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Abstract: In this work, we determined the CO and CsHg oxidation rates on
size-selected Pt nanoparticles (1 nm ultrafine size and 8.8 nm nanoscale size average
in diameters) deposited on TiO,-YOy supports. Both Pt/TiO,-YOy catalysts were
characterized by transmission electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS) and H, temperature-programmed reduction (H,-TPR). Results
show that platinum particles on the fresh as-synthesized catalysts are fully oxidized to
PtO, during the calcining in air; part of PtO, can be regenerated to Pt° active phase
under the oxygen rich diesel exhaust conditions (containing about 1000 ppm CO), in
which the ultrafine Pt particles supplying larger surface to volume ratio are beneficial
for Pt° regeneration than the nanoscale ones. Such regeneration of Pt° existed even in
oxygen rich diesel exhaust conditions leads to a significantly better global catalytic
performance for the DOC reaction. Thus this work suggests that Pt° occupation ratio
under the DOC reaction conditions may become a criteria to identify the quality of the

DOC catalysts.

Keywords: platinum metal regeneration, surface to volume ratio, vehicular emissions,

aftertreatment system
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1. Introduction

Platinum supported catalysts are widespread application for gaseous phase catalytic
oxidation. Ultrafine platinum particles are well known to efficiently enhance the
catalytic oxidation activity,"> which are resulting from the cluster size effect or
structure sensitivity.> 7

For the diesel exhaust gases purification catalysts, due to the large oxygen
excess,® ™ the smaller platinum particles are much more easily oxidized to form
platinum oxides under oxidizing atmosphere and hence platinum metal active
components loss, which results in the catalytic performance decrease.’**® Relatively
larger platinum particles maintain platinum metal state more easily under oxidizing
atmosphere, hence supply more platinum metal active sites and better catalytic
performance for NO, CO, C3Hg oxidation.®*™® Whereas, recent studies revealed that
smaller platinum cluster can provide larger surface to volume ratio and more surface

16-18 \which would be favorable for Pt

platinum atoms to involve in the reaction,
reactivity; and researches regarding diesel oxidation catalyst (DOC) aging also
indicate that platinum particles growth is a detrimental influence for the DOC
catalytic reaction (oxidizing CO, C3Hg and partial NO) under real diesel engine
exhaust conditions.'*?! Therefore, designing the most efficient and stable Pt particles
with optimal size is an important issue in purifying the real diesel exhaust.

However, the effects of Pt particle size and reaction environment on the active

phase state and reactivity of real monolithic DOC catalysts at diesel exhaust

conditions are still scarce. Our very recent study suggested that the smaller Pt
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particles on the monolithic Pt/TiO,-YOy catalyst are favourable to the DOC reactivity
at simulative diesel exhaust conditions.?? Another paper demonstrates that the best
catalytic performance in DOC reaction is resulting from an intermediate size of Pt
particle, rather than the smallest size.® Does there exist a fundamental criteria for
choosing the unique Pt particle size? Hence, in this study Pt size dependent activity
for the DOC reaction under real technical monolithic catalyst were continuously
investigated at the diesel exhaust conditions; considering the requirement of sulfur
resistibility for DOCs in developing countries, the TiO, based support with excellent

sulfur resistibility®* 242

was applied in this work. And we dedicate to figure out the
effects of Pt particle size on the activity of CO and C3Hg oxidation using real
technical monolithic DOC catalysts at oxygen rich diesel exhaust conditions, focusing

on the relationship between Pt particle size and size-activity, identifying the chemical

states of Pt active species for the relevant CO and C3Hg reactions.

2. Experimental
2.1. Catalyst preparation
2.1.1. Powder catalyst

Pt/TiO,-YOy catalyst with ultrafine platinum particles (~1 nm), marked as
U-Pt/TiO,-YOy, was synthesized using the approach reported in our recent work?
and briefly described as follows. TiO,-Y Oy mixed oxides supports were prepared by
co-precipitation method, TiOSO4 and Y(NO3)3; mixture solutions with a molar ratio

of Ti : Y =9 : 1 were slowly added into NH3-H,O solutions under vigorous stirring,
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the precipitate was filtered and washed many times, then dried overnight and calcined
for 3 h at 500 °C under airflow. After that, (EA).Pt(OH)¢ solution was impregnated
on the TiO,-YOy, mixed oxides supports with a mass ratio of Pt : TiO,-YOx = 1.0%,
after drying at 120 °C for 2 h and baking at 400 °C for 2 h under airflow,
U-Pt/TiO,-Y Oy catalyst powder was obtained.

Pt/TiO,-YOy catalyst with nanoscale platinum particles (about 8.8 nm), labeled as
Pt/TiO,-YOy, was prepared by calcining the U-Pt/TiO,-YOx powder catalyst at
700 °C for 5 h under airflow,” so as to avoid the effects resulting from diverse
preparation pathways and ensure the same platinum loading.

2.1.2. Monolithic catalyst

The monolithic U-Pt/TiO,-YOy catalyst was prepared by coating the slurry of
U-Pt/TiO,-YOy catalyst powder onto a ceramic honeycomb (400 channels per square
inch, 6 mill) with a washcoat loading of 120 g-L™. And the Pt/TiO,-YO, monolithic
catalyst was obtained by calcining the U-Pt/TiO,-YO, monolith at 700 °C for 5 h
under airflow.

2.1.3. Pre-reacted catalyst

To investigate the state of catalysts in the reaction process, the catalysts were
pre-reacted under the simulative diesel exhaust gases (containing 1000 ppm CO, 330
ppm C3Hg, 200 ppm NO, 50 ppm SO,, 8% CO,, 7% water vapor, 10% O,, and N,
balance?®) at 500 °C for 3 h, marked as U-Pt/TiO,-YOy(3h rea.) and Pt/TiO,-YOx(3h
rea.), and then detected.

2.2 Catalytic activity measurements
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The catalytic performance measurements were performed in a continuous flow
fixed bed reactor. The monolithic catalysts were placed in a quartz tube reactor with
an electric heater. The simulative diesel exhaust gases® contained a mixture of 1000
ppm CO, 330 ppm C3Hg, 200 ppm NO, 50 ppm SO, 8% CO,, 7% water vapor, 10%
0,, and N, balance at a gas space velocity of 60 000 h™. The inlet gas temperature
was measured by a K-thermocouple which was fixed 20 mm in front of the monolith
to avoid the effect of oxidation reactions (exothermic) on the inlet gas temperature.
Another 0.5 mm K-thermocouple, in the middle of one of the center channels inside
the monolith catalyst, was used to measure the catalyst bed temperature.

The outlet CO was detected using an FGA-4100 automotive emission analyzer
(Foshan Analytical Instrument Co., Ltd., China), C3Hg was analyzed with a GC2000I1
online gas chromatograph (Shanghai Analysis Instruments, China) using a flame
ionization detector (FID), NO and NO, were detected by FT-IR (Antaris I1GS
Analyzer, Thermo Scientific, USA).

2.3. Catalyst Characterization

The particle size of catalysts were observed using a transmission electron
microscopy (TEM) Tecnai G2 F20 (E. A. Fischione Instruments Inc., USA).

X-ray photoelectron spectroscopy (XPS) data were collected on a Kratos XSAM
800 spectroscopy (Kratos Analytic Inc.) with Al Ka radiation, C1s binding energy
(BE 284.8 eV) was used to calibrate the binding energy shifts of samples.

The H, temperature-programmed reduction (H,-TPR) experiments were performed

in a quartz tubular reactor. Samples (0.1 g) were pretreated in a flow of N, (35
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mL/min) at 450 °C for 1 h. After cooling to room temperature, the reduction reaction
was performed in a flow of H, (5.0 vol.%)-N, mixture (20 mL/min) from room
temperature to 800 °C with a heating rate of 10 °C/min. The hydrogen consumption as
a function of reduction temperature was monitored with a thermal conductivity
detector (TCD) cell and recorded. The apparatus was calibrated by the reduction of
pure CuO.

CO chemisorption on Pt was performed at room temperature in a quartz tubular
reactor. Before CO chemisorption the samples were first heated to 500 °C in a
hydrogen flow (H;, 99.999%) of 50 mL/min and exposed for 2 h. After rapidly
cooling to room temperature in the same reducing stream, helium (He, 99.999%)
flowed through the catalyst for 10 min. And then, the Pt dispersions of different
catalysts were determined by CO chemisorption, and a factor of 0.8 CO/Pt was used

to calculate the exposed surface Pt atoms due to CO can bind linearly and bridged®”

28

3. Results and discussion
3.1. Catalyst characterization
3.1.1. Platinum particle size

Fig. 1a and b show the high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images of U-Pt/TiO,-YO4(3h rea.) and
Pt/TiO,-YOy(3h rea.) catalysts, Fig. 1c shows high resolution transmission electron

microscopy (HR-TEM) image of the U-Pt/TiO,-YOy(3h rea.). The platinum particle
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size distribution over U-Pt/TiO,-YOy(3h rea.) and Pt/TiO,-YO(3h rea.) catalysts are
counted and shown in Fig. 1d. It can be seen that, platinum particles over the
U-Pt/TiO,-YOy(3h rea.) catalyst are mainly distributed in the range of 0.4-1.0 nm
with a mean diameter of 0.77 nm, which suggests that the average platinum particle
contains about 14 platinum atoms (crude sphere model, platinum atomic radius is 0.14
nm?), it is believed that the ultrafine platinum particles (~1 nm) shows a flatter
geometry (with only two atomic layers), that is, virtually all of the Pt atoms are
surface atoms,'” surface to volume ratio is about 0.92; for the Pt/TiO,-YOy(3h rea.)
catalyst, the platinum particle size distribution ranges between 6 and 11nm with a
mean size of 8.8 nm (roughly 21 000 platinum atoms), which implies that the
platinum particle shows approximately 28 atomic layers and 0.19 surface to volume
ratio. Through the aforementioned analysis, it can be suggested that each gram of the
U-Pt/TiO,-YO,(3h rea.) catalyst contains about 2.93x10'° surface Pt atoms, which
approximately presents an increase by a factor of 5 compared with the
Pt/TiO,-YO4(3h rea.) catalyst (0.61x10'° surface Pt atoms) in the case of same
platinum loading; in essence, the U-Pt/TiO,-YOx(3h rea.) catalyst with smaller Pt
particles (larger surface to volume ratio) possess significantly more potential active

sites (surface Pt atoms),*" 18

and hence better catalytic reactivity.
3.1.2. Platinum chemical states
Platinum chemical states of the catalysts were determined by XPS, as shown in Fig.

2, both the U-Pt/TiO,-YOy and Pt/TiO,-YOy catalysts show the 4f;, peak position of
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PtO, at around 74.8 eV with a spin-orbit splitting (PtO, 4fs;) at 78.2 eV, which
implies that the platinum particles over the fresh synthesized catalysts are fully
oxidized to form PtO, due to the high temperature calcination process under airflow.
After three hours pre-reaction under the simulative diesel exhaust gases, the PtO,
over U-Pt/TiO,-YOy and Pt/TiO,-YOy catalysts are reduced to different levels. The
U-Pt/TiO,-YOy(3h rea.) shows four peaks around 74.8 and 78.2 eV, assigned to 4f,
and 4fs;, peaks of PtO,, as well as 70.9 and 74.3 eV, referring to 4f;;, and 4fs;, peaks
of Pt metal, the content of Pt metal in total platinum species is about 15.8%, which
indicates that ultrafine PtO, particles can be reduced to form Pt® under the diesel
exhaust (containing trace amounts of CO and NO etc.) even if it is oxygen-rich
condition.’> While, for the Pt/TiO,-YOy(3h rea.) catalyst, the content of Pt° in total
platinum species is just approximately 5% at the most, and two inconspicuous peaks
around 73.9 (PtO 4f;;,) and 77.3 eV (PtO 4fs;,) show that about 2% Pt?* may be
formed after three hours DOC reduction, which demonstrates that larger size PtO,
particles also can be reduced to different degrees under the diesel exhaust, but the
production of Pt° is remarkably less than that of ultrafine PtO, particles. The
U-Pt/TiO,-YOy catalyst with a 0.92 surface to volume ratio produces 5.04x1018 Pt
atoms per gram catalyst after running 3 hours DOC reaction, for the Pt/TiO,-YOy
(surface to volume ratio is 0.19), the 3 hours DOC reaction results in production of
1.59x10'® Pt® atoms per gram catalyst; which indicates that in reaction process the
U-Pt/TiO,-YOy catalyst with smaller Pt particle (higher surface to volume ratio) can

provide more Pt° active sites to involve in the reaction. According to the above results,
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it can be suggested that PtO, particles can be reduced to Pt® in the oxygen rich diesel
exhaust; the smaller size is beneficial for supplying more surface Pt atoms (Pt**) to
involve in the reaction forming Pt° species, and hence improved the catalytic activity
on account of that Pt° is more active than platinum oxides for the diesel exhaust

oxidation reactions.*?**

3.1.3. Platinum reduction property

The catalyst with excellent reduction property is favourable for effectively
purifying CO and hydrocarbons in exhaust gases.® The effects of ultrafine size
platinum on the catalyst reduction property were measured by hydrogen
temperature-programmed reduction (H2-TPR). The as-synthesized supports and
catalysts (before pre-reaction) were used for the H,-TPR measurements. Fig. 3 clearly
shows that, the TiO,-YOy supports are reduced at around 500-650 °C, the peak shape
and position are slightly changed when platinum was supported on the supports; the
U-Pt/TiO,-YOy catalyst, platinum particle mean size is 0.77 nm, shows two
conspicuous hydrogen consumption peaks before 200 °C, which illustrates that the
U-Pt/TiO,-YOy catalyst with ultrafine size PtO, shows excellent low temperature
reducing property; for the Pt/TiO,-Y Oy catalyst, mean size of platinum is 8.8 nm, the
peaks before 200 °C are very weak and a broad reduction peak arises until the
temperature rise to about 300 °C, which suggest that compare to the U-Pt/TiO,-YOy,
the Pt/TiO,-YOy with larger PtO, particles show worse low temperature reduction
property.

10
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To analyze the catalysts reduction property in detail, all H,-TPR peaks information
were counted and listed in Table 1. It can be seen that the total H,-consumption of
U-Pt/TiO,-YOy is 136 umol which is consistent with that of Pt/TiO,-YOy catalyst
(148 pmol), the total H,-consumption of TiO,-YOy supports are 146 pumol, the small
differences result from the weighing deviation of samples. The calculated PtO,
H,-consumption of the samples (0.1 g) are 10.25 pmol. The H,-consumption of
U-Pt/TiO,-YOy catalyst at approximately 80 °C (peak I) is about 8.63 umol. Taking
XPS results, which show Pt** is not existed in the incomplete reduction
U-Pt/TiO,-Y Oy catalyst, into consideration, the peak | of U-Pt/TiO,-Y Oy catalyst can
be associated with the one step reduction of surface Pt** to Pt metal;* due to most of
surface Pt species are reduced before 150 °C, the peak Il at about 175 °C may results

3234 reduction of

from the effect of strong metal-support interactions (SMSI),
TiO,-YOy supports through the strong interaction with platinum,®! other researches
also indicated that TiO, can be reduced at about 180 °C when platinum was supported
on Ti0,.%* For the Pt/TiO,-YOy catalyst, the peak I and 11 are extremely weak, and
an evident reduction peak, peak Ill, arises at approximately 300 °C with about 7.55
pmol Ha-consumption which is close to the total PtO, H,-consumption, researchers
reported that bulk PtO, decompose at about 300 °C,*® *" hence, we associated the
peak I11 with bulk PtO; reduction.

Based on the above discussion, it can be suggested that the reduction of ultrafine
size PtO, particles are mainly for surface reduction, which are easily reacted at low

temperature, furthermore due to that Pt on TiO, support displays SMSI,**** the

11
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interface supports through strong interaction with ultrafine platinum are also
plentifully reduced at low temperature. However, the reduction for larger size PtO,
particles are mainly for bulk reduction, which are reacted at a higher temperature.
Thus, it can be inferred that the ultrafine size platinum particles of U-Pt/TiO,-YOy
catalyst are more easily involved into the catalytic reaction at low temperature, and

hence better low temperature catalytic performance.

3.2. Catalytic performance

Fig. 4 shows C3zHg (@) and CO (b) conversion over the as-synthesized and
pre-reacted catalysts. For C3Hg combustion, the U-Pt/TiO,-YOy, Pt/TiO,-YOy and
Pt/TiO,-YOy(3h rea.) catalysts show similar activity at high conversion, which may
since CsHg combustion reaction is strongly temperature dependent,® and the
U-Pt/TiO,-YOy(3h rea.) shows better activity at the same inlet gas temperature may
be owing to CO low temperature light-off increased the catalyst bed temperature. For
CO oxidation, the U-Pt/TiO,-YOy shows slightly better catalytic performance than
that of the Pt/TiO,-YOy catalyst; after 3 h pre-reaction under the simulative diesel
exhaust gases (before measuring the catalytic performance, industrial DOC must be
pre-reacted under the diesel vehicle exhaust to stable the catalyst state), both the
U-Pt/TiO,-YOy(3h rea.) and Pt/TiO,-YOy(3h rea.) catalysts show significantly better
activity than the catalyst without pre-reaction, due to plenty of platinum metal active
phase were produced in the pre-reaction process (Fig. 2), and the U-Pt/TiO,-YOx(3h

rea.) catalyst shows noticeably better catalytic activity than the Pt/TiO,-YOy(3h rea.)

12
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catalyst, which results from ultrafine platinum oxide particles of the U-Pt/TiO,-YOy
are more easily reduced (as shown in Fig. 3) to form more Pt® active phase in the
pre-reaction process under the simulative diesel exhaust (Fig. 2) and involved into the
reaction, hence obviously better catalytic performance. In essence, this result is
consistent with the view that the larger platinum particles of catalysts remaining
platinum metal active phase more easily under oxidizing atmosphere (without CO)
shows better oxidation activity.™> ** * Experimental results indicate the ultrafine
platinum particle is beneficial for the regeneration of Pt® under diesel exhaust
conditions and hence improving DOC catalytic activity. Note that high temperature
calcining was used to prepare the nanoscale size Pt/TiO,-YOy catalyst which might
affect the catalyst texture and hence activity. On account of that, an additional N,
adsorption-desorption measurement was employed, as is shown in Table 2, the surface
area of Pt/TiO,-YO4(3h rea.) decreased in the process of high temperature
preparation, but the pore volume kept stable; which indicates that the porous texture
of Pt/TiO,-YOy(3h rea.) catalyst were not destroyed and hence the effects of textural
properties for the catalytic performance of Pt/TiO,-YO«(3h rea.) are not fateful.
Therefore, it can be safely concluded that the ultrafine size of platinum particle is one
of the most important favorable reasons for the DOC catalytic reaction. Additionally,
it should be mentioned that these results do not indicate that the smaller the platinum
particle size, the better the reaction activity, which is proved by Boubnov et al.,?® due

to the ripening or even sintering of Pt cluster in the reaction process.™ %4

To further clarify the catalytic performance differences, the activation energies

13
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were determined by using the Arrhenius equation. The low temperature range that
resulted in low C3Hg and CO conversion (less than 15%) was used to calculate C3Hg
and CO oxidation reactions activation energies, so as to maintain Kinetically limited
and avoid mass transfer limitation complications.** The dispersion of platinum were
measured by CO chemisorption, and the factor of 0.8 CO/Pt was used to calculate the
exposed Pt atoms due to CO can bind linearly and bridged,?” ?® dispersion of platinum
atoms of the U-Pt/TiO,-YOy and Pt/TiO,-YOy catalysts are about 30.85% and 6.35%,
respectively. The coefficient of determination (R?) for all Arrhenius plots were at least
0.97. Calculated activation energies and reaction rates results are listed in Table 3. The
activation energies of C3Hg combustion over the pre-reacted catalysts containing
platinum metal (both U-Pt/TiO,-YO(3h rea.) and Pt/TiO,-YOy(3h rea.)) are lower
than that over the fresh as-synthesized samples (U-Pt/TiO,-YOyx and Pt/TiO,-YOy,
without Pt%); the U-Pt/TiO,-YO shows similar activation energy as the Pt/TiO,-YOy
catalyst, and this trend reproduces over the pre-reacted catalysts. Based on the above
analysis, it can be inferred that platinum metal is beneficial for C3Hg combustion and
C3Hg combustion probably is not size sensitive reaction in the kinetically limited
range. Noteworthily, the reaction rate of C3zHg combustion is inhibited by the

presence of CO and NO under simulative engine exhaust,?* *®

and hence affecting the
kinetic parameters; however, the global reaction rate of C3Hg combustion on the
U-Pt/TiO,-YO(3h rea.) catalyst at 210 °C (the low temperature range of diesel
exhaust) is remarkablely higher than that over the others catalysts in the simulative

diesel exhaust, which demonstrates that ultrafine size platinum particles are favorable

14
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for enhancing the purifying efficiency of C3Hg in the practical use of DOC. For CO
oxidation reaction, both pre-reacted samples show distinctly better catalytic
performance than the fresh as-synthesized catalysts; the U-Pt/TiO,-YOy catalyst
owning ultrafine size platinum particles shows lower activation energy and higher
reaction rate than the Pt/TiO,-YOy catalyst, this trend is the same as the pre-reacted
catalysts; which implies that ultrafine size platinum particles are significantly
beneficial for improving the catalytic activity of CO oxidation under the diesel
exhaust conditions. These results seem different from the opinion reported by Fridell
and Olsson and Ribeiro et al. that larger particles of Pt increase the vehicle exhaust
oxidation reactivity (for NO).** % Since their researches are based on the de-NO,
vehicle exhaust purifying catalyst which is placed after DOC and worked under the
oxidizing atmosphere (CO etc. reducing gases have been removed by the DOC),
larger Pt particles are favorable for maintaining Pt° active sites un-oxidized under the
oxidizing atmosphere, and hence catalyst with larger Pt particles shows better
reactivity;*® ** 3% and our results imply that smaller Pt oxides particles are more easily

reduced by the original diesel exhaust (containing trace amounts of CO etc. reducing

gases) forming Pt° active phase, which is in essence consistent with their results.

Besides the CO and C3Hg catalytic reactivity, the NO oxidation performance was
also measured. As is shown in Fig. 5, the after pre-reacted samples (both
U-Pt/TiO,-YOx(3h rea.) and Pt/TiO,-YOy(3h rea.)) displayed significantly better NO
oxidation activity than the fresh samples, which results from the regeneration of Pt°

active site in the pre-reaction process under simulative diesel exhaust gases. Due to

15
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the different preparation batches and treatment conditions, the data values were a little
different from our previous works, however the trends were the same.? For the fresh
samples, at the beginning of reaction, the U-Pt/TiO,-Y Oy showed worse performance,
which may due to the smaller Pt cluster would increase the chemisorbed oxygen
concentration hence inhibit O, adsorption and NO oxidation;** after a certain time of
reaction (at about 350 °C), the reactivity of U-Pt/TiO,-YOx was obviously improved,
which results from the Pt° active phase regeneration in the reaction process.** After
three hours pre-reaction, the U-Pt/TiO,-YOy(3h rea.) showed similar NO catalytic
performance with the PUt/TiO,-YO(3h rea.); due to the fact that the
U-Pt/TiO,-YOx(3h rea.) displays smaller Pt particle size which would lead to worse
NO reactivity; however, at the same time, the U-Pt/TiO,-YOy(3h rea.) shows more
Pt° active sites which would result to better NO oxidation activity. The NO catalytic
oxidation results indicate that the Pt particle size and Pt° production would affect the

catalytic reactivity of NO oxidation simultaneously.

The relationship between Pt size-dependence and the DOC reactivity are listed in
Table 4. It is clear that the catalyst with ultrafine size of Pt particles shows larger
surface to volume ratio and more surface Pt atoms, and hence better catalytic activity;
moreover, significantly more Pt° phase is produced on the U-Pt/TiO,-YOy catalyst
after running 3 hours DOC reaction, and that further enhances the global C3Hg and
CO reaction rates under the diesel exhaust conditions. It is worth to note that Pt° can
be more easily regenerated on the U-Pt/TiO,-YOy catalyst under even oxygen rich

diesel exhaust condition. Chemical states of Pt can be critical to the DOC activity

16
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based on the corresponding particle size. Therefore, the optimal Pt size still needs for
further investigation. Pt° occupation ratio may become a criteria to identify the quality

of the DOC catalysts.

4. Conclusions

According to the abovementioned results, the conclusion can be reached that
investigations of DOC reaction efficiency upon gaseous environment and catalyst size
effect are both essential. Strong reducing gas traces (CO etc.) in real diesel exhaust
are non-ignorable factors for the catalyst state and reaction activity; platinum oxides
can be reduced to form Pt active phase even if in the oxygen rich diesel exhaust gases
(containing trace amounts of CO etc. reducing gases); the ultrafine size (~1 nm) of
platinum particles supply an increase by a factor of about 5 for surface to volume ratio
and surface Pt atoms compared with nanoscale size (8.8 nm) Pt particles, in which the
ultrafine Pt particles are more favored to regenerate more Pt° active sites (more than 3
times), and end up with better CO and propylene purifying efficiency. Additionally,
the DOC catalyst with ultrafine size platinum particles shows better catalytic
performance under diesel exhaust conditions, which implies that maintaining the
ultrafine size of platinum particles in a practical application would be an efficient
approach to improve the high activity and durability of the catalysts; and Pt°
occupation ratio under the DOC reaction conditions may become a criteria to identify

the quality of the DOC catalysts.
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Figure Captions
Fig. 1. HAADF-STEM images of (a) U-Pt/TiO,-YOy, (b) Pt/TiO,-YOy catalysts;
HR-TEM image of (c) U-Pt/TiO,-YOy catalyst; (d) Pt particle size distribution of the

both catalysts.

Fig.2. XPS (Pt 4f) spectra of the U-Pt/TiO,-YOy and Pt/TiO,-YOy catalysts before or

after three hours pre-reaction

Fig.3. H,-TPR profiles of the TiO,-YOy support, U-Pt/TiO,-YOy and Pt/TiO,-YOy

catalysts

Fig.4. CsHg (a) and CO (b) oxidation conversion over the U-Pt/TiO,-YOsx,
Pt/TiO,-YO, catalysts and three hours pre-reacted U-Pt/TiO,-YO«(3h rea.),
Pt/TiO,-YOy(3h rea.) catalysts.

Feed gas composition: 1000 ppm CO, 330 ppm C3Hg, 200 ppm NO, 50 ppm SO,, 8%

CO,, 7% water vapor, 10% O,, N, balance, gas space velocity 60 000 h™.

Fig. 5. NO oxidation conversion over the fresh as-synthesized and after pre-treated
catalysts.
Feed gas composition: 1000 ppm CO, 330 ppm C3Hg, 200 ppm NO, 50 ppm SO,, 8%

CO,, 7% water vapor, 10% O,, N, balance, gas space velocity 60 000 h™.

20

Page 20 of 29



Page 21 of 29 Catalysis Science & Technology

Table 1. H,-TPR peaks information of the U-Pt/TiO,-Y Oy and Pt/TiO,-Y Oy catalysts

U-Pt/TiO,-YOy PU/TiO,-YOy
Peaks  Temperature Areas H, consumption Temperature Areds H, consumption
(°C) (1mol) 49) (1mol)

| 50-140 33.2 8.63 110-160 1.01 0.26

I 140-230 32.7 8.48 190-260 1.13 0.29

i 260-280 1.0 0.25 270-350 29.1 7.55
V-V 300-700 457 119 350-650 539 140
Total 524 136 570 148

Table 2. Texture properties of the U-Pt/TiO,-YOx(3h rea.) and Pt/TiO,-YOy(3h rea.).

Surface area  Pore volume
Sample

(m’/g) (cm®lg)
U-Pt/TiO,-YO(3h rea.) 138 0.31
Pt/TiO,-YO(3h rea.) 64 0.30

Table 3. C3Hg and CO oxidation reaction rates and activation energies over the
U-Pt/TiO,-YOy4, Pt/TiO2-YO4 catalysts and three hours  pre-reacted

U-Pt/TiO2-YOx(3h rea.), Pt/TiO2-YOy(3h rea.) catalysts.

Reaction
) TOF  Ea(k]
Reactions Catalysts rates(mol L L
11 (s7)  mol™)
g s’)
U-Pt/TiO,-YOy 2.52x107 0.0528 382.3
PU/TiO,-YOy 2.13x107 0.2173 376.3
C3Hg+0,% U-Pt/TiO,-YOy(3h
e YO 19.7x107 04146 246.7
rea.)
Pt/TiO,-YO,(3h rea.) 4.19x107  0.4283 2329
U-Pt/TiO,-YOy 1.20x10° 0.2525 140.6
Pt/TiO,-YOy 0.76x10° 0.7827 308.1
CO+0," U-PUTiO,-YO,(3h .
) 4.76x10° 1.0023 104.3
rea.

Pt/TiO,-YO(3h rea.) 3.01x10% 3.0756 163.4
3 Catalyst bed temperature is 210 °C. ® Catalyst bed temperature is 200 °C.
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Table 4. Relationship between Pt particle properties and the catalytic activity on the

U-Pt/TiO,-YOy and Pt/TiO,-Y Oy catalysts.

Characters U-Pt/TiO,-YO, Pt/TiO,-YO,
Pt particle mean size 0.77 nm 8.8 nm
Pt surface to volume ratio 0.92 0.19

Surface Pt atoms per gram catalyst 2.93x10% 0.61x10%
CO molecules/(s Pt atom)? 0.0779 0.0494
C3Hg molecules/(s Pt atom)? 0.0038 0.0021

After running 3 hours DOC reaction

Pt atoms per gram catalyst 5.04x10® 1.59x10"®
CO molecules/(s Pt atom)? 0.3092 0.1953
C3Hg molecules/(s Pt atom)? 0.0597 0.0137

# Inlet gas temperature is 200 °C.
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Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Graphical abstract

Jsneyxe jeseig

L m 180 180 200 21 20 0 0
Temperature (C)

Small platinum oxides particles are beneficial for forming Pt° active species at the

diesel exhaust conditions, hence showing better DOC reactivity.
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