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ABSTRACT: Here, we report the different structure sensitivity of Pt nanoparticles supported on titania (rutile vs anatase) for CO
oxidation. The steady-state specific activity of Pt/rutile gradually increases with increasing Pt dispersion, while that of Pt/anatase
remains unchanged regardless of Pt dispersion and is lower than that of Pt/rutile. Our kinetic studies demonstrate that the reaction
order for CO is positive for subnm Pt clusters stabilized on rutile and gradually changes to zero for large Pt clusters (>1 nm). While
Pt/anatase catalysts do not show dependency for CO concentration, irrespective of the size of the Pt nanoparticles. Scanning
transmission electron microscopy (STEM), X-ray photoelectron spectroscopy (XPS), and CO chemisorption results confirm that
the sintering of subnm Pt clusters supported on anatase occurs during the CO oxidation reaction, which is correlated with the
change in the CO reaction order from positive (initially) to zero during the reaction. In contrast, subnm Pt clusters supported on
rutile do not show significant sintering during the reaction but exhibit positive reaction order even at the steady state. Our study
reveals the origin of the dramatic catalytic differences between Pt nanoparticles supported on anatase and rutile, highlighting the
superior stability and activity of the Pt/rutile catalysts.

B INTRODUCTION

The incomplete combustion of fossil fuels, such as exhaust
from automobiles, thermal power plants, and steel mills,
produces a significant amount of exhaust gas containing carbon
monoxide (CO). Therefore, it is crucial to remove the emitted
CO from the atmosphere for environmental and human
health.'~® Pt and Pd/y-AlLO; catalysts are commonly used for
CO removal through oxidation reactions due to their high
activity and durability.”"®> However, these catalysts have
limitations, including rapid deactivation caused by sulfur
poisoning and poor low-temperature activity. In this respect,
Pt/TiO, catalysts have attracted considerable attention due to
their superior low-temperature CO oxidation activity and high
sulfur tolerance.'*™'® The CO oxidation reaction is also
frequently employed as a model reaction to study supported
metal catalysts and to understand the relationship between
structure and catalytic properties.

Numerous studies have been conducted to investigate the
low-temperature CO oxidation activity on Pt/TiO,. It is well-

known that Pt-based catalysts exhibit poor low-temperature
activity due to CO poisoning, which arises from the strong
interaction between CO and Pt.}?2! However, Pt/TiO, can
remain active at low temperatures due to unique active sites
believed to involve the interfacial Pt sites on the TiO, support.
Li et al. reported that the interfacial Pt sites are associated with
the active sites for the reaction between CO and the surface
oxygen of TiO,”” DeRita et al. reported that single Pt atoms
are active in low-temperature CO oxidation.””**

The fraction of interfacial Pt sites is significantly influenced
by the size of the Pt nanoparticles. In general, smaller Pt


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haneul+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kwang+Hyun+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Konstantin+Khivantsev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joonwoo+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jaekyoung+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ja+Hun+Kwak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ja+Hun+Kwak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c01980?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c01980?fig=agr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c01980?fig=agr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c01980?fig=agr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c01980?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jpccck/129/28?ref=pdf
https://pubs.acs.org/toc/jpccck/129/28?ref=pdf
https://pubs.acs.org/toc/jpccck/129/28?ref=pdf
https://pubs.acs.org/toc/jpccck/129/28?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf

(@)os (b)os
\
074 © 0.7 o<
2 LY )
06 o 06l ' &
[ )3 - 1 N
° h °
- 0.5 . 051 ® So
& N E 1 \\
G 044 e o 04| .
(&) \\ o : \\\
0.3- N .
\‘\ 0.3-: \\\
0.2 \~\\‘ 021! ~e
~§.. :
0.11 0141
1
00— ool¢ o ——
o 1 2 3 4 5 01 2 3 45 6 7 8 9 10
Pt loading (wt%) Pt loading (wt%)
(€)oo~
P | Pt/rutile
v 1
g 01 Pt/anatase
o \
T 401 )
n \
& 3] *
\ [ N
7] \
~ \
o 20 "
halt [ ] \\.\ °
[T ——— o ___ o
O 10
-
N
0 1 2 3 4 5

Pt loading (wt%)

Figure 1. Pt dispersion for (a) Pt/rutile and (b) Pt/anatase using CO chemisorption at 40 °C, and (c) steady-state TOF for CO oxidation based

on Pt dispersion.

clusters (including single Pt atoms) maximize the number of
interfacial Pt sites, and they can be active during CO oxidation.
Recently, Dessal et al. reported that the clustering of single Pt
atoms during CO oxidation contributes to the high activity of
Pt/Al,O; for CO oxidation.?> The effects of Pt particle size on
the activity of Pt/TiO, for CO oxidation were also reported,
indicating that the activity increases with decreasing Pt particle
size.””** On the contrary, it was also reported that smaller Pt
clusters have stronger interactions with CO, which inhibit CO
oxidation activity.”*™*" We thought that there are still many
questions regarding the correlation between Pt size and activity
for CO oxidation on rutile and anatase that remain
unclear.”” ™’

In this study, we investigated CO oxidation on Pt
nanoparticles supported by rutile and anatase to understand
the effects of the Pt cluster size and support. The steady-state
specific activities of the Pt/rutile catalysts increased as the Pt
dispersion increased. However, there were no significant
activity changes in Pt/anatase with Pt dispersion. Kinetic
analysis of subnanometer Pt clusters supported on rutile
showed a positive order with respect to CO, whereas Pt/
anatase exhibited a zero order with respect to CO. CO
chemisorption, STEM, and XPS clearly demonstrated that
subnanometer Pt clusters on anatase titania sintered into 1-2
nm Pt clusters during the reaction, and it correlated with the
reaction order changes from positive to zero for CO. On Pt/
rutile, the Pt particles did not change under the reaction
conditions, and the reaction order with respect to CO
remained constant. These findings explain the differences in
the observed reactivities of Pt nanoparticles supported by
anatase and rutile titania for CO oxidation.

B EXPERIMENTAL SECTION

Catalyst Preparation. 0.1-5 wt % Pt catalysts were
prepared by the incipient wetness impregnation (IWI) of
anatase (purity: 99.5%, average pore size (APS): 1S nm; US
Research Nanomaterials, Stock No. US3492) and rutile (purity
> 99.9%, APS: 30 nm; US Research Nanomaterials, Stock No.
US3520) with a Pt(NH;),(NO;), precursor in water (Figures
S1 and S2). The samples were then dried at 110 °C for 30 min.
Three impregnation-drying cycles were conducted to ensure a
homogeneous distribution of Pt precursors. The samples were
calcined under 20% O,/He (60 sccm) at 400 °C for 2 h.

Catalyst Characterization. Hydrogen temperature-pro-
grammed reduction (H,-TPR) was performed by using a
Belcat-B instrument (BEL Japan, Inc.) equipped with a
CATCryo instrument (BEL Japan, Inc.) and a thermal
conductivity detector (TCD). A 50 mg catalyst sample was
oxidized under 20% O,/He (60 sccm) at 400 °C and cooled to
40 °C. The sample was then purged with He (60 sccm) for 30
min and stabilized under 2% H,/Ar for 1 h at the same
temperature. The sample temperature increased at 10 °C/min
until it reached 700 °C. A 5A zeolite trap was used to trap
water during the H,-TPR.

CO chemisorption was conducted using a Belcat-B instru-
ment (BEL Japan Inc.) under 10% CO/He (60 sccm) at 40
°C. The catalysts were oxidized under 20% O,/He (60 sccm)
at 400 °C for 2 h, followed by reduction under 10% H,/He
(60 sccm) at 200 °C for 1 h. After being purged with He (60
sccm) at 300 °C, the catalysts were cooled to 40 °C. For the
used catalyst, the catalysts were treated at 80 °C under a
mixture of 1% CO and 2.5% O, in He gas conditions for 2 h.
The samples were then reoxidized, rereduced, and cooled
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Figure 2. Steady-state activity of CO oxidation at 80 °C as a function of CO concentration on (a) Pt/rutile and (b) Pt/anatase.

under the same conditions as mentioned above. The amount
of consumed CO during the chemisorption experiment was
estimated as the total amount of adsorbed CO on Pt. To
correct for overestimation due to physisorbed CO, secondary
CO adsorption was conducted after He purging at the same
temperature. The amount of consumed CO from this
secondary experiment represented the amount of physisorbed
CO, and it was subtracted from the initial CO uptake to obtain
the amount of chemisorbed CO on Pt. A 1:1 CO/Pt
stoichiometry was assumed to calculate the metal dispersion.
Detailed information for estimating the particle size of Pt from
the CO chemisorption results can be found in the Supporting
Information.

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images were acquired by using a
JEOL JEM-2100F microscope operating at 200 kV.

The XPS spectra of fresh and used Pt/TiO, were obtained
using K-alpha (PHI 5000 VersaProbe, Physical Electronics,
Inc., Chanhassen, MN, USA) with Al Ka (1486.6 V). The
XPS profiles were corrected with reference to the C 1s peak at
284.6 eV.

Catalytic Reaction Test. All catalytic reaction tests were
performed using 20 mg of the sample in 1% CO and 2.5% O,
in He (60 sccm) gas. For the temperature-programmed
reaction (TPRx), the reaction gas mixture was introduced for
10 min at RT and then ramped to 300 °C at a rate of 5 °C/
min. The CO oxidation activity was monitored over a 2 h
period at 80 °C to calculate the turnover frequency (TOF) and
reaction order. The samples were diluted with bare SiO,, and
the effluent gases were analyzed by using gas chromatography
(GC). The TOF was calculated based on the surface-exposed
Pt, normalized by CO/Pt from CO chemisorption. For the CO
reaction order of the Pt/TiO, catalyst, a CO oxidation reaction
was conducted by feeding 0.5—1% CO in a 2.5% O,/He
balance gas, using TOF measurements for the initial and steady
states. The TOF for the initial state was calculated by
extrapolating the data from 3—13 min. The TOF for the steady
state was calculated after 2 h of reaction. For the O, reaction
order of the Pt/TiO, catalyst, a CO oxidation reaction was
conducted by feeding 1%—10% O, in 1% CO/He balance gas,
using TOF measurements for the steady state.

B RESULTS AND DISCUSSION

To investigate the impact of Pt size on the CO oxidation
reaction, we synthesized Pt supported on rutile and anatase
with different Pt loadings (0.1—5 wt %) and denoted them as
XPt/support (X = wt % of Pt). All synthesized catalysts were
calcined at 400 °C and reduced at 200 °C based on our
previous report and H,-TPR results (Figure S3).>° We further
performed CO chemisorption to determine the Pt dispersion
of the samples.*”*' Both Pt/rutile and Pt/anatase samples
showed that the Pt dispersion increased as the Pt loading
decreased (Figure la). However, at low Pt loading (<0.5 wt
%), Pt/anatase exhibited a significant decrease in CO/Pt as the
Pt loading decreased. This trend was more evident for 0.1Pt/
anatase, which showed no detectable CO adsorption (Figure
1b), suggesting the formation of single-atom (SA) Pt that does
not adsorb CO at 40 °C.”*** The 0.25Pt/anatase sample
contained both SA and small clusters, while only the Pt clusters
contributed to the CO adsorption (Figure S4). The relative
distributions were presented as CO/Pt ratios, and we
estimated the Pt size using CO chemisorption and STEM
images (detailed information in the Supporting Information).

We conducted TPRx experiments using Pt/TiO, catalysts to
compare the CO oxidation activity of the catalysts (Figure
SSand Table S1). Pt/rutile samples showed a similar Tg
(temperature for 50% CO conversion) with a difference of
approximately ~20 °C as the Pt loading increased, while the
Ty, of Pt/anatase samples decreased with an increase in Pt
loading. To quantitatively compare the effects of Pt dispersion
on specific activity, a time-on-stream reaction was conducted at
80 °C, which is near the onset temperature of CO oxidation.
During the reaction, the activity of the Pt/rutile catalyst
increased slowly and reached a steady state within 2 h. The
activity of Pt/anatase exhibited an initial deactivation period
and then achieved a steady state. The specific activity was
estimated from the turnover frequency (TOF) of Pt/TiO,
determined based on a CO/Pt (Figures 1c andS6). We need to
note that the Pt dispersion of 0.1Pt/anatase used the CO
chemisorption results after 2 h of the CO oxidation reaction
(CO/Pt = 0.51) due to the absence of CO adsorption on a
fresh catalyst consisting mainly of single atoms. The TOF of
Pt/rutile increased dramatically as the Pt particle size
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decreased. However, the TOF of the Pt/anatase samples did
not change significantly with Pt dispersion. The TOF results
provide evidence of the structural sensitivity of Pt/rutile and
the structural insensitivity of Pt/anatase. The structural
sensitivity of Pt supported on various supports for CO
oxidation has been discussed intensively. Boudart and Rumpf
reported that Pt-based catalysts are structure insensitive for
CO oxidation.” Cant et al. reported that Pt/SiO, is structure
insensitive for CO oxidation.*’ Allian et al. also reported that
Pt/y-alumina shows structure insensitivity because CO binding
strength determines the activity, independent of Pt size.™
However, Cargnello et al. reported that Pt/CeO, is structure
sensitive because of the crucial role of the Pt perimeter sites.
They reported that the Pt perimeter sites on CeO, are the
active sites and that CO adsorbed on Pt combines with oxygen
at the metal-ceria interface.*® Li et al. also reported that the
specific activity of Pt/TiO, was proportional to the Pt
dispersion because the interfacial Pt atoms were the active
sites.”> Based on the literature, Pt on nonreducible supports,
such as SiO, or Al,O;, shows structural insensitivity; that is,
the specific activity is independent of the Pt size. Meanwhile,
Pt on reducible supports, such as CeO, and TiO,, shows
structural sensitivity to CO oxidation. Interestingly, our study
reports for the first time that even on the same reducible TiO,
supports, structure sensitivity can be different: structure
sensitive on Pt/rutile and structure-insensitive on Pt/anatase.

Kinetic measurements were conducted on both Pt/rutile and
Pt/anatase catalysts to identify the differences in structural
sensitivity between these catalysts. The steady-state turnover
frequencies were determined by varying the CO concentration
from 0.5 to 1% while maintaining the O, concentration at 2.5%
(Figure 2). For the Pt/rutile catalyst (Figure 2a), the reaction
order for the 0.1Pt and 0.5Pt catalysts was 0.44 and 0.30,
respectively. When the Pt dispersion decreased to 0.53 (1Pt/
rutile), the reaction order for CO became zero. In contrast, for
Pt/anatase (Figure 2b), the reaction order for CO was zero,
regardless of Pt loading and dispersion. The reaction order for
O, was positive for all Pt/TiO, samples, which is consistent
with previous reports (Figure $7).”**

Previous studies on Pt-based catalysts have reported a
negative or zero reaction order for CO and a positive reaction
order for O,, which is assumed to be related to the CO
poisoning effect.””***° Cargnello et al. and DeRita et al.
reported that Pt on TiO, and CeO, shows a zero reaction
order for CO, and its reactivity depends on Pt size.”>*
Notably, our results show that subnanometer-sized Pt particles
supported on rutile show a positive reaction order, whereas Pt/
anatase shows a zero reaction order for CO, even though both
0.5Pt/anatase and 1Pt/anatase possess similar Pt dispersions of
0.56 and 0.63, and 0.1Pt/rutile and 0.SPt/rutile have
dispersions of 0.72 and 0.67, respectively. Therefore, this
difference did not simply stem from the size of the Pt clusters.

CO chemisorption was performed on the Pt/TiO, samples
after the reaction to understand the dispersion changes of Pt
during the reaction (Table 1). For Pt/rutile, the Pt dispersion
values are practically the same, ranging from 0.5 to 0.8 between
freshly prepared and used catalysts. This result suggests that
the Pt clusters remained stable on the rutile support and did
not sinter appreciably. For Pt/anatase, the Pt dispersion
changed notably from ~0 to 0.51 for 0.1Pt/anatase. Since
there is no CO adsorption on fresh 0.1Pt/anatase because
single Pt atoms are the dominant Pt sites, 0.1Pt/anatase shows
apparent Pt sintering of single Pt atoms into Pt clusters whose

Table 1. Pt Dispersion of CO/Pt: Pt/rutile and Pt/anatase
Calculated by CO Chemisorption Data

Sample Status/Pt loading Fresh Used
Rutile 0.1 wt % 0.72 0.82
0.5 wt % 0.56 0.69

1wt % 0.53 0.62

Anatase 0.1 wt % - 0.51
0.5 wt % 0.67 0.59

1wt % 0.63 0.59

average sizes are 1—2 nm. The Pt dispersion of the 0.5 and
1Pt/anatase samples did not change significantly. Even with
similar Pt dispersion values in the 0.5Pt/rutile and 0.5—1Pt/
anatase samples, the reaction order for CO was significantly
different (0.3 versus 0). These results demonstrate that the
difference in the reaction order for CO does not simply
originate from the Pt size difference but that the titania support
largely contributes to it.

Scanning transmission electron microscopy (STEM) meas-
urements were conducted to confirm changes in the Pt size
during the reaction. For the freshly prepared 0.1Pt/rutile
catalyst, Pt predominantly existed as subnm clusters, while
0.1Pt/anatase mainly contained single Pt atoms (Figure 3a—d).
After a 2 h reaction, the size of the Pt clusters in 0.1Pt/rutile
did not change significantly compared with the freshly
prepared sample. However, after the reaction test, 0.1Pt/
anatase mostly contained ~1 nm Pt clusters, which is
consistent with the CO chemisorption results (Figure 3e—h).
The particle size distribution of 0.1Pt/rutile from STEM
images shows subnanometer Pt clusters for both the freshly
prepared sample and after the 2 h reaction, while after 2 h
reaction, 0.1Pt/anatase clearly shows average ~1 nm Pt
clusters, which are much larger than those on the 0.1Pt/rutile
sample (Figure 3). For 0.5Pt/rutile, the analysis confirms the
coexistence of subnanometer and 1—2 nm Pt clusters before
and after the reaction (Figure S8). For 1Pt/anatase and 1Pt/
rutile, the particle size distribution of fresh 1Pt/rutile and
anatase from STEM showed ~1 nm Pt clusters that do not
change even after 2 h reactions (Figure S9). STEM images
allowed us to infer that the subnm Pt clusters on rutile titania
show a positive reaction order in CO, while ~1 nm Pt clusters
exhibit zero order. Pt/anatase samples show zero order in CO
for ~1 nm Pt clusters.

The X-ray photoelectron spectroscopy (XPS) results also
support the conclusion that sintering of Pt clusters on 0.1Pt/
anatase occurred during the reaction (Table 2). For freshly
prepared 0.1Pt/anatase, only the Pt oxidic phase was present,
and its oxidation state was similar to the SA Pt structure, such
as Ti—O—Pt(II)—O—Ti reported by Nagai et al. (Figure 4a,—
b)."” However, after the reaction, 0.1Pt/anatase showed the
coexistence of metallic Pt and Pt oxidic phases, and STEM
confirmed the existence of 1—2 nm Pt clusters. In conclusion,
the reduction by CO during the reaction is one of the reasons
for the Pt sintering. Both 0.1Pt/rutile samples before and after
the reaction show a similar metallic Pt ratio (Figure 4c,d). The
XPS data for other samples also provide evidence that metallic
Pt and Pt oxidic phases coexisted before and after the reaction
(Figure S10and Table S2). And we could not find any signal
corresponding to the Al 2p, which is well-known to overlap
with Pt* indicating that there was no detectable Al
contamination in the TiO, samples (Figure S11).
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Figure 3. STEM images of freshly prepared (a, b) 0.1Pt/rutile and (c, d) 0.1Pt/anatase, and used (e, f) 0.1Pt/rutile and (g), (h) 0.1Pt/anatase

We extrapolated the initial reaction rates and estimated the
reaction order of freshly prepared small Pt clusters, excluding
the effect of changes in the Pt cluster size during the reaction
(Figures S12 and S13). Freshly prepared 0.1Pt/rutile and

0.1Pt/anatase exhibited positive reaction orders for CO: 0.49
and 0.33, respectively, consistent with the results of Celine et
al.*” Importantly, 0.1Pt/anatase showed a positive reaction
order initially but changed to zeroth order at the steady state
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Table 2. Metallic Pt (Pt°) Ratio of 0.1 Pt/rutile and 0.1 Pt/
anatase Calculated by XPS Spectra

Sample Fresh Used
0.1Pt/rutile 0.27 0.32
0.1Pt/anatase 0.00 0.082

(Figure S). These results are attributed to changes in the Pt
particle size during the CO oxidation reaction. In the low Pt
loading region (up to 1 wt %) of the rutile-supported samples,
the subnm Pt clusters remained stable during the reaction, and
keep the positive reaction order for CO and a higher specific
activity for CO oxidation. Pt/anatase, on the other hand,
sintered into 1—2 nm Pt clusters during the reaction, which
showed a zeroth reaction order for CO.

The question remains is why the subnanometer Pt clusters
on TiO, (whose size is visualized by microscopy) do not show
better dispersion than 1-2 nm sized Pt clusters,, similar
measured CO/Pt chemisorption values. We thought this is
related to the presence of an oxidic Pt phase, as evidenced by
the XPS data, which makes it hard to decouple since it does
not adsorb CO at 40 °C. Based on the STEM results, we
inferred that the subnanometer Pt clusters exhibit a 2D raft-like
structure, whereas the 1—2 nm Pt clusters exhibit a 3D
structure. 2D raft-like Pt clusters have relatively weak
interactions between Pt and CO compared to 3D Pt particles
(Figure S14). We hypothesize that 2D raft-like Pt clusters have
relatively weak interactions between Pt and CO compared to
3D Pt particles. As shown in detailed kinetic studies (Figure 6),
the apparent activation energies for CO oxidation on 0.1Pt/
rutile were 17 kJ/mol, while those on 0.1Pt/anatase were 55

kJ/mol. Compared to 1Pt/rutile and 1Pt/anatase, 0.1Pt/rutile
shows twofold lower activation barrier than 1Pt/rutile (35 kJ/
mol), whereas 0.1Pt/anatase shows a similar activation barrier
to 1Pt/anatase (5S kJ/mol). The activation barrier value of 17
kJ/mol is significantly lower than the activation ener§ies of
typical Pt-based catalysts (40—60 kJ/mol).”********" Thijs
unusually low activation barrier of 0.1Pt/rutile might be related
to the morphology of subnanometer Pt supported on rutile.
We conduct ongoing research focused on understanding the
unique CO oxidation activity of subnanometer Pt supported
on rutile. This study includes a detailed investigation of the
mechanism using density functional theory (DFT) calculations
and infrared (IR) measurements.

B CONCLUSIONS

We studied the effects of the Pt size and titania support on the
CO oxidation reaction of titania-supported Pt catalysts. The
steady-state specific activity of Pt/rutile increased gradually as
the Pt dispersion increased, whereas the specific activity of Pt/
anatase remained constant regardless of the Pt dispersion.
Kinetic experiments demonstrated that subnanometer Pt
clusters on rutile showed a positive reaction order in CO.
On the other hand, 3D clusters measuring ~1 nm on rutile
exhibited a zeroth reaction order for CO, which is typical for Pt
nanoparticles. Pt/anatase showed a zeroth reaction order in
CO, irrespective of the Pt loading and dispersion. The CO
chemisorption, STEM, and XPS results confirmed that
subnanometer Pt clusters on rutile remained stable during
the reaction, while for Pt/anatase, the Pt clusters sintered into
~1 nm particles, exhibiting a typical zeroth reaction order in
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Figure 4. XPS spectra of (a) freshly prepared and (b) used 0.1Pt/anatase, and (c) freshly prepared and (d) used 0.1Pt/rutile. Black line: Original
signal, Orange line: Fitted signal, Red line: Pt°, Green line: Pt*, Blue: Pt*).
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Figure 6. Arrhenius plots of 0.1Pt/rutile, 0.1Pt/anatase, 1Pt/rutile,
and 1Pt/anatase.

CO. The initial reaction orders in CO for 0.1Pt/rutile and
0.1Pt/anatase were 0.49 and 0.33, respectively. However, the
steady-state reaction orders changed to 0.44 and zero,
respectively. This change occurred due to the sintering of Pt
clusters on anatase titania during the reaction. These sintered
Pt clusters had a 3D structure and a stronger interaction with
CO compared to subnanometer Pt clusters, which had a 2D
raft-like morphology. These morphological differences can be
attributed to the disparities in the Pt interaction strength
between the anatase and rutile titania surfaces. Overall,
subnanometer Pt clusters showed a positive reaction order in
CO with higher CO oxidation activity, whereas Pt clusters
larger than 1 nm showed a zeroth reaction order with lower
CO oxidation activity.
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