
actants consisted of 1% CO, 1% O, and/or 5 vol% H5O (when needed),
balanced with Ar. For propane (C3Hg) oxidation, the reactants were
composed of 2000 ppm CgHg, 2% O4 and/or 5 vol% H,0 (when needed),
balanced with Ar. For both reactions, the total flow rate was 83.3 sccm,
giving a weight hourly space velocity (WHSV) of 200,000 mL-gea. -
h™1). The outlet gas composition was measured by an online mass
spectrometer. The mass to charge (m/z) ratios used for the detection of
CO, CO; and C3Hg were 28, 44 and 29, respectively.

3. Results and discussion
3.1. Catalytic performance for CO and CsHg oxidation

The CO oxidation activity of catalysts before and after reduction
activation is shown in Fig. 1a. For the catalysts pretreated with air at
300 °C, 1Pt/CA exhibited the best CO oxidation activity with T90, the
temperature at which CO conversion reaches 90%, of ca. 222 °C, which
was much lower than those on 1Pt/CZA and 1Pt/CZA-T (ca. 240 and
258 °C, respectively). The CO oxidation activity of these three catalysts
was greatly enhanced after Hy pretreatment, which was highly consis-
tent with the reports that the activation treatment by reductive gases
could enhance the CO oxidation performance of Pt/CeO, catalysts
[13,28]. Interestingly, the order of CO oxidation activity over the acti-
vated catalysts was completely reversed comparing to that over the as-
prepared catalysts. Specifically, 1Pt/CZA-T-a showed an excellent CO
oxidation activity with T90 of ca. 130 °C, which was much lower than
that on 1Pt/CA-a (ca. 150 °C) and 1Pt/CZA-a (ca. 140 °C). The reaction
rates of CO oxidation over the activated catalysts at 120 °C were also
calculated, with a rate of 1.01 mmol gpt’l-s’1 for 1Pt/CA-a, 1.32 mmol
gp 1s7! for 1Pt/CZA-a, and 1.71 mmol gp 's™! for 1Pt/CZA-T-a.
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Fig. 2. HAADF-STEM images and EDS mapping results of a) 1Pt/CZA and b) 1Pt/CZA-T.

Recent work has highlighted the promising applications of Pt/CeOq
catalysts in vehicle emission control [13,28,32]. Therefore, for com-
parison, 1 wt% Pt/CeO; catalyst (denoted as 1Pt/CeO,, with CeO5 ob-
tained from Ce(NO3)3-6H20 precursor through calcination at 550 °C for
2 h) was also prepared following the same Pt loading procedure and
tested for CO oxidation (Fig. S2a). It is obvious that 1Pt/CZA-T-a
exhibited much higher CO oxidation activity than 1Pt/CeOs-a at tem-
perature above 120 °C, e.g. the T90 on 1Pt/CZA-T-a being ca. 65 °C
lower than that on 1Pt/CeOq-a. To further compare the CO oxidation
activity of 1Pt/CZA-T-a catalyst with recently reported Pt-CeO, based
catalysts, the T50, T90 (the temperature at which CO conversions
reached 50% and 90%, respectively) and CO oxidation rate at 80 °C on
these novel catalysts were summarized and listed in Table S1. The 1Pt/
CZA-T-a catalyst developed in this work performed as one of the best
among those novel catalysts. Furthermore, the usage of CeO5 in 1Pt/
CZA-T-a was reduced by 70%, which made it more cost-effective.

Thermal stability is also an important factor in evaluating a catalyst
for vehicle emission control applications. In this work, the CO oxidation
activity of 1Pt/CA, 1Pt/CZA and 1Pt/CZA-T catalysts with different
aging temperatures (800 and 1000 °C) was tested. After aging at 800 °C
for 12 h (Fig. 1b), the CO oxidation activities of all the catalysts
decreased to a certain extent. Their activities were in the order of 1Pt/
CZA-T-800A-a > 1Pt/CZA-800A-a > 1Pt/CA-800A-a. Among all the
aged catalysts, 1Pt/CZA-T-800A-a with T90 of ca. 165 °C still exhibited
the highest CO oxidation activity. Similarly, even after severe aging at
1000 °C for 12 h, 1Pt/CZA-T-1000A-a catalyst still performed the best
(Fig. S2b). Hydrothermal aging treatment (in air with 10 vol% H0 at
800 °C for 12 h) was conducted on 1Pt/CA, 1Pt/CZA and 1Pt/CZA-T to
further investigate their hydrothermal stability. As shown in Fig. S3, CO
oxidation activity on 1Pt/CZA-T-HA-a was still higher than that on 1Pt/
CZA-HA-a and 1Pt/CA-HA-a. Apparently, CZA support prepared via the
new T-IWI method enabled the highly active 1Pt/CZA-T catalyst for CO
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Fig. 3. HAADF-STEM images of al) 1Pt/CA, b1) 1Pt/CZA and c1) 1Pt/CZA-T; HAADF-STEM images of a2, a3) 1Pt/CA-a, b2, b3) 1Pt/CZA-a and c2, ¢3) 1Pt/CZA-T-a;

Water contact angle on d) y-Al,O3, €) 10CZA-550 and f) 10CZA-800.

oxidation even after severe aging treatment. As a typical hydrocarbon
component in gasoline exhaust, propane (C3Hg) was also selected for
evaluating the oxidation performance on the aged catalysts. It can be
observed from Fig. S4a that 1Pt/CZA-T-800A-a catalyst exhibited higher
CsHg oxidation activity than 1Pt/CZA-800A-a and 1Pt/CA-800A-a,
indicating that the novel T-IWI method was indeed beneficial for
generating a more thermally stable oxidation catalyst. 1Pt/CZA-T-800A-
a also exhibited the highest CO3 selectivity (Fig. S4b). In short summary,
the strategy of combining Zr doping and T-IWI approach could signifi-
cantly boost the catalytic oxidation performance of Pt/CeO5/Al,03
catalyst as well as the thermal stability.

In the real working conditions, HoO was one of the most abundant
molecules in the vehicle exhaust. Herein, the impact of HyO on the CO
oxidation activity on 1Pt/CA-a, 1Pt/CZA-a and 1Pt/CZA-T-a was further
investigated. As shown in Fig. 1c and Fig. S5, with 5 vol% H2O in the
reactant stream, 1Pt/CZA-T-a catalyst still performed much better than
1Pt/CZA-a and 1Pt/CA-a. Interestingly, after the introduction of 5 vol%
Hy0, the CO oxidation activity was not inhibited but significantly
enhanced, indicating that 1Pt/CZA-T-a was highly compatible to
working conditions containing water vapor. As reported by Wang et. al,
the formation of hydroxyl groups on Pt/CeO> catalyst could facilitate the
formation of CO, [33]. Nie et al. also supported the view that hydroxyl
groups on Pt/CeO; catalysts contributed to the activation of oxygen
species, which promoted the CO oxidation activity of Pt/CeO5 [5]. HoO
is more of a promoter in CO oxidation reaction on Pt/CeO based cat-
alysts. For propane oxidation reaction on 1Pt/CA-a, 1Pt/CZA-a and 1Pt/
CZA-T-a catalysts, no significant change in catalytic activity was
observed with 5 vol% H50 in the reactant stream (Fig. S4c and d), with
1Pt/CZA-T-a still showing the highest performance among the three
catalysts.

3.2. Structure information

3.2.1. HAADF-STEM and EDS mapping to determine support morphology
and Pt status

HAADF-STEM and EDS mapping analysis were first conducted to
determine the distribution of Pt, Zr, or Ce on y-Al,Os3 for all as-prepared

catalysts. As shown in Figs. S6 and 2a, Al,O3 supported CeO5 or CeZrOy
particles with diameters > 20 nm were observed on 1Pt/CA and 1Pt/
CZA. For 1Pt/CZA and 1Pt/CZA-T, ZrO, was found to be well mixed with
CeOy, indicating that a homogeneous Ce-Zr mixed oxide was formed on
the surface of Al,O3 (Fig. 2). However, different from 1Pt/CZA (Fig. 2a)
and 1Pt/CA (Fig. S6), much smaller Cey ¢Zrg 105 particles (5-10 nm)
were formed on 1Pt/CZA-T (Fig. 2b), indicating that the newly devel-
oped T-IWI method was beneficial for reducing the Ceg gZrg 102 particle
size. It is noteworthy that, the distribution of Pt species was in well
tracking with the distribution of Ce and Zr, which indicated that the Pt
species were primarily anchored on CeOy or Ceg 9Zrp 102 entities on
Al,O3 surface.

Detailed HAADF-STEM images with atomic-level resolution were
captured to further investigate the status Pt species on as-prepared and
activated catalysts. As illustrated in Figs. 3 and S7, before the activation
treatment, Pt species were well dispersed on CA, CZA and CZA-T sup-
ports mainly in the form of single sites, while several distinct Pt clusters
were also found on 1Pt/CA (Fig. S7a). This indicated that the addition of
ZrOy to CeOy could further facilitate the dispersion of Pt on CeOq
exclusively in the form of single sites, probably due to the creation of
more surface defects on CeO, surface for Pt anchoring. For 1Pt/CA, 1Pt/
CZA and 1Pt/CZA-T activated by Hy reduction, a large amount of Pt
clusters with average size below 2 nm could be observed on the different
supports. Considering the higher activity of as-prepared 1Pt/CA
comparing to 1Pt/CZA and 1Pt/CZA-T as well as the significant activity
enhancement by reduction activation, the Pt clusters on CeO; or
Ceg.9Zrp104 entities should be more active for CO oxidation than Pt
single sites.

As shown in Figs. 3 and S8, it was noticed that the size of Pt clusters
formed on different supports after activation varied significantly. The
average sizes of Pt clusters within 1Pt/CA-a, 1Pt/CZA-a and 1Pt/CZA-T-
a were statistically calculated as 1.6 + 0.4 nm, 1.4 + 0.3 nm, and 1.1 +
0.2 nm, respectively. Considering that the activation conditions were
held constant, the interaction between Pt species and different supports
in as-prepared catalysts should dominate the formation of distinct Pt
clusters during H» reduction activation. The smallest Pt cluster size was
found on Pt/CZA-T-a, indicating the strongest interaction between Pt
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1Pt/CA, 1Pt/CZA and 1Pt/CZA-T catalysts. Raman spectra for ¢) CA, CZA and
CZA-T supports; d) as-prepared 1Pt/CA, 1Pt/CZA and 1Pt/CZA-T catalysts.

single sites and CZA-T support.

As reported in literature, the strong metal-support interaction (SMSI)
is highly dependent on the morphology of the studied supports [34,35].
As demonstrated in Fig. 3-a2and b2, CeO4 and Ceq ¢Zr( 102 particles >
20 nm could be found on 1Pt/CA-a and 1Pt/CZA-a, while abundant
small CeggZrp10, particles within the range of 5-10 nm could be
observed on 1Pt/CZA-T-a (Figs. 3-c2). Moreover, a higher density of
small Pt clusters (~1 nm) was found at the edges of Ceg 9Zrg 102 parti-
cles within 1Pt/CZA-T-a catalyst. Kunwar et al. reported that Pt species
tended to be anchored at the step edges of CeO; for efficient stabilization
[28]. Dvorék et al. also reported that the step edges, the most common
surface defects on oxide supports, were very important for single-atom
Pt stabilization [36]. In our study, CZA-T support prepared by the new
T-IWI method possessed smaller Ceg 9Zrg 104 particles on Al,O3 surface
with rich step edges, which was very beneficial for the anchoring of Pt
single sites. The Pt single sites anchored on such step edges were quite
stable, which could be transformed into highly active small Pt clusters
for oxidation reactions after H reduction activation.
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Table 1
CeO, crystalline size and BET surface area for all catalysts and different
supports.

Samples Crystalline size of as- Crystalline size of BET surface
prepared samples/nm * activated samples/nm area/ (m?/g) "
a
1Pt/CA 10.8 10.7 100
1Pt/CZA 9.1 8.9 91
1Pt/CZA-T 9.1 8.1 84
1Pt/CA- 12.5 / 69
800A
1Pt/CZA- 10.6 / 69
800A
1Pt/CZA- 9.8 / 75
T-800A
CA 10.3 / 98
CZA 9.0 / 96
CZA-T 9.1 / 85

 The crystalline size was calculated by Scherrer equation, using CeO5 (111).
b The specific surface areas of as-prepared samples were measured by Ny
physisorption at —196 °C.

3.2.2. Contact angle of H20 to determine surface Hydrophilicity/
Hydrophobicity

According to the results of HAADF-STEM and EDS mapping, a sig-
nificant difference was observed for the Ceg 9Zry 102 particle sizes on
CZA and CZA-T, where the Ceg 9Zrp 105 particles on CZA-T were much
smaller than those on CZA. Since the CZA and CZA-T supports were
prepared by IWI method, the hydrophilicity/hydrophobicity of the
substrates (i.e., y-AloO3 for CZA or 10CZA-800 for CZA-T) would greatly
affect the wetness and dispersion of Ce-Zr mixed precursor (Ce
(NO3)3-6H20 + ZrO(NO3)5-6.5H50) on such substrate surfaces. It has
been reported that hydrophilic surface would facilitate the adsorption of
aqueous solution [37]. On a more hydrophilic substrate, the impreg-
nated aqueous solution of Ce-Zr mixed precursor could highly disperse
on substrate surface, which would lead to the formation of more ho-
mogeneously dispersed small CegZryp10, particles upon final
calcination.

The water contact angle experiments were conducted to evaluate the
hydrophilicity/hydrophobicity of y-Al;03, 10CZA-550 (i.e., 10 wt%
Ceg.9Zrg.102/Al,05 calcined at 550 °C for 2 h) and 10CZA-800. As shown
in Fig. 3d and 3e, the water contact angles on Al,O3 and 10CZA-550
were ca. 14.8 and 16.7°, respectively. However, the contact angle for
10CZA-800 was only 6.0° (Fig. 3f), indicating that the surface of 10CZA
became more hydrophilic due to the high temperature calcination at
800 °C. It has been reported that calcining CeO»-Aly03 at relatively
higher temperatures could facilitate the formation of more surface —OH
groups, which could improve the hydrophilicity [38], and the higher
hydrophilicity was related to the stronger interaction between HyO
molecules and metal oxide surfaces [39]. Such a hydrophilic surface of
10CZA-800 would positively promote the dispersion of second-step
deposited Ce-Zr precursor solution for the additional loading of 20 wt
% Ceg.9Zrg.102. As expected, the high dispersion degree of Ce-Zr pre-
cursor solution was indeed beneficial for the formation of smaller
Ceg.9Zrp.10; particles on CZA-T upon calcination, which was already
verified by HAADF-STEM and EDS mapping results.

3.2.3. XRD and BET surface area to determine the crystal and textural
properties

As shown in Figs. 4a and S9a, the XRD patterns of 1Pt/CA, 1Pt/CZA
and 1Pt/CZA-T displayed mixed crystal structures of cubic fluorite CeO,
and y-Al;Os. No diffraction peaks of ZrO, was detected, indicating that
Zr was well doped into CeO, matrix without forming large aggregates. In
addition, the peaks assigned to Pt species could hardly be observed from
the XRD patterns, demonstrating that Pt species was well dispersed on
CA, CZA and CZA-T supports, in well accordance with the HAADF-STEM
and EDS mapping results. After aging at 800 °C, the intensity of CeO,
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Table 2
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Data summary on the parameters of Raman spectra, XPS and in situ DRIFTS of CO adsorption.

1

Samples Raman spectra parameters Peak parameters at 2098 cm™
Iipr.0)/Ir2g)” Ratio decrease” I(pt_o_(;e)/l(ng)h Ratio decrease” Iivo-ces+)/Itr2g) Area Amp. FWHM
1Pt/CA 0.68 / 0.41 / / 4.81 0.12 26.5
1Pt/CZA 1.00 / 0.55 / / 6.43 0.17 26.5
1Pt/CZA-T 1.12 / 0.68 / / 6.28 0.20 24.7
1Pt/CA-a 0.34 50% 0.33 20% / / / /
1Pt/CZA-a 0.56 44% 0.45 18% / / / /
1Pt/CZA-T-a 0.81 28% 0.59 13% / / / /
CA / / / / 0.05 / / /
CZA / / / / 0.09 / / /
CZA-T / / / / 0.11 / / /

? Calculated by the peak area of Pt-O band (I(p.0)) and CeO Fg band (Ip2g)) in Raman spectra.
Y Calculated by the peak area of Pt-O-Ce band (I(pr.o.ce)) and CeOy Fyg band (I(r2g)) in Raman spectra.

diffraction peaks for all the catalysts increased to a certain extent.
Meanwhile, the full width at half maximum (FWHM) of the main CeO-
(111) peak at ca. 28° decreased accordingly. The crystalline size of CeOo
or CepogZrp102 was calculated by the Scherrer equation. As listed in
Table 1, after aging treatment, the crystalline size of CeOy in 1Pt/CA
increased from 10.8 to 12.5 nm, while it increased from 9.1 to 10.6 nm
in 1Pt/CZA. Interestingly, only a slight increase of CeO; crystalline size
has been observed for 1Pt/CZA-T (from 9.1 to 9.8 nm) after aging
treatment, implying that 1Pt/CZA-T exhibited the best thermal stability
to resist sintering although it already had the smallest crystalline size for
CeOz.

The BET surface areas (Sggr) were also measured for all the samples
and listed in Table 1. CZA-T support exhibited a lower specific surface
(85 mz/g) than those of CZA (96 mz/g) and CA (98 mz/g) since 10CZA-
800 was calcined at 800 °C in the preparation procedure. After the
deposition of Pt, no apparent changes in the surface areas were observed
for 1Pt/CZA-T, 1Pt/CZA and 1Pt/CA comparing to their corresponding
supports. After the aging treatment, a significant drop in specific surface
area was observed on 1Pt/CA (by 31 mz/g) and 1Pt/CZA (by 22 mz/g).
For 1Pt/CZA-T, the drop was only by 9 m?/g, suggesting higher thermal
stability of 1Pt/CZA-T. Considering both XRD and Sggt results, it can be
concluded that the Pt catalyst supported on CZA-T showed higher
thermal stability than that on CA and CZA.

The XRD patterns of activated catalysts were also collected (Figs. 4b
and S9b) to explore the effect of reduction treatment on the crystal
structure of different supports. The XRD peak intensity for all catalysts
decreased to a certain extent after activation treatment, while the
FWHM of CeO5 (11 1) peak slightly broadened, especially for 1Pt/CZA-a
and 1Pt/CZA-T-a, implying that the crystallinity of CeO2 or Ceg 9Zrg 10,
within these two catalysts slightly decreased due to Hy reduction. For
the 1Pt/CZA-T-a, the intensity of the CeO, diffraction peaks decreased
most distinctly (from 9.1 to 8.1 nm, Table 1), which was mainly due to
the highest dispersion of Pt on CZA-T and probably the strongest
interaction between Pt and CeO, facilitating the most efficient reduction
of CeOy by Hy. Ho-TPR is an effective approach to study the Pt-CeO,
interaction by carefully examining the reduction peaks especially below
350 °C [40,41]. As the Hy-TPR results shown in Fig. S10a, the reduction
peak of PtO, and Pt-CeO, on 1Pt/CZA-T was much broader and more
intensive comparing to those on 1Pt/CA and 1Pt/CZA (centered at
125-138 °C), indicating that a deeper reduction was indeed achieved on
1Pt/CZA-T which correlated well with the XRD results. A more obvious
and stronger reduction peak was observed at ca. 190 °C for 1Pt/CZA-T,
which could be assigned to the reduction of CeO; entities strongly
interacting with Pt species [42], further supporting the conclusion that
Pt species was better dispersed and effectively anchored on CZA-T
support. Due to the stronger binding between Pt single atoms and
CZA-T, after the activation treatment under the same condition, Pt
clusters with smaller size would form on 1Pt/CZA-T-a when compared
with those on 1Pt/CZA-a and 1Pt/CA-a. Hp-TPR experiments were
conducted on aged samples (1Pt/CZA-T-800A, 1Pt/CZA-800A and 1Pt/

CA-800A) as well (Fig. S10b). The Hp-consumption peaks assigned to the
reduction of Pt-O-Ce on 1Pt/CZA-T-800A still located at higher tem-
peratures than those on 1Pt/CZA-800A and 1Pt/CA-800A, further sug-
gesting the stronger Pt-O-Ce interaction on 1Pt/CZA-T-800A.

3.2.4. Raman spectroscopy to determine surface defects and Pt-CeOz
interaction

The structural information such as metal-oxygen arrangement and
surface defects of all the supports as well as catalysts before and after
activation were investigated by Raman spectroscopy. The normalized
Raman spectra of CA, CZA and CZA-T supports are shown in Fig. 4c. The
intense bands at ca. 463 cm ™! could be assigned to the triply degenerate
F2g mode of fluorite-type CeOy lattice, while the band at ca. 610 cm !
was attributed to the defect-induced mode due to the existence of oxy-
gen vacancies in CeOy [43]. The relative concentration of surface defects
was calculated from the peak area ratio of defect-induced mode to Fag
mode (I(vo-ce3+)/I(r2g)) and listed in Table 2. It was clear that the band at
610 cm™! was strengthened after the doping of ZrO, into CeO,, indi-
cating that more oxygen vacancies were formed on CZA than on CA,
which would probably be beneficial for oxygen activation and migration
on CZA. For CZA-T support, the concentration of surface defects showed
further increase comparing to CZA, proving again the benefit from the
new T-IWI method resulting in smaller Ceg 9Zr( 102 particles with more
defective sites.

After the loading of Pt, two new vibration bands at 557 and 660 cm ™
could be observed (Fig. 4d), which could be assigned to Pt-O-Ce and Pt-O
(in Pt-O-Ce) structures, respectively [30]. The abundant Pt-O-Ce and Pt-
O species indicated that Pt was strongly bonded with CeOy support,
supporting the existence of SMSI between Pt and supports. After Hy
activation, the amount of Pt-O-Ce and Pt-O species on 1Pt/CA-a, 1Pt/
CZA-a and 1Pt/CZA-T-a declined to a certain extent comparing to as-
prepared catalysts (Fig. S11). As already demonstrated in Hy-TPR re-
sults (Fig. S10), the Hy consumption peaks below 400 °C were ascribed
to the reduction of oxygen species bonded to Pt and adjacent Ce**.
Therefore, the obvious decrease of Raman peak intensity for Pt-O-Ce and
Pt-O species during the activation treatment suggested their facile
reducibility to form catalytically active small Pt clusters.

To illustrate the intensity change of Pt-O-Ce and Pt-O bonds more
clearly, the relative concentration of Pt-O-Ce and Pt-O structures on as-
prepared and activated samples were calculated using the peak area
ratios of I(p.o.ce)/I(r2g) and Ipr.0)/Ir2g), and the results are listed in
Table 2. As can be clearly seen, the highest relative intensity of the band
assigned to Pt-O and Pt-O-Ce structure was observed on 1Pt/CZA-T,
suggesting the highest dispersion of Pt species on CZA-T support with
the most intensive Pt-CeO; interaction. Interestingly, based on the peak
area ratio decrease before and after activation, the reduction of Pt-O
bond in 1Pt/CA catalyst (50%) was more intense than those in 1Pt/
CZA (44%) and 1Pt/CZA-T (28%), a similar trend was also observed on
Pt-O-Ce bond, which suggested that much higher portion of ionic Pt
species had transformed into metallic Pt species in 1Pt/CA sample with
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larger cluster or particle size. When combining the HAADT-STEM results
with Raman spectra, it can be concluded that the final Pt cluster sizes on
different supports after activation should be highly dependent on the
initial intensity of Pt-O or Pt-O-Ce structure in as-prepared catalysts.
Higher intensity of Pt-O or Pt-O-Ce structure and stronger interaction
between Pt single sites and CeO, would lead to smaller and more ho-
mogeneously distributed Pt clusters after reduction treatment. Among
three activated catalysts, there was a highest intensity of bands assigned
Pt-O and Pt-O-Ce structures on 1Pt/CZA-T-a, indicating the smallest Pt
clusters with the most fruitful Pt-CeO; interface on CZA-T support. This
point of view can be further verified the XANES and EXAFS results for Pt-
L3 edge.

3.2.5. XANES and EXAFS analysis to determine Pt local structure

Using XAS technique, the nature of Pt species in different catalysts
could be further well studied. As demonstrated by the Pt-L; XANES
spectra of 1Pt/CA, 1Pt/CZA and 1Pt/CZA-T (Fig. S12a), the XANES
patterns of these three samples were similar to that of PtOy but with
slightly lower white line intensity, suggesting that the Pt species within
these as-prepared samples was present in the valence state slightly lower
than + 4. For all activated catalysts (Fig. 5a), the valence state of Pt
species was greatly decreased but still between Pt® and Pt**. From the
white line intensity, the Pt oxidation state on activated catalysts fol-
lowed the sequence as: 1Pt/CZA-T-a > 1Pt/CZA-a > 1Pt/CA-a. As
concluded earlier, smaller Pt clusters and more abundant Pt-CeO-
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interface could be formed on Pt/CZA-T-a, which meant that the reduced
Pt clusters during the activation process within 1Pt/CZA-T-a was much
easier to get re-oxidized once exposed to air again, correlating well with
XANES results here.

To explore the local coordination structure of Pt species at atomic
level, EXAFS curve fitting was conducted. As shown in Fig. S12b and
Table S2 (with curve fitting results in R space and k space presented in
Fig. S13), the typical exclusive Pt-O coordination environment and the
absence of Pt-O-Pt/Pt-Pt structure on 1Pt/CA, 1Pt/CZA and 1Pt/CZA-T
supported the view that the Pt species on as-prepared samples mainly
existed in single site form. On activated catalysts, the Pt-Pt coordination
structure was observed (Fig. 5b), confirming the formation of metallic Pt
clusters. It was noteworthy that, on such activated catalysts, the coor-
dination number (CN) of Pt-O followed the sequence as: 1Pt/CZA-T-a >
1Pt/CZA-a > 1Pt/CA-a, while the CN of Pt-Pt followed the sequence as:
1Pt/CZA-T-a ~ 1Pt/CZA-a < 1Pt/CA-a (Table S2). As reported in liter-
ature, the lower CN of Pt-Pt always associated with smaller Pt clusters
[44]. Therefore, in our case, the lower CN of Pt-Pt on 1Pt/CZA-T-a and
1Pt/CZA-a indicated that the Pt clusters on these two activated catalysts
were indeed much smaller than that on 1Pt/CA-a. This was consistent
with the HAADF-STEM results, where the average particle size of Pt
clusters on activated catalysts followed the sequence as: 1Pt/CZA-T-a
(1.1 + 0.2 nm) < 1Pt/CZA-a (1.4 £+ 0.3 nm) < 1Pt/CA-a (1.6 + 0.4
nm). Furthermore, the higher CN of Pt-O indicated the formation of
more PtO, species, suggesting that the most abundant Pt-CeO, interfaces
could be formed on 1Pt/CZA-T-a due to the smallest Pt cluster size
induced by the unique CZA-T support.

3.3. XPS to determine surface chemical state

The Ce 3d XPS for all catalysts before and after activation as well as
all different supports were deconvoluted into ten sub-peaks (Fig. 6). The
peaks denoted as u and v were individually attributed to Ce 3ds,» and Ce
3ds 5. Among those ten peaks, u’, w, v° and v’ were assigned to Ce>*
and the rest of them were related to Ce**. The relative surface concen-
tration of Ce>* was calculated from the following equation [45]:

_ Sy +Sy 4+ Sw + Sy

C 3+

e (%) S(S, + Su)

where S, and S, were the intensity of peaks labeled as u and v,
respectively.

As shown in Fig. 6a, by doping ZrO, into CeO,, the surface Ce3*
concentration was increased from 26.0% on CA support to 28.4% on
CZA support. Probably due to the high temperature (800 °C) calcination
for 10CZA-800 preparation, the surface Ce>* concentration on the final
CZA-T support was actually decreased to 25.9% although it also showed
very fine CeggZry 102 entities. It is interesting to see that, after the
deposition of Pt onto different supports, a decline in the surface Ce>*
concentration was observed for all as-prepared catalysts, which could be
the result of reaction between Ce®>" and PtO, to form Pt-O-Ce bonds
[28]. After activation treatment, a notable enhancement of the intensity
of w and v’ peaks for Ce>" species could be observed for all catalysts,
and the concentration of Ce>" followed such sequence: 1Pt/CZA-T-a >
1Pt/CZA-a > 1Pt/CA-a. In the XRD section (Fig. 4b), it was found that
1Pt/CZA-T-a showed the most significant decrease in CeO, diffraction
peaks after activation treatment, and such decrease in the CeO; crys-
tallinity should associate with the formation of most abundant Ce>* on
CZA-T support. As reported in previous work, the formation of Ce>*
species was generally related to the generation of more oxygen defects
on CeO; surface [46]. As discussed in Raman spectra and Hy-TPR sec-
tions, the strongest Pt-CeOy interaction and the most intensive reduction
of Pt-CeOy on 1Pt/CZA-T during the activation process (Fig. S10a) might
account for the formation of its highest concentration of surface Ce>*
species. The highest concentration of surface Ce>" and the resulted ox-
ygen defects on 1Pt/CZA-T-a among the three catalysts could efficiently
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Fig. 6. XPS of Ce 3d for a) CA, CZA and CZA-T supports; b) 1Pt/CA, c) 1Pt/CZA and d) 1Pt/CZA-T catalysts before and after activation treatment.

facilitate the oxygen activation and oxygen transfer, thus ensuring its
highest CO oxidation activity. It must be noted that XPS peaks of Pt 4f
and Pt 4d overlap with Al 2p and Zr 3p, respectively, therefore, the Pt
XPS and the surface composition could not be provided in this study.

3.4. OSC testing to determine oxygen activation/transfer capability

It has been widely reported that the CO oxidation on CeOy-supported
Pt catalysts followed a Mars-van Krevelen (MvK) mechanism where CO
adsorbed on Pt species reacted with oxygen from CeOx lattice to form
CO4 [30,33,47-49]. Considering this, the CO oxidation activity of a
CeOq supported Pt catalyst should be strongly correlated its ability of Oy
adsorption, activation and transfer. Dynamic OSC testing using cycling
CO/0, pulses is an effective approach to characterize such properties of
CeO2-containing catalysts. The OSC testing was performed on both as-
prepared and aged catalysts, and all catalysts were activated by Hj at
400 °C for 1 h before testing. As shown in Fig. 7a, the OSC values on as-
prepared catalysts followed the order of 1Pt/CZA-T-a > 1Pt/CZA-a >
1Pt/CA-a at all investigated temperatures (80-140 °C). The doping of
ZrO, into CeO; could increase the OSC value of 1Pt/CA-a by ca. 20%,
and by adopting the unique T-IWI method for CZA-T support prepara-
tion, the OSC value could be further improved.

It is well known that Zr** ion (86 pm) is smaller than Ce** ion (101
pm). When Zr** is introduced into CeO,, more lattice defects could be
created due to the lattice shrinking and strain [50]. It has been widely
reported that the lattice defects were able to reduce the activation en-
ergy of lattice oxygen and enhance the oxygen mobility in CeOy bulk
[51,52], which provides an explanation for the higher OSC on 1Pt/CZA-
a and 1Pt/CZA-T-a than 1Pt/CA-a. Although CZA and CZA-T showed
similar values of OSC (87 pmol O-gcatfl at 300 °C, Fig. S14a), there was
more promotion effect for the OSC function on CZA-T after Pt

deposition. As already demonstrated in HAADF-STEM, XRD, Raman
spectra and XAS results, more abundant and smaller Ceg ¢gZr( 102 entities
with well dispersed Pt clusters could be formed on 1Pt/CZA-T-a. Such
unique structures could contribute significantly to the enhanced OSC on
1Pt/CZA-T-a catalyst.

ZrO; doped CeO3 is a common OSC material widely used in three-
way catalysts (TWCs) for gasoline emission control. To compare the
OSC function of 1Pt/CZA-T-a with conventional Pt/CeO»-ZrO, mate-
rials, two types of CeO3-ZrO2 mixed oxides (Ce-Zr molar ratio as 9:1 and
6:4) were also prepared by a co-precipitation method followed by
loading of 1 wt% Pt using IWI method (with obtained catalysts denoted
as 1Pt/C9Z1 and 1Pt/C6Z4). As shown in Fig. 7b, 1Pt/CZA-T-a still
possessed much higher OSC values than 1Pt/C9Z1-a and 1Pt/C6Z4-a.
The superior OSC function and the much lower amount of CeZrO,
used in 1Pt/CZA-T-a (only 30% of those in 1Pt/C9Z1-a and 1Pt/C6Z4-a)
made 1Pt/CZA-T-a catalyst highly promising for automotive emission
control in terms of both catalytic performance and cost-effectiveness.

After aging treatment, 1Pt/CZA-T-800A-a still showed higher OSC
value than 1Pt/CA-800A-a and 1Pt/CZA-800A-a (Figs. S14b and c). To
see the correlation between OSC function and CO oxidation activity, the
CO reaction rates as a function of OSC values at 120 °C were plotted and
shown in Fig. 7c. It can be clearly seen that the CO reaction rates on as-
prepared and aged catalysts after activation were linearly correlated
with their respective OSC values, indicating that the storage, activation
and transfer of oxygen greatly determined the catalytic oxidation ac-
tivity of Pt-based catalysts studied herein.

3.5. Reaction mechanism determined by in situ DRIFTS of CO
Adsorption/Oxidation

In situ DRIFTS is a powerful tool to investigate the surface structure of
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a catalyst via monitoring the adsorption of probe molecules. To further
explore the initial dispersion state of Pt species on different supports, in
situ DRIFTS of CO adsorption at 25 °C was performed on 1Pt/CA, 1Pt/
CZA and 1Pt/CZA-T catalysts. As shown in Fig. 8a—c, over all three
catalysts, a well-defined peak at ca. 2098 cm ™! could be observed, which
could be assigned to CO adsorbed on ionic Pt species corresponding to Pt
single sites (CO-PtM@Ptl) on CA, CZA and CZA-T supports [4]. How-
ever, the intensity and FWHM of the peak at 2098 cm™' varied
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significantly for the three catalysts (Table 2). The CO adsorption peak on
1Pt/CZA-T catalyst showed the minimum FWHM among the three,
suggesting a most homogeneous coordination environment of Pt single
sites on CZA-T support. For 1Pt/CZA and 1Pt/CA, a similar FWHM was
detected. However, the CO adsorption peak on 1Pt/CZA was much more
intense than that on 1Pt/CA, indicating that more exposed Pt single sites
were present on CZA surface. It was also noticed that, in Ar or O, flow,
the intensity of the band assigned to CO-Pt>*@Pt; minimally changed
even at temperatures up to 100 °C (Fig. S15). These results indicated
that CO was over-strongly bound to Pt single sites (CO poisoning effect),
which resulted in the limited activity for 1Pt/CA, 1Pt/CZA and 1Pt/CZA-
T for CO oxidation at low temperatures [30]. In other words, ionic Pt
single sites on catalysts without activation were not active for CO
oxidation at least at low temperature, which correlated well with pre-
vious CO oxidation results.

In order to further determine the true active sites, the DRIFTS spectra
for CO adsorption on 1Pt/CA-a, 1Pt/CZA-a and 1Pt/CZA-T-a at 25 °C
were collected and shown in Fig. 8d-f. Three CO adsorption bands were
observed on the activated catalysts. In addition to the bands at ca. 2100
em ™! assignable to CO adsorbed on ionic Pt sites (CO-Pt®* @PtO,), new
bands at ca. 2084 cm™! and ca. 2066 cm ™! were also observed on acti-
vated catalysts, which could be assigned to CO linearly adsorbed on the
terrace sites of metallic Pt clusters (well-coordinated Pt sites) and step/
corner sites of metallic Pt clusters (under-coordinated Pt sites), respec-
tively [30,53-55]. The CO adsorbed on metallic Pt clusters was denoted
as CO-Pt’@cluster. Although all the activated catalysts presented three
types of Pt species, the band intensities for CO adsorption on these
catalysts were totally different. The band of CO-Pt°@cluster on 1Pt/
CZA-T-a was most intense, indicating the most abundant Pt cluster
sites on this activated catalyst. As illustrated in Fig. 8g—i, the intensities
of the bands attributed to CO—PtO@cluster decreased dramatically after
the introduction of O5 into the stream at 50 °C, which meant that CO
adsorbed on metallic Pt clusters were highly reactive species during the
CO oxidation reaction. Cargnello et al. has found that the CO oxidation
performance on CeO; supported catalysts could be significantly
enhanced at metal-CeO; interfacial sites for VIII metal catalysts [56]. On
1Pt/CZA-T-a catalyst, the presence of most abundant small Pt clusters,
the formation of richest Pt-CeO; interface, and the highest concentration
of surface Ce3>/oxygen defects significantly contributed to its highest
OSC function and CO oxidation activity among all the activated cata-
lysts. And it would be discussed in detail later.

The H50 effect on the catalytic performance of 1Pt/CZA-T-a was
investigated by in situ DRIFTS of O3 reacting with pre-adsorbed CO on
H5O-treated 1Pt/CZA-T-a (air with 10 vol% H5O at 100 °C for 1 h). As
shown in Fig. S16, the reactivity of CO adsorbed on metallic Pt sites was
promoted after HoO treatment, suggesting that the adsorbed —OH/H50
could facilitate the CO oxidation reaction on 1Pt/CZA-T-a catalyst.

The stability of Pt clusters on 1Pt/CZA-T-a was well verified by in situ
DRIFTS of CO oxidation experiments conducted at 50 and 100 °C
(Figs. S17 and S18). The superior stability of active Pt species on 1Pt/
CZA-T-a was also demonstrated by a cycling CO oxidation test from
room temperature to 300 °C in the presence of 5 vol% H,0 (Fig. S19),
where the CO oxidation activity on 1Pt/CZA-T-a and 1Pt/CZA-a showed
no obvious decrease even after 3 cycles (with 1Pt/CZA-T-a always out-
performing 1Pt/CZA-a). To further investigate the stability of Pt clusters
on activated aged samples, in situ DRIFTS of CO adsorption was also
conducted on fresh 1Pt/CZA-T-800A-a and 1Pt/CZA-800A-a, as well as
spent 1Pt/CZA-T-800A-a and 1Pt/CZA-800A-a (which was exposed to
CO + Og reaction flow at 200 °C for 1 h) for comparison (Fig. S20). It was
found that Pt clusters on 1Pt/CZA-T-800A-a indeed showed better sta-
bility than those on 1Pt/CZA-800A-a. These results suggested that the
CZA-T support favored the higher stability of Pt clusters.

3.6. Relationship between catalytic performance and catalyst properties

To reveal the relationship between catalyst structure and CO
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oxidation activity, the results of CO oxidation rates, Pt cluster sizes
determined by HAADF-STEM, and XAS results were rearranged and
presented in Fig. 9. In XAS analysis section, the coordination number
(CN) of Pt-Pt and Pt-O were directly related to the size of Pt clusters on
different supports. Pt clusters with smaller particle size showed higher
CNpt.o and lower CNpep; (Fig. 9a), which was well supported by the
results of Raman spectra (Table 2, Fig. S11), in situ DRIFTS of CO
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adsorption (Fig. 8) and HAADF-STEM results (Fig. 3). As illustrated in
Fig. 9b, the CO oxidation activity (with or without 5 vol% H3O in the
reactant stream) of as-prepared catalysts after activation was highly
related to the size of Pt clusters, where the catalyst possessing smaller Pt
clusters with more active sites at Pt-CeOs interface exhibited higher CO

oxidation activity.

To further investigate the role of Pt-CeOy perimeter sites in CO
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oxidation activity, the turnover frequency (TOF) based on the number of
surface exposed Pt sites (TOFgyf) and the number of perimeter Pt sites
(TOFperi) was calculated. The details of the calculation can be found in
Text S1 and Table S3 in Supporting Information. As shown in Fig. 10,
although the TOFgf on 1Pt/CZA-T-a was higher than that on 1Pt/CZA-a
and 1Pt/CA-a, the TOF;; was almost the same on these three catalysts.
More perimeter sites on 1Pt/CZA-T-a could facilitate the activation of
oxygen, and the activated oxygen could efficiently react with CO
adsorbed on metallic Pt sites of Pt clusters. Therefore, 1Pt/CZA-T-a
exhibited the best CO oxidation activity, which was well supported by
the reports that the ceria perimeter sites at the noble metal-support
interface in combination with CO covered and thus reduced Pt parti-
cles are crucial to enable a fast reaction pathway at low temperature
[57]. More perimeter sites and relatively higher concentration of surface
Ce*t on 1Pt/CZA-T-a also well explained its higher dynamic OSC
function.

4. Conclusion

A novel CeOy-ZrO2/Aly,03 support (CZA-T) with fine Cep9Zrp102
particles was successfully synthesized by the two-step incipient wetness
impregnation (T-IWI) method. The fine Ceg 9Zr( 10, particles on CZA-T
favored the Pt species to be highly dispersed and strongly anchored in
single site form. Although 1Pt/CZA-T showed the lowest initial CO
oxidation activity among the studied catalysts, after Hy reduction acti-
vation, 1Pt/CZA-T-a showed the highest catalytic performance in CO
and C3Hg oxidation. Smaller homogeneous Pt clusters were formed on
1Pt/CZA-T-a comparing to those on 1Pt/CA-a and 1Pt/CZA-a resulted
from conventional one-step IWI method. As a result, more Pt-CeOy
perimeter sites were formed on 1Pt/CZA-T-a, which contributed to its
higher OSC function and catalytic oxidation performance. Furthermore,
1Pt/CZA-T also showed superior thermal stability. This work provides a
new design strategy for the cost-effective Pt/CeOq-based catalysts with
better catalytic oxidation performance and lower CeO, usage for more
efficient industrial applications.
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