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ABSTRACT: The geometrical structure of metal nanoparticles has been
found to be a critical factor that can influence the catalytic behavior
significantly. For typical metal nanoparticles, the exposed surface atoms usually
exhibit different coordination environments among different surface sites. By in
situ diffuse reflectance Fourier transform infrared spectroscopy, kinetic
measurements, and DFT calculations, it has been found that, for Pt-catalyzed
CO oxidation at different temperatures, CO reacts preferentially on different
surface sites of Pt nanoparticles. At low temperatures, Pt species with higher
coordination numbers (≥7-fold coordinated) present higher catalytic activities
due to the lower CO adsorption energy. However, at high temperatures,
especially beyond the ignition temperature, Pt species with lower coordination
numbers (≤6-fold coordinated) play a predominant role because of their better capability for O2 activation.
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■ INTRODUCTION

Metal catalysts are widely used in various industrial processes
such as the production of fuels, chemicals, raw materials, and
environmental remediation.1,2 Understanding the catalytic
behavior of metal catalysts has always been one of the core
interests among the heterogeneous catalysis community. It is
now well recognized that two general factors, known as
geometric and electronic factors, can influence the catalytic
properties of heterogeneous metal catalysts.3,4 These two
aspects are usually associated with the atomic arrangement on
the surface and the chemical states of a metal catalyst.
Numerous fundamental research studies have been carried

out to clarify how geometric structures affect the catalytic
behavior of different metal catalysts. For instance, Pt catalyst,
as one of the critical active components in the three-way
catalyst, has been intensely studied for the CO oxidation
reaction.5 Investigation of the different facets of Pt single

crystals has been thoroughly performed during the last
decades, leading to a comprehensive understanding of the
adsorption and reaction of CO on different Pt surface
structures.6−13 For example, it is found that, on most single
Pt crystal surfaces, this reaction most likely proceeds by a
Langmuir−Hinshelwood mechanism,11 while the oscillatory
behaviors are quite different among Pt(110), Pt(100), and
Pt(111) surfaces.6,13 These results imply that the surface
structures of Pt nanoparticles can govern the performance of Pt
catalysts.14,15

Studies have been brought to shed light on the effect of
coordination numbers of metals on the CO catalytic oxidation
reactions.16,17 Well-coordinated Pt (WC, 9-fold coordinated)
sites on the alumina-supported Pt nanoparticles have been
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designated as the active sites for this reaction by CO-IR
spectroscopy.16 However, the activity of specific active sites
comes from the balance among the adsorption/desorption
equilibrium, surface diffusion, surface reaction, etc. As a result,
factors other than the structure of the catalyst per se, such as
reaction temperature, are also considered to influence the
catalytic performance significantly. It is worth mentioning that,
as much as the in situ spectroscopic method has been
developed, limited studies have been carried out with in situ
infrared characterizations at high temperatures (typically >400
K),16,18 at which the apparent conversion of the CO would
have emerged. This situation is most likely because of the
drastic reaction between the adsorbed CO and the continuous
flow of O2, making it challenging to capture the surface species
by conventional IR spectroscopy. Further evidence with in situ
characterizations on this topic has shown that, during the
reaction, active gas molecules such as CO, O2, and H2 may
induce the surface reconstruction or the change of particle size
at various temperatures.19−21 This discovery has indicated that,
for Pt nanoparticles, distinct active sites may be present at
different reaction temperatures. It has been found that single
atoms, to which a great deal of attention has been paid in
recent years,22−26 do not always serve as efficient catalysts as
particles for this reaction due to their strong adsorption
strength at 373 K; yet as the temperature is elevated, the CO
adsorbed on the single atoms also reacts with oxygen.18 These
understandings, especially the variation of active sites caused
by the reaction conditions, could lead to more explicit ways for
the design of better catalysts. At this point, characterization of
the catalytic process at various temperatures, especially beyond
ignition temperature (>400 K),27 is indispensable to the full
perception of this reaction.
In this work, by in situ pulsed IR spectroscopic, kinetic

studies and computational research, it will be demonstrated
that, at different temperatures, different Pt surface sites
dominate this catalytic reaction. In the low-temperature region,
Pt surface sites with higher coordination numbers (≥7-fold
coordinated) are the active sites. However, at a higher
temperature (beyond ignition temperature), highly under-
coordinated (H-UC, ≤6-fold coordinated) Pt sites are the
active sites. In both theoretical and experimental ways, we have
proved that CO adsorption and O2 activation synergistically
regulate the activity of different Pt surface sites for this reaction
at different temperatures.

■ EXPERIMENTAL SECTION
Pt nanoparticles supported on two different sized faujasite
(FAU) zeolites,28 which have been widely used as catalyst
supports because of their catalytic inertness, highly ordered
structures, and narrow tunnels that could confine the growth of
metal particles,23,29 have been prepared. There are, never-
theless, drawbacks such as poor stabilities under the electron
beam, leading to difficulties in acquiring high-resolution
transmission electron microscopy (HR-TEM) images. For-
tunately, this problem can be overcome by specific skills such
as taking images quickly within seconds with computational
reconstruction during TEM imaging.18,30,31

Synthesis of Catalysts. The zeolites were prepared
hydrothermally as previously reported.28 The nanosized Y
zeolites were synthesized by controlling the hydrothermal time
and temperature and are labeled as NanoY and Y, respectively.
The Si/Al ratios (by ICP) of NanoY and Y are 1.6 and 2.3,
respectively. Pt was introduced by ion exchange followed by

calcination at 623 K. In a typical synthesis of the catalyst, 1 g of
Y zeolite was stirred for 1 h after ultrasonically dispersed in 200
mL of DI water, followed by adding 19.80 mg Pt-
(NH3)4(NO3)2 dissolved in 50 mL of DI water dropwise.
The suspension was then stirred vigorously for 3 h before it
was filtered. The sample collected was washed with water three
times and acetone once. After it was dried at 403 K overnight,
the as-prepared sample was calcined in the presence of flowing
20% O2 in Ar in a once-through glass tubular flow reactor. The
stream of the gas flowed at a rate of 200 mL/min as the
temperature was ramped to 623 K at a rate of 1 K/min. The
temperature of the reactor was held at 623 K for 4 h, and then
it was cooled to room temperature with a continuous gas flow.
Samples calcined in O2/Ar were recalcined in a 7% H2/Ar flow
at 623 K for another 2 h at a ramp of 5 K/min. These samples
were designated as Pt/NanoY and Pt/Y, respectively. The Pt
loading and Si/Al ratio of the catalysts were tested by ICP-
AES.

CO Oxidation Catalysis. Catalysts were pretreated for 30
min at 573 K under an Ar flow at a rate of 25 mL/min. The
reaction was carried out in a fixed-bed reactor, where the data
was collected by an online gas chromatograph equipped with
two columns, a flame ionization detector (FID) and a thermal
conductivity detector (TCD) used for analyzing the
production. The feed was 1.6% CO and 20% O2 in Ar with
a total flow rate of 25 mL/min at atmospheric pressure. A 50
mg portion of the catalyst was used for the test of the light-off
curve, corresponding to a space velocity of 30000 cm3(STP)/
(g h). For the kinetic test, aside from the confirmation of the
kinetic regime (Figure S1), only 10 mg of catalyst diluted with
90 mg of inert γ-Al2O3 was used, corresponding to a space
velocity of 150000 cm3(STP)/(gcatal h). To eliminate the
influence of heat and mass transfer on the kinetic measure-
ments, we performed the test of TOF at 403 K with Pt/Y
catalyst with different dilution ratios of catalyst vs inert alumina
from 1:4 to 1:24.32,33 At a dilution ratio of 1:9, the diluted
pellets were also mixed with SiO2 grains to examine the effect
of external mass/heat transfer. At a dilution ratio of 1:24, a test
at a different space velocity was also performed. All TOF tests
for the confirmation of the kinetic regime mentioned above
show very similar results (see Figure S1), indicating that our
test is at the kinetic regime. The dilution of the catalyst was
achieved by grinding the catalyst powder and the inert alumina
with a mortar for at least seven times. All conversions, for the
kinetic study, were kept below 20%.
CO conversion is calculated by

= −
[ ]
[ ]

×
i
k
jjjjj

y
{
zzzzzCO conversion 1

CO
CO

100%out

in

TOF is calculated by

= × ×
× × ×D

TOF
(CO conversion) 1.6% 0.025 L/min

22.4 L/mol 60 s/minm
195 g / mol Pt

Pt

Characterization. X-ray diffraction (XRD) measurement
patterns were recorded on a Philips X’pert Pro diffractometer
using Ni-filtered Cu Kα radiation (λ = 0.15 nm). The X-ray
tube was operated at 40 kV and 40 mA.
In situ diffuse reflectance infrared Fourier transform

spectroscopy (DRIFTS) was carried out on a Nicolet 5700
FT-IR spectrometer equipped with an MCT detector. The
cup, in which ca. 20 mg of the sample was pressed and
mounted, was pretreated with pure He at 573 K for 30 min to
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eliminate the adsorbed impurities before it was cooled to a
specific temperature chosen from 363 to 433 K. A flow of 10%
CO in He was introduced at a rate of 30 mL/min to the
sample to achieve the adsorption equilibrium. Pure He was
applied to purge the gas phase as well as the weakly adsorbed
CO for 20 min after the adsorption of CO. For the O2-pulse
test, a homemade valve was applied to pulse 1 mL of O2 every
minute, while FT-IR spectra were collected simultaneously
with the pulses. The spectra were collected from 400 to 4000
cm−1 at a spectral resolution of 4 cm−1 for 32 scans. It is
pointed out by a report34 that, from a quantitatively analytic
point of view, the DRIFTS data presented in the form of
Kubelka−Munk and of (pseudo)absorbance should be chosen
with the consideration of surface concentrations. We compared
the different presentations of our results of the COad spectra
after different pulses (see Figures S2 and S3). The data in
different forms have no effect on the understanding of CO
adsorption. For quantitative purposes, we present the IR data
in Kubelka−Munk form in this study. For the temperature-
programmed desorption (TPD) test, CO was introduced to
achieve the adsorption equilibrium, followed by He purging.
The ramp rate of the temperature was β = 10 K/min, allowing
the Redhead analysis35 by the equation

β
= −

i
k
jjjj

y
{
zzzz

E
RT

vT
ln 3.64

p

p

where E is the desorption energy and Tp is the peak desorption
temperature. The rate constant was previously determined as v
= 1015 s−1.35,36 For the temperature-programmed oxidation
(TPO) test, 1% O2/He was introduced after the CO
adsorption. The ramp rate of the temperature was β = 10
K/min, with a spectrum collected every 5 K.
The microscopic measurements were performed on an FEI

Tecnai F20 transmission electronic microscope operating at
200 kV in scanning-transmission mode (STEM) and in
transmission mode (TEM). STEM images were obtained
using a high-angle annular dark-field detector (HAADF),
which allows Z-contrast imaging. All images except those for
the beam-damage test were focused and recorded in 1 min to
eliminate beam-induced corruption or agglomeration to the
sample.
The X-ray absorption fine structure (XAFS) measurements

were collected at the Shanghai Synchrotron Radiation Facility
(SSRF), using the beamline BL14W1 in fluorescence mode
with a Lytle collector.37 The after-reaction samples were
pretreated with a reaction gas feed at 443 K for 2 h in a U-
shaped tube with valves on each end. The samples were then
sealed with Kapton tapes in a glovebox under N2 protection. Pt
foil and PtO2 were used for calibration and standards. The
XAFS data were processed with the IFEFFIT package.38

Computational Methods. The Vienna ab initio simu-
lation program (VASP) was applied to calculate the
adsorption/desorption behaviors of CO and O2 and CO
oxidation pathways on Pt clusters on the basis of density
functional theory (DFT).39,40 The exchange-correlation func-
tional was described by the Perdew−Burke−Ernzerhof
(PBE)41 approximation. The cutoff energy was set to 400
eV. All calculated energies were converged to within 10−4 eV,
and forces were converged to within 0.05 eV/Å. Two Pt
clusters were built with 43 and 92 atoms in cubic boxes of 25
and 30 Å, respectively, which represented the Pt particles in

Pt/NanoY and Pt/Y. Only the Γ point was considered in the
Brillouin zone. The adsorption energies were calculated by

= − −−E E E Eads CO Pt cluster CO(g) Pt cluster

where Eads, ECO‑Pt cluster, ECO(g), and EPt cluster were the
adsorption energy, the energy of CO adsorbed on the Pt
cluster, the energy of gas-phase CO, and the energy of the Pt
cluster, respectively. For the adsorption of CO, fully CO
covered structures were constructed on both clusters.
However, for the adsorption and dissociation of O2, the CO
molecule with minimum desorption energy was considered to
desorb from the Pt cluster. The O2 molecule was then located
on the very Pt site. Both Eley−Rideal (E-R) and Langmuir−
Hinshelwood (L-H) mechanisms were considered to calculate
the CO oxidation pathway. For the E-R theory, a gas-phase
CO was adsorbed on the adsorbed O2 to formulate CO2. For
the L-H theory, CO2 was formed by CO adsorbed near the O2-
adsorbed Pt site reacted with the oxygen species. The
transition state of the CO oxidation was searched by the
climbing image nudged elastic band method by considering six
intermediate images.

■ RESULTS AND DISCUSSION
Catalyst Synthesis and Structure. To generate Pt

nanoparticles with different surface structures as model
catalysts, we have utilized zeolite Y with different sizes (10−
30 nm, NanoY; >200 nm, Y) as a relatively inert support.42 By
the conventional ion-exchange method, Pt species can be
introduced to zeolite Y crystallites. The structural character-
izations of both supports and catalysts can be found in Figures
S4−S8. It is found from STEM-HAADF images (see Figure
1a,b and Table 1) that Pt is well dispersed in both samples

Figure 1. STEM-HAADF images of Pt/Y (a) and Pt/NanoY (b).
Average sizes of Pt particles of Pt/Y (c) and Pt/NanoY (d) estimated
from particle counts in STEM-HAADF images with more than 1000
particles (scale bar: 50 nm).
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with narrow distributions. For the Pt/NanoY sample, the
average size of Pt particles is ∼1.0 nm, while for Pt/Y, Pt
particles show a larger average size of ∼2.1 nm. From a
structural point of view, for a metal nanoparticle with face-
centered-cubic (fcc) crystallographic structure, the percentage
of exposed surface atoms will increase when the particle size is
decreased. Furthermore, the exposed surface atoms within the
smaller particles will exhibit a lower average metal−metal
coordination number (CNM−M) in comparison to the larger
particles. Therefore, in the Pt/NanoY sample, it is expected
that a higher amount of highly undercoordinated Pt atoms will
be present on the surface of Pt nanoparticles in comparison to
those in the Pt/Y sample. In addition, synchrotron-based X-ray
absorption fine spectroscopy (XAFS, Figure S9) could also
indicate the structural properties of supported Pt particles. It
can be inferred from the first Pt−Pt shell from the extended X-
ray absorption fine spectra (EXAFS) of the Pt/Y sample that
this sample contains larger Pt clusters in comparison to those
of Pt/NanoY.
The surface coordination state of the exposed Pt atoms in Pt

nanoparticles can be investigated with the relative intensities of
different absorption bands of adsorbed CO in the IR spectra in
a semiquantitative way.16 The attribution of those peaks in the
spectrum has been thoroughly studied in earlier reports.16,19,43

As shown in Figure 2, in a typical CO-IR spectrum of Pt
nanoparticles, two absorption bands can be observed. The
band at higher frequency (2080−2060 cm−1) is assigned to be
the collective oscillation of CO molecules linearly adsorbed on

the undercoordinated (UC, 7−8-fold coordinated) Pt sites,
while the other at lower frequency (2055−2000 cm−1) is
assigned to the collective oscillation of CO linearly adsorbed
on highly undercoordinated (H-UC, ≤ 6-fold coordinated) Pt
sites. CO adsorbed on WC Pt sites (usually at ca. 2098 cm−1)
was not detected on either of the samples, due to the small
sizes of the Pt particles present in higher amount of H-UC Pt
sites being formed in the Pt/NanoY sample, which is in line
with the smaller particle size.

Catalytic Performance in CO Oxidation and the
Change of Active Sites. We have tested the catalytic
performance of Pt/Y and Pt/NanoY for CO oxidation
reactions in a fixed-bed reactor. The light-off curve provides
vital information such as ignition temperature (see Figure S10
for the light-off curve). Nevertheless, the light-off curve can be
affected by other factors such as the mass/heat transfers or the
total Pt surface area.27 To study the intrinsic activity of Pt
surface atoms, the turnover frequency (TOF) was also tested.
Table 1 has summarized the ignition temperatures and the
TOF values at different reaction temperatures of two catalysts.
At low temperature (e.g., 363 K), both catalysts exhibit low
TOFs. Pt/Y gives a slightly higher TOF, implying that Pt
nanoparticles with larger particle size are more active than the
small particles in this situation. It is noted that there would be
an ignition process for Pt-catalyzed CO oxidation. The ignition
temperature is believed to be important for the design of a
practical exhaust catalyst for emission control. As the
temperature increases, Pt/NanoY transcends the Pt/Y sample
with a higher TOF (see Figure 3), which is accompanied by
the ignition progress (Figure S10).
This change in relative catalytic activities at different

temperatures implies a change in the reaction pathways or
type of active sites. Pt/NanoY with more H-UC Pt sites is

Table 1. Synthesis and Catalytic Performance of Pt/Y and Pt/NanoY

catalyst Pt (wt %)a particle size (nm)b dispersionc TOF (102 s−1) at 403/363 Kd ignition temp (K)

Pt/Y 0.6 2.13 ± 0.56 0.47 6.30/1.14 433
Pt/NanoY 0.6 1.03 ± 0.25 0.79 9.85/1.05 403

aLoading was calculated from ICP-AES. bEstimated from particle counts in STEM-HAADF images with more than 1000 particles. cThe Pt

dispersion was calculated by = − +⟨ ⟩
⟨ ⟩

⟨ ⟩
⟨ ⟩

D 1.483 0.733d
d

d
d d

0.1212

3 3 3 , where d is the average particle size. TOFs were measured by normalizing the

molecular reaction rate (moles of CO/(moles of Pt s)) to the dispersion measured by STEM (D). dNote that kinetic measurement could be
affected by intrapellet heat transfer caused by the exothermic reaction per se.32 This effect is eliminated by the confirmation of the kinetic regime
(see Figure S1).

Figure 2. Normalized DRIFT spectra of CO adsorption at 363 K for
Pt/Y (orange) and Pt/NanoY (green). Figure 3. CO oxidation of TOFs of both catalysts at 363 and 403 K.
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found to exhibit a lower igniton temperature (Table 1 and
Figure S10), indicating a better potential for smaller Pt
particles with more H-UC Pt sites as a low-temperature
emission-control catalyst. Moreover, the catalytic stabilization
of both samples was tested under working conditions for more
than 10 h, as shown in Figure 3. No deactivation was observed
during the stability test, and the distribution of Pt sites with
different coordination states in both samples also remained
stable, which was confirmed by CO-IR adsorption spectra
(Figures S11 and S12).44 The average sizes of both samples do
not change up to the reaction at 443 K, which also suggests an
unchanged site distribution (Figures S13 and S14)
Identification of the Active Sites at Low Temper-

atures (before Ignition Temperature). In order to identify
the active sites of Pt/zeolite catalysts, we adopted a modified in
situ DRIFT spectroscopic method from an early report16 by
injecting O2 into the cell to react with the CO adsorbed on the
surface of Pt/zeolite catalysts every 1 min, whereas a DRIFT
spectrum was collected simultaneously. In a typical experiment,
CO was introduced to achieve saturated adsorption, followed
by He purging to remove CO in the gas phase (see Figure S16
for the spectra of the last 5 min of He purge), and then O2
pulses were injected while the spectra were collected.
According to the DRIFT spectra of Pt/Y at 363 K (see Figure
4a), the intensity of the IR band at 2075 cm−1, corresponding
to CO adsorbed on UC Pt sites, decreased after the
introduction of oxygen to the sample, while for the IR bands
the peak at <2050 cm−1, corresponding to H-UC Pt sites,
remained almost unchanged. Figure 4b shows the percentage
of the integrated area of two peaks as a function of pulses,
indicating that CO adsorbed on UC Pt sites reacts more
quickly with O2, which is consistent with early reports that, at a
relatively low temperature (before ignition), UC Pt sites play a
predominant role in CO oxidation rather than H-UC Pt sites.16

In addition, for Pt/NanoY with mainly H-UC Pt sites,
adsorbed CO barely reacted with O2 pulses (Figure S17a).
The low activity of Pt catalysts at low temperatures is

proposed to be related to the strong adsorption of CO on
surface Pt sites, which blocks the Pt sites for O2 activation.

11

The difference in activities at low temperatures is supposedly
related to the difference of CO adsorption/desorption
behavior between UC and H-UC Pt sites. To clarify the CO
adsorption behavior over different Pt species, a TPD test was
performed by DRIFTS, as shown in Figure 5. As mentioned
above and shown in Figure 5a, for Pt/Y, two peaks of adsorbed
CO indicate two different kinds of Pt sites. Figure 5c shows the
profile of spectroscopic intensities of CO adsorbed on both
UC and H-UC Pt sites as the temperature rises. When the
temperature is increased, CO adsorbed on UC sites (peak at
2070−2080 cm−1) decreased first, reaching the fastest
desorption at ∼420 K. CO adsorbed on H-UC sites (peak at
2040−2050 cm−1) desorbed most extensively at ∼540 K. For
Pt/NanoY (Figure 5b,d), only one peak of CO adsorbed on H-
UC Pt sites was present, which desorbed most rapidly at ∼520
K. A Redhead analysis36 was also performed to compute the
desorption energies of CO on different Pt sites (Table 2 and
Table S1). For Pt/Y, the desorption energy of CO is 1.42 eV
on UC Pt sites and is 1.83 eV on H-UC sites, proving that
adsorption on H-UC Pt sites is stronger. For Pt/NanoY, the
desorption energy is 1.76 eV for H-UC Pt sites. It is noted that,
from the CO-TPD profiles, at elevated temperatures, a slight
shift of the peak position is observed as well as the desorption,

which indicates a minor surface reconstruction,19 especially at
ca. 520 K.
Density functional theory (DFT) calculations were

performed to study the adsorption behavior of CO on both
UC and H-UC sites. According to the IR results, two Pt
clusters (Pt92 and Pt43) were constructed to simulate the
surface coordination states of Pt/Y and Pt/NanoY, respec-
tively. The Pt92 cluster was constructed with the surface sites of
a combination of mainly UC sites (CNM−M = 7−8) and a
minority of H-UC sites (CNM−M = 5), while the surface of the
Pt43 cluster totally consisted of H-UC Pt sites with the main
CNM−M value of 6. It is reported45 that CO diffusing from step
to terrace sites is more facile than desorption from the step site
directly. We calculated both direct desorption and diffusion-
assisted desorption of CO molecules from H-UC sites at the
Pt92 cluster. As shown in Figure S18, the diffusion-assisted
desorption process is more suitable than the direct desorption
process with lower desorption energy, which is also consistent
with a previous reference.45 The DFT calculation results of
adsorption of CO on both clusters (Figure 6) show that CO
exhibits stronger adsorption on H-UC Pt sites, which explains

Figure 4. (a) IR spectra recorded for CO adsorbed on Pt/Y after
every two pulses of O2 at 363 K. Before the introduction of O2, full
CO adsorption was achieved. (b) Percentages of integrated area of
CO adsorbed on UC Pt sites (2080−2060 cm−1) and H-UC Pt sites
(<2055 cm−1) after O2 pulses at 363 K.
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the reason for its low activity at this temperature, and the
calculated desorption energies are 1.40 eV for UC Pt sites and
1.52−1.78 eV for H-UC Pt sites, which are consistent with
those derived from the IR-TPD data (Table 2 and Tables S2
and S3), confirming that CO has a stronger adsorption on H-
UC Pt sites than on UC Pt sites, which according to the
Sabatier principle could inhibit the catalytic process, making
UC Pt sites the active sites at low temperatures.
Identification of the Active Sites at High Temper-

atures (beyond Ignition Temperature). As mentioned
before, the relative activity of Pt particles with different sizes
for CO oxidation can change with the temperature (Figure 3).
In the literature, for Pt catalysts supported on irreducible
supports, a typical ignition behavior can be observed mostly at

above 400 K.46 As shown in Figure 7a,c, a series of spectra
were recorded at elevated temperatures after the injection of

O2 to the CO-adsorbed Pt/Y sample. At 403 K, both of the
peaks decreased after the O2 was injected, indicating that CO
adsorbed on both types of Pt sites can react with O2 at this
temperature. To eliminate the surface reconstruction effect on
the observation of the reaction between CO and pulsed O2, we
also performed a CO-adsorption test with both samples at
different CO concentrations (see Figure S19). As shown in
Figure S19, it can be deduced from the identical spectra that,
for both samples, there is nearly no change of the CO
adsorption patterns at different CO partial pressures, which
could rule out the possibility of surface reconstructions. The
CO adsorbed on H-UC sites decreased even more quickly after
O2 was introduced in comparison to CO adsorbed on UC sites
at 433 K, suggesting that, at this temperature where ignition
(see Figure S10) took place, the H-UC Pt sites exceeded the
UC sites in being the most active sites in this catalyst. Figure
7b,d summarizes the trends of CO consumed on both sites at

Figure 5. TPD profiles of Pt/Y (a, c) and Pt/NanoY (b, d). He was
introduced after the full CO adsorption on the sample at room
temperature, after which the temperature was elevated with a ramp of
10 K/min, with the collection of spectra every 5 K.

Table 2. Experimentally Derived and DFT-Calculated
Desorption Energies of CO on UC and H-UC Pt Sites

desorption energy (eV)

sample UC Pt sites H-UC Pt sites

Experimental Results
Pt/Y 1.42 1.83
Pt/NanoY 1.76

Computational Results
Pt92 cluster 1.40 (site 1)a 1.52 (site 2)a

Pt43 cluster 1.78 (site 1)b

aComputational desorption energies are calculated on sites labeled in
Figure 6a. bComputational desorption energies are calculated on sites
labeled in Figure 6b.

Figure 6. Atomic structures and average CO adsorption energies of
CO fully covered Pt92 (a) and Pt43 (b) clusters. Yellow and green
indicate UC Pt sites and H-UC Pt sites, respectively. Numbers in the
Pt clusters show the calculated sites for CO desorption (see Tables S2
and S3 for detailed results).

Figure 7. IR spectra recorded for CO adsorbed on Pt/Y after every
two pulses of O2 at 403 K (a) and 433 K (c). Percentages of
integrated area of UC sites (2080−2060 cm−1) and H-UC sites
(<2055 cm−1) after O2 pulses at 403 K (b) and 433 K (d).
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different temperatures. These trends demonstrate that, at
elevated temperature, H-UC Pt sites are the most active sites in
this system (see Figure S17b,c for IR results for Pt/NanoY at
403 and 433 K).
The change in the most active sites is also verified by a

temperature-programmed oxidation (TPO) test. To study the
reaction of CO adsorbed on different Pt sites at different
temperatures, after the adsorption of CO at room temperature,
O2 was introduced during the increase of the temperature.
Figure 8a shows the TPO profiles of Pt/Y; the peak intensities

of adsorbed CO on both UC Pt sites and H-UC Pt sites
decreased with the peak reaction rate at different temperatures,
suggesting that the adsorbed CO had reacted with the oxygen
as the temperature increased. It should be mentioned that, due
to the different extinction coefficient factors of different CO-
adsorbing Pt sites for the IR peaks,43 the absolute intensities of
different IR peaks do not necessarily demonstrate the
quantitative reaction behavior directly. The comparison of
the relative intensities of different IR peaks, however, can
illustrate the relative activities of different Pt sites at different
temperatures semiquantitatively. The absolute intensities of
adsorbed CO peaks are plotted in Figure 8b. The ratio of the
intensities of CO adsorbed on UC Pt sites versus that of H-UC
Pt sites is also depicted as a function of the temperature. At
low temperatures (below 393 K), this ratio decreases as the
temperature rises, indicating that CO adsorbed on UC Pt sites
reacts more quickly with O2 than does CO adsorbed on H-UC
Pt sites, which proves that, at low temperatures, UC Pt sites are
the active sites. However, as the temperature increases up to
400 K, especially higher than 420 K, the change in the ratio has

become a mounting pattern along the increase in the
temperature, proving that, at high temperatures, H-UC Pt
sites are the most active sites (see Figure S20 for TPO profiles
of Pt/NanoY). Additionally, there is no peak shift observed
during the TPO test as it can be seen in the TPD test (Figure
5), indicating that, once O2 is introduced in the system, the
reconstruction of Pt surfaces would not affect the observation
of active sites.
The above results from DRIFT experiments have shown that

the active sites have shifted from UC to H-UC Pt sites when
the reaction temperature is increased. It is believed that the
reaction of O2 with CO adsorbed Pt surfaces is the rate-
limiting step, since the strongly absorbed CO species will block
the surface of Pt nanoparticles.32,47,48 In other words, at higher
temperatures where CO started to desorb from the fully
adsorbed Pt surface (Figure 5), the activity of a Pt site to
catalyze this reaction might depend on its ability to activate O2.
This proposed reason for the elevated activity of H-UC sites at
above ignition temperature is also supported by kinetic studies
(Figure 9).49 We studied the kinetic behavior of both catalysts

at a relatively high temperature (403 K), where higher turnover
frequency is observed. At 403 K, the kinetic equation could be
calculated to be

= [ ] [ ]

= [ ] [ ]

−

−

r k

r k

CO O

CO O

Pt/Y Pt/Y
0.46

2
0.68

Pt/NanoY Pt/NanoY
0.62

2
0.92

The negative reaction order of CO further confirms the
inhibition of oxygen activation from the CO adsorption.32,49

The high reaction order of CO in Pt/NanoY also implies that
the CO adsorption on H-UC sites is stronger than that of UC
sites. In addition, TOFs are proportional to O2 pressure,
indicating that the O2 activation limits the rate of this
reaction.32 It can also be concluded that the activation of O2
affects H-UC Pt sites in a more significant manner due to the
higher reaction order for O2. It should be noted that, according
to a previous report,33 at even higher temperatures (700−800
K), O2 dissociation might block the surface from further
reaction, leading to a different situation. It is, however, very
unlikely for O2 to poison the surface at temperatures in this
work due to the positive reaction order of O2.

32 At this point,

Figure 8. (a) TPO profiles of Pt/Y. 1% O2/He was introduced after
He purge of the gas-phase CO among the CO-adsorbed catalyst
surface. (b) Intensities of CO adsorbed on different Pt sites of Pt/Y
and their relative intensity (blue line).

Figure 9. Reaction orders for CO and O2 of Pt/Y and Pt/NanoY. The
rate of CO reaction can be described as r = k[CO]x[O2]

y with x and y
being constants.49
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however, CO does not necessarily poison the surface of Pt
particles, providing positions to bind oxygen species, allowing a
continuous and rapid catalytic reaction to occur. The better
ability to activate O2 further accounts for the higher activity of
H-UC Pt sites at high temperatures.
The above kinetic results of reaction orders confirm the vital

role of O2 activation on CO saturated Pt sites. According to
the CO desorption energies on UC and H-UC sites
(spectroscopic) and different sites of Pt43 and Pt92 clusters,

we considered the first CO desorption sites on Pt43 and Pt92
clusters with an increase in reaction temperature. We then
calculated the adsorption behavior of O2 on the CO-free Pt
sites, as shown in Figure 10 and Table S4. It turns out that the
Pt43 cluster with a majority of H-UC Pt sites can adsorb O2

with an adsorption energy of −0.54 eV (Figure 10a), while for
the Pt92 cluster with more UC Pt sites, O2 is weakly adsorbed
with an adsorption energy of +0.01 eV (Figure 10b). A more
efficient charge transfer between Pt43 and O2 is also confirmed

Figure 10. Atomic structures of O2 adsorbed on CO-saturated Pt43 (a) and Pt92 (b) clusters after one CO molecule desorption. The corresponding
O2 adsorption energies are labeled. Yellow and green indicate UC Pt sites and H-UC Pt sites, respectively. Numbers in the Pt clusters show the
calculated sites for O2 activation (see Table S4 for detailed results). Gray, black, red, and purple balls indicate Pt, C, O (in CO molecules), and O
(in O2 molecules) atoms, respectively. Electronic and bond length analysis of adsorbed O2 on Pt43 (c) and Pt92 (d) clusters.

Figure 11. Proposed reaction pathways of CO oxidation for both catalysts within Langmuir−Hinshelwood or Eley−Rideal mechanisms. Insets
show the corresponding atomic structures of transition states.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.9b02552
ACS Catal. 2019, 9, 7759−7768

7766

http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b02552/suppl_file/cs9b02552_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b02552/suppl_file/cs9b02552_si_001.pdf
http://dx.doi.org/10.1021/acscatal.9b02552


by the theoretical calculations (see Figure 10c,d), which may
further contribute a higher capability for O2 activation on
smaller Pt nanoparticles. The higher capability of O2 under the
CO adsorption equilibrium on Pt may lead to a better activity
for CO oxidation, especially above ignition temperature where
the activation could progress.
The whole CO oxidation reaction mechanism was also

calculated under either the Langmuir−Hinshelwood or Eley−
Rideal pathway (Figure 11). For either reaction pathway,
smaller Pt clusters with more H-UC sites can catalyze this
process more rapidly, provided that O2 can activate the
adsorbed CO, confirming the higher activity at high temper-
atures.

■ CONCLUSION
In the current work, we have identified the temperature-
dependent active sites of Pt/zeolite catalysts for the CO
oxidation reaction by combining spectroscopic, kinetic, and
theoretical studies. At low temperatures where the CO
conversion is low, Pt surface sites with higher coordination
numbers are more active than those with lower coordination
numbers. As the temperature rises to the ignition point, Pt sites
with lower coordination numbers become more active, which
emphasizes the significance of creating more defects in the Pt
catalysts to improve the overall activity, considering the
significant turnover at this temperature. Strong adsorption of
CO on the surface of Pt nanoparticles limits the activity at low
temperatures. The activation of O2 is more favorable on UC Pt
sites due to a lower CO adsorption energy on these Pt sites at
low temperature (typically lower than 370 K). At high reaction
temperature, the situation changes. The inhibition effect of CO
adsorption is overcome and the higher capability to activate O2
leads to a better CO oxidation activity on H-UC Pt sites,
leading to a better overall activity and lower ignition
temperature. As a result, we should consider the working
temperature in the design of practical catalysts with different
purposes. For example, the U.S. Department of Energy has
proposed a request for catalysts that convert over 90% of all
pollutants at 150 °C,50 giving the catalysts with more H-UC
sites a more practical potential. These findings could
contribute to the design of low-temperature three-way catalysts
and emphasize the importance to re-examine the active sites of
different catalysts under the consideration of reaction temper-
ature.
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