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Catalytic NO oxidation on the diesel oxidation catalyst is of great significance for the low-temperature abatement
of diesel soot and NOy pollutants. Here, a series of Pt/SiO; catalysts with different particle sizes (2.78-13.94 nm)
were prepared and their effects on NO oxidation activity and reaction pathway were investigated. The results
show that the size of platinum nanoparticles is a relevant factor for NO oxidation activity by influencing platinum
chemical states during the reaction. Furthermore, NO catalytic oxidation on Pt/SiO, catalysts are primarily

through the bidentate nitrite and bridged nitrate intermediates pathways. Relatively larger platinum nano-
particles (~13.94 nm) will lead to the generation of nitrates between layers that are difficult to decompose and
desorb from catalyst surface, and thereby adverse to NO oxidation activity. Thus, this work suggests that the size
of Pt nanoparticles do not only influence the catalytic NO oxidation activity, but also the reaction pathway on the

catalyst.

1. Introduction

Diesel engines are widely applied in transportation vehicles, espe-
cially in heavy duty vehicles due to their high thermal- and economic-
efficiency [1,2]. However, emissions of carbon monoxide (CO), soot
and nitrogen oxides (NOy) from diesel combustion result in environ-
mental pollution and human health damage [3-5]. Thus, in order to
meet the increasingly stringent emission regulations, further reducing
the harmful pollutants discharged from diesel vehicles is required [6-9].
At present, the main methods to reduce vehicle exhaust pollutants are
the in-engine purification technology and exhaust after-treatment sys-
tem [10]. However, since the former alone is difficult to meet the
increasingly stringent emission standards, a diesel exhaust
after-treatment system is in high demand [11-13].

An after-treatment system for diesel engines is generally combined
with diesel oxidation catalyst (DOC), diesel particulate filter (DPF) and
selective catalytic reduction (SCR) catalyst [14-16]. The catalytic con-
version of NO to nitrogen dioxide (NO2) on the DOC catalyst is of great
significance for decreasing the diesel low-temperature emission of soot
particles and NOy [17-19]. It is well known that NO cannot directly
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oxidize diesel soot [20]. However, after catalytically oxidizing NO to
NO,, the oxidation and abatement of soot particles can therefore pro-
ceed according to the C—NO3 and/or C—O5—NO3 reaction routes. It can
occur at about 300 °C, which is much lower than the C—O5 route (the
major reaction temperature is much higher than 450 °C) [20-23]. On
the other hand, catalytic oxidation of diesel exhaust of NO to NO; is
beneficial to the low-temperature SCR performance [24]. Especially, the
increased NO5 concentration on the SCR catalyst with NOs: NO = 1: 1 is
beneficial to the fast SCR reaction (2NH3 + NO + NO5 — 2N, + 3H50)
[25-28]. In fact, the fast SCR reaction can eliminate more than 90% of
NOx at approximately 250 °C, thereby significantly reducing diesel NOx
low-temperature emissions [25,26].

Platinum (Pt) - supported DOC catalyst is a popular choice for the
catalytic oxidation of diesel exhaust NO due to its excellent performance
and industrial application prospect [29-31]. The size of Pt nanoparticles
on the DOC catalyst plays a key role in the diesel exhaust NO catalytic
oxidation reactions [32-34]. It is generally accepted that metallic Pt
(Pt%) is the active component for NO catalytic oxidation, and relatively
large Pt nanoparticles can better maintain the Pt° state in the prepara-
tion and catalytic reaction process. Therefore, the catalyst with relative
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larger Pt nanoparticle has better NO catalytic oxidation activity
[35-37]. The recent model calculation and experimental results indicate
that the formation and reduction of Pt>* (Pt>* and Pt*") during the
reaction is also an important factor for DOC catalytic activity [38-40].
Our previous works suggested that the DOC catalyst with relative
smaller Pt nanoparticle has better NO catalytic oxidation performance
under simulative diesel exhaust conditions, due to the smaller Pt
nanoparticle is more favourable to regenerate Pt° active sites during the
long-term use under simulative diesel exhaust conditions [41-43].
However, studies on the effects of nano-sized Pt particle and reaction
environment on Pt chemical state and catalytic activity of the
Pt-supported DOC catalysts are still scarce.

Especially, to the best of our knowledge, there is little information
available in the literature about the effects of Pt nanoparticle size on the
reaction route of NO oxidation. While uncovering the reaction route of
NO to NO3 on DOC is of importance for the low-temperature diesel
emissions reduction. Therefore, nano-size effect of Pt/SiO5 catalyst on Pt
chemical state, NO oxidation activity and especially its reaction
pathway was investigated in this study. High-temperature calcination
method was used to control the size of Pt particles. Furthermore, to
minimize the effect of strong metal-support interaction resulting from
different calcination temperatures [44-46], silicon dioxide (SiO3) is
used as the carrier of the Pt-catalyst. The overarching aims of this work
are to identify the effects of Pt nanoparticle size on Pt chemical states
during reaction process and uncover the reaction routes of NO oxidation
over the catalysts with different sizes of Pt nanoparticles.

2. Experimental method
2.1. Catalyst preparation

The commercial SiO, support was supplied by the Sichuan Provincial
Vehicular Exhaust Gases Abatement Engineering Technology centre (the
specific surface area is about 190 m?/g, contains 90% SiO, and 10%
Aly03). Pt/SiO4 catalysts were prepared through impregnation method,
and the total loading amount of Pt was 1.0 wt.%. Firstly, the SiO9 sup-
port was calcinated at 800 °C for 3 h in a muffle furnace. Secondly, the
calculated amount of the (EA);Pt(OH)g solution was impregnated on the
pretreated SiO, support. After drying at 80 °C for 12 h, the obtained
powder was divided into four parts and then baked for 2 h under the air
flows at 500 °C, 600 °C, 700 °C and 800 °C, respectively. Accordingly,
the Pt/SiO, catalysts were obtained and marked as cat-500, cat-600, cat-
700 and cat-800, respectively.

2.2. Catalytic performance test

About 0.45 g catalyst was placed in a catalytic fixed-bed reactor, and
then a gas mixture of NO (1000 ppm)-O; (10.0 vol.%)-N5 was intro-
duced with a gas hourly space velocity (GHSV) of 80,000 mLeg leh .
Afterwards, the reaction temperature was raised to 500 °C with a change
rate of 10 °Cemin ' and the outlet NO and NO, were measured by a
NOVA PLUS multi-function flue gas analyser (MRU, Germany). The test
was repeated until the NO oxidation ratio curves are constant. There-
after, the abovementioned sample was used at 500 °C for 3 h under a
simulative diesel exhaust gases of 1000 ppm NO, 1000 ppm CO, 330
ppm CsHg, 8.0 vol.% COs, 7.0 vol.% water vapour, 10.0 vol.% O, and
Ny. After the catalysts were cooled down to room temperature, their
activity was repeatedly tested under the abovementioned simulative
diesel exhaust gases conditions with a GHSV of 80,000 mLeg eh ! until
the NO oxidation ratio curves are constant. Because of NO; is the only
product in the NO oxidation reactions under the abovementioned con-
ditions, so the selectivity of NO oxidation is not shown in the following
work. The NO oxidation ratio is defined by

[NO,|outlet

o, = Naloutiel 1
Cro-nor = (N0 Joutter * 100% L)
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where [NO3]outier and [NOyloutiet denote the concentration of NOy and
NOxy at the outlet, respectively.

2.3. Catalyst characterisation

The textual properties of the samples were tested on a QUAD-
RASORB SI automated surface area & pore size analyser. Before the test,
all the samples were degassed at 300 °C for 3 h, and the experiment was
carried out at liquid nitrogen temperature. The specific surface area,
pore volume and pore size distribution of the sample were calculated by
using the Brunauer-Emmett-Teller (BET) and Barret-Joyner-Halenda
(BJH) methods, respectively.

The transmission electron microscope (TEM) FEI TALOS F200X was
used to observe the nanoscale morphology and structure of the prepared
catalysts.

X-ray diffraction (XRD) experiment was performed on a X’ Pert PRO
diffractometer using Cu Ka radiation (A = 0.15418 nm) operated at 40
kV and 45 mA. The XRD data were recorded for 260 values from 10 ° to
90 °. The crystalline phases were identified by comparison with the
reference from the International centre for Diffraction Data (ICDD).

The Thermo Scientific K-Alpha with Al Ka radiation was used to
collect X-ray photoelectron spectroscopy (XPS) data. The binding energy
shifts of the samples were calibrated using C1s binding energy (BE 284.8
eV).

The in-situ infrared spectroscopy characterisation was performed on
a Thermo Scientific Nicolet iS 50 Fourier Transform Infrared (FT-IR)
spectrometer, equipped with a liquid nitrogen cooled MCT detector.
About 50 mg finely ground sample of mixed catalyst and KBr with a mass
ratio of 1:50 was pressed into a transparent sheet, and then placed in the
in-situ reaction cell. The gas mixture (1000 ppm NO—N3) was fed to the
sample. After the sample absorbed the mixed gas for 2 min, the in-situ
cell was evacuated to 5.0 x 107> h Pa. Then, the O3 (10.0 vol.%)-N, gas
was fed to the sample and the spectra were recorded with a scanning
range of 600-4000 cm L. The background spectra of all samples were
recorded under vacuum at 40 °C.

3. Results and discussion
3.1. Catalytic activity

Fig. 1 shows the NO catalytic oxidation performance over all the
prepared catalysts. It is generally shown that, the NO oxidation rate first
increases as the reaction temperature increases. However, with further
increased reaction temperature, the NO oxidation efficiency obviously
decreases due to the thermodynamic limitations [47]. For all the sam-
ples, the first/second/third test under NO (1000 ppm)-O3 (10.0 vol.
%)-N5 conditions were marked with the suffix of -cyclel/-cycle2/--
cycle3. After performing the abovementioned test cycles, the samples
were pretreated and tested under the simulative diesel exhaust gases
conditions, and the first/second test under the simulative diesel exhaust
gases conditions were marked with the suffix of (DE. 3 h
rea.)-cyclel/(DE. 3 h rea.)-cycle2.

As shown in Fig. 1(a), the cat-500 catalyst shows a maximum NO
oxidation ratio of approximately 35% at 375 °C in NO (1000 ppm)-O4
(10.0 vol.%)-N5 conditions from the first catalytic NO oxidation cycle. In
the second cycle, the NO catalytic oxidation performance of the cat-500-
cycle2 is significantly increased. This corresponds to a maximum NO
oxidation ratio of approximately 55% at 330 °C in NO (1000 ppm)-O,
(10.0 vol.%)-No atmosphere. After the third cycle, the cat-500-cycle3
sample shows the same catalytic performance with the cat-500-cycle2.

Furthermore, the cat-500-cycle3 catalyst was used at 500 °C for 3 h
under the simulative diesel exhaust gases (containing 1000 ppm NO,
1000 ppm CO, 330 ppm C3Hg, 8.0 vol.% COs, 7.0 vol.% water vapour,
10.0 vol.% O, and N5 balance) and then marked as cat-500 (DE. 3 h rea.)
in Fig. 1. One can see that NO catalytic oxidation activity of the cat-500
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Fig. 1. NO oxidation curves over the catalysts: (a) cat-500, (b) cat-600, (c) cat-700 and (d) cat-800.

(DE. 3 h rea.)-cyclel further increases, compared to the cat-500-cycle3.
Specifically, the maximum NO oxidation ratio of the cat-500 (DE. 3 h
rea.)-cyclel reaches up to 67% at 310 °C under the simulative diesel
exhaust conditions. Moreover, the cat-500 (DE. 3 h rea.)-cycle2 shows
the same catalytic performance with the cat-500 (DE. 3 h rea.)-cyclel.
Likewise, as shown in Fig. 1(b), the maximum NO oxidation ratio of
the fresh cat-600-cyclel is approximately 49% at 340 °C in NO (1000
ppm)-O5 (10.0 vol.%)-N3 conditions in the first cycle. In the second one,
the maximum NO oxidation ratio of the cat-600-cycle2 increases up to
55% at 340 °C, and the NO oxidation ratio with the cat-600-cycle3 is the
same as that with the cat-600-cycle2. After being used under the simu-
lative diesel exhaust gases at 500 °C for 3 h, the NO oxidation activity of
the cat-600 (DE. 3 h rea.)-cyclel slightly increased. The maximum NO
oxidation ratio of the cat-600 (DE. 3 hrea.)-cyclel is approximately 57%
at 330 °C under the simulative exhaust gases, and the cat-600 (DE. 3 h
rea.)-cycle2 shows the basically same NO catalytic oxidation activity.
Fig. 1(c) shows the NO oxidation activity of the cat-700 catalyst. The
maximum NO oxidation ratio of the cat-700-cyclel is approximately
48% at 350 °C. After repeatedly performing the catalytic NO oxidation
cycle, the catalytic activity shows a slight increase. Specifically, the
maximum NO oxidation ratio of the cat-700-cycle2 increases up to about
52% at 335 °C, and the cat-700-cycle3 is the same as that with the cat-
700-cycle2. After reactions at 500 °C for 3 h under the simulative diesel
exhaust gases, the activity is basically same as that with the cat-700-
cycle2 and cat-700-cycle3. The maximum NO oxidation ratio of both
the cat-700 (DE. 3 h rea.)-cyclel and cat-700 (DE. 3 h rea.)-cycle2 are
close, approximately 54% at 335 °C under the simulative exhaust gases.
As plotted in Fig. 1(d), the cat-800 shows a significantly lower NO
oxidation activity, the maximum NO oxidation ratio of the cat-800 is just
approximately 38% at 410 °C in NO (1000 ppm)-O3 (10.0 vol.%)-Ny

conditions. The catalytic activity of the cat-800 is not increased by the
repeated catalytic NO oxidation cycles and long-time use under the
simulative diesel exhaust conditions.

To further evaluate the catalytic activity of the above samples, re-
action rate and turnover frequency (TOF) have been calculated and
summarized in Table 1. Reaction rate was calculated by the equation:

Table 1
NO catalytic oxidation performance over the fresh and aged cat-500, cat-600,
cat-700 and cat-800 catalysts.

Samples Tp NO Rate x 10~* Specific rate x TOF
conv. 10°¢
( (%) (moleg 'es™!)  (molem Zes™!) ™
Q)
cat-500 375 35 1.46 0.83 0.39
cat-500-cycle3 330 55 2.47 1.40 2.50
cat-500 (DE. 3 310 67 3.11 1.77 0.30
h rea.)
cat-600 340 49 2.16 1.21 1.36
cat-600-cycle3 340 54 2.43 1.36 1.89
cat-600 (DE. 3 330 57 2.56 1.44 0.55
hrea.)
cat-700 350 48 2.09 1.22 1.62
cat-700-cycle3 335 52 2.32 1.35 1.88
cat-700 (DE. 3 335 54 2.43 1.41 0.44
h rea.)
cat-800 410 38 1.51 0.92 -
cat-800-cycle3 410 38 1.51 0.92 -
cat-800 (DE. 3 435 34 1.40 0.85 -

hrea.)

Tp is the reaction temperature of maximum NO oxidation ratio; NO conv. is the
value of maximum NO oxidation ratio; TOF value is obtained at 230 °C.
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where F is the inlet molar flow rate of NO, X is the fractional conversion
of NO at 230 °C, v is the stoichiometric coefficient of the gas and W is the
weight of the catalyst. TOF is the number of NO molecules converted per
surface Pt atom per second, and the number of surface Pt atoms of the
catalyst is calculated from the average Pt particle size (from TEM results)
using sphere model [42,48]. A high GHSV (80,000 h™1) and low NO
conversion (less than 20%, catalyst bed temperature is 230 °C) were
selected to eliminate the heat and mass transfer limitations and achieve
the kinetically controlled conditions [49]. One can see that the reaction
rate results match well with the NO oxidation ratio curves (Fig. 1), the
fresh cat-600 and cat-700 catalysts show an obviously higher NO
oxidation activity than the cat-500 and cat-800. Interestingly, during the
reaction process of NO catalytic oxidation, the NO oxidation activity of
the cat-500, cat-600 and cat-700 catalysts are significantly enhanced.
Especially for the cat-500 catalyst, after NO oxidation reaction cycles,
the cat-500-cycle3 shows a better NO oxidation activity than the
cat-600-cycle3 and cat-700-cycle3 samples. Moreover, after 3 h using
under simulative diesel vehicle exhaust conditions, the NO oxidation
activity of the cat-500 (DE. 3 h rea.)-cyclel, cat-600 (DE. 3 hrea.)-cyclel
and cat-700 (DE. 3 h rea.)-cyclel can be further improved, and the
cat-500 (DE. 3 h rea.)-cyclel shows a significantly better NO oxidation
activity than the others. The calculated TOF results show a similar NO
oxidation activity trend with the NO oxidation curves and reaction rates.
While, all the 3 h used catalysts (-(DE. 3 h rea.)) show an obviously lower
TOF value of NO oxidation than the fresh and after 3 times of NO
oxidation reaction cycles (-cycle3) samples. This is because of the
competitive adsorption of water vapour and C3Hg on the NO adsorption
sites under the simulative diesel vehicle exhaust conditions [37,50]. To
further uncover the reasons about the catalytic performance differences,
several relative characterisation methods were carried out in the next
section. Due to the catalytic activity of the cat-800 is much lower than
the cat-500, cat-600 and cat-700 samples, and not increased by the
repeated catalytic NO oxidation cycles and/or long-time use under
diesel exhaust conditions. It is of slight significance for the practical
application to study the characterisation of cat-800, and hence the
cat-800 is not investigated in detail in the subsequent characterisation
experiments.

3.2. Catalyst characterisation

3.2.1. N, adsorption-desorption

Textual properties of the catalyst are intimately related to the cata-
lytic activity. A large specific surface area is conducive to the dispersion
of the active component, and appropriate pore volume and pore size
distribution are beneficial to gas/heat transfer [51,52]. To determine the
texture properties of the catalysts, N, adsorption-desorption techniques
were employed. The Ny adsorption-desorption isotherms of the catalysts
are shown in the supporting information Fig. S2, and the calculated
results are listed in Table 2. Because of the SiO, was calcinated at 800 °C
for 3 h before used as the catalyst support, for the fresh cat-500, cat-600,
cat-700 and cat-800, as listed in Table 2, all the data of BET specific
surface area, pore volume and average pore size are close. It indicates

Table 2
Textual properties of the cat-500, cat-600, cat-700 and cat-800 catalysts.

Samples Surface area(mzog’l) Pore volume(cm%g’]) Pore size(nm)
cat-500 176 0.89 20.3
cat-600 178 0.97 19.9
cat-700 172 0.95 20.1
cat-800 165 0.86 20.6
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that Pt loading on the SiO, carrier and the different temperature
calcining of the catalysts do not obviously influence the texture features
of the catalysts.

3.2.2. Platinum particle size

Pt nanoparticle size is an important factor for catalytic NO oxidation
performance. Fig. 2(al), (b1) and (c1) show the transmission electron
microscopy (TEM) images of the synthesized cat-500, cat-600 and cat-
700 catalysts, respectively. One can see that Pt particle size increases
with calcining temperature. The Pt nanoparticles (NPs) of the cat-500
catalyst seems amorphous, while those of the cat-600 and cat-700
show obviously crystallographic feature.

The Pt particle distributions of the prepared catalysts were counted
from more than 100 Pt particles, obtained from different TEM images of
the sample (more TEM images are shown in the supporting information
Fig. S1), and the results were plotted in Fig. 2(a2), (b2) and (c2). Fig. 2
(a2) shows that the Pt NPs of cat-500 has a narrow distribution with an
average size of approximately 2.78 nm. The Pt NPs on the cat-600 (Fig. 2
(b2)) and cat-700 (Fig. 2(c2)) catalysts have a relatively broad distri-
bution with an average size of about 7.64 nm and 13.94 nm, respec-
tively. Based on fast Fourier transform (FFT) analysis, the interplanar
distances of Pt NPs of the cat-600 catalyst are 0.22 and 0.19 nm, which
match well with the (111) and the (200) planes of the face-centred cubic
Pt, respectively. The Pt NPs of cat-700 also shows two different kinds of
interplanar distances of 0.22 nm and 0.19 nm indicating Pt (111) and
(200) faces are exposed on the cat-700 catalyst. It indicates that with
increased calcination temperature, the Pt NPs size of Pt/SiO5 catalyst is
increased and the Pt crystal structure is more complete.

3.2.3. XRD

To further confirm crystal characteristics of the Pt NPs, XRD was
employed. As shown in Fig. 3, all the catalysts of cat-500, cat-600 and
cat-700 show a distinct diffraction peak at approximately 22.0 ° which is
the typical reflection of SiO, (ICDD-PDF#29-0085). The XRD charac-
teristic diffraction peaks of Pt of the cat-500 catalyst are not definitely
observed. While, the cat-600 and cat-700 exhibit four peaks at approx-
imately 39.8 °, 46.2 °, 67.5 °and 81.3 °, which can be ascribed to the Pt
(111), (200), (220) and (311) faces (ICDD-PDF#04-0802), respectively.
The Pt peaks of the cat-700 are obviously sharper and stronger than the
cat-600. Combined with the results from TEM, it implies that as catalyst
calcination temperature increases, the Pt nanoparticles aggregate on
catalyst surface, Pt particle size increases and Pt crystallisation is more
complete. However, due to the low Pt loading amount (1.0 wt.%) and
the limitation of XRD characterisation, the precise structure and chem-
ical states of Pt species cannot be obtained from XRD results. To further
study the states of Pt species, XPS was employed.

3.2.4. XPS

The chemical states of Pt of the catalysts play a key role in NO cat-
alytic oxidation activity. Compared with metallic Pt°, PtO, has a weaker
binding ability to O, O and NO, and the dissociation of O, on the surface
of PtOy is more difficult, so the Pt° is considered as the active phase of
NO catalytic oxidation reaction [48,53,54]. XPS was used to charac-
terize the chemical states of Pt of the prepared catalysts, XPS results of
the fresh cat-500, cat-600 and cat-700 catalysts are shown in the sup-
porting information Fig. S3. And Fig. 4 shows the changes of Pt chemical
states of the catalysts during the different reaction process of catalytic
NO oxidation. Due to the NO catalytic oxidation activity of the cat-700 is
similar (slightly lower) with the cat-600, Fig. 4 mainly focus on the
changes of the cat-500 and cat-600 samples. As can be seen from Fig. 4
(a), the 71.5 eV peak (the characteristic peak of metallic pt° 4f72) in-
tensity of the cat-500 increased after three times of NO catalytic
oxidation reaction cycle under NO—Os—N, conditions (cat-500--
cycle3). Then, the Pt° 4f;, peak intensity of the cat-500-cycle3
increased again after 3 h reaction under simulative diesel exhaust con-
ditions (cat-500 (DE. 3 h rea.). While, compared to the cat-500, the
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increasement of Pt® 4f; , peak intensity of the cat-600 during the re-
actions under NO oxidation cycles (NO—OQO>—Nj conditions) and diesel
exhaust conditions are relatively lower. It thus can be suggested that the
content of metallic Pt® over the cat-500 and cat-600 can be increased
during the multiple catalytic NO oxidation reaction cycles and/or
longtime reaction under diesel exhaust conditions. The cat-500 with
smaller Pt nanoparticles (PtOy) are more easily to be reduced to generate
metallic Pt° active phase during the NO catalytic oxidation reactions.
Fig. 4(c) and 4(d) show the XPS spectra of Pt 4f spectra of the cata-
lysts that were performed by the Fourier transform deconvolution for
the quantitative calculation of the Pt species [55,56]. The peak located
at 74.4 eV is basically invariable over all the samples which is the Al 2p
core level spectra. Besides that, all the samples show six peaks at around
71.5, 73.3, 74.8, 74.9, 76.4 and 78.2 eV. The peaks around 74.9 and
78.2 eV are assigned to 4f7,2 and 4fs,2 peaks of PtO,, the peaks around
73.3 and 76.4 eV are assigned to 4f;,» and 4fs,» peaks of PtO, and the

peaks around 71.5 and 74.8 eV are assigned to 4f;,2 and 4fs/5 peaks of
metallic Pt°. Pt species (Pto, PtO and PtO») ratios are calculated and
presented in Table 3. The Pt° proportion of the fresh prepared cat-500 is
about 35.86% which is remarkably less than that of the cat-600 (about
52.11%). In combination with the results of average Pt particle size of
the catalysts from TEM, it indicates that the smaller Pt nanoparticles are
more easily to be oxidized to form PtOy during the preparation process,
and the larger Pt nanoparticles can maintain the metallic Pt° better
during the preparation process. After three times of NO catalytic
oxidation reaction cycles, the Pt® proportion of the cat-500-cycle3
catalyst is about 62.58%, and that of the cat-600-cycle3 is about
60.69%. This result demonstrates that both the cat-500 with smaller
platinum (PtOy) nanoparticle (~2.87 nm) and the cat-600 with rela-
tively larger platinum (PtOy) crystalline particle (~7.64 nm) can be
reduced by trace of NO to generate Pt° species even in oxygen-rich
conditions of NO (1000 ppm)-O3 (10.0 vol.%)-N2 balance. After 3 h
reaction of the abovementioned cat-500-cycle3 and cat-600-cycle3
catalysts under simulative diesel exhaust gases at 500 °C, the Pt° con-
tent of the cat-500 (DE. 3 h rea.) is about 81.61% which is markedly
more than that of the cat-600 (DE. 3 h rea.) (about 70.73%). Therefore,
it can be suggested that after the in-situ NO reduction, trace amount of
CO and C3Hp in the oxygen-rich diesel exhaust gases (1000 ppm NO,
1000 ppm CO, 330 ppm C3Hg, 8.0 vol.% COq, 7.0 vol.% water vapour,
10.0 vol.% Oy and Ny balance) can further reduce the PtOy to Pt and
the relatively smaller platinum particles (PtOy) are more easily to be
reduced to form Pt° by the diesel exhaust gases. Many studies [35,36,57]
have reported that the fresh catalyst with smaller platinum nano-
particles have more PtO/PtO; species and with larger platinum particle
size generally have more metallic Pt’, it is mainly because of the smaller
ones are much more easily oxidized during the preparation process
(generally under air flow). This is actually consistent with the results of
this work and our previous works [41,42], the smaller platinum nano-
particles are much more easily oxidized in the preparation process under
oxidizing atmosphere (such as air flow), and are also more easily
reduced in the presence of reducing gases even under oxygen-rich con-
ditions (such as diesel exhaust, contains trace amounts of NO/CO/CsHg
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Fig. 4. XPS (Pt 4f) spectra of the (a, c) cat-500 and (b,

Table 3
Pt species ratios from XPS and NO catalytic oxidation performance of the cat-500
and cat-600 before and after the catalytic reactions.

Samples Pt species ratios (%) Value of Reaction
PtO, PtO pt° maximum NO temperature of
oxidation (%) maximum NO
oxidation (° C)
cat-500 29.67 3446 3586 35 375
cat-500- 12.77 24.65 6258 55 330
cycle3
cat-500 10.14 8.25 81.61 67 310
(DE.3h
rea.)
cat-600 19.72 2817 5211 49 340
cat-600- 1849 20.81 60.69 55 340
cycle3
cat-600 13.70 15,57 70.73 57 330
(DE.3h
rea.)

and about 10% O5).

3.3. Reaction pathway of the NO catalytic oxidation

To investigate the catalytic NO oxidation reaction mechanism on the
prepared catalysts, the adsorption and chemical conversion of NO and
O, on the catalysts were studied by in-situ FTIR. Fig. 5 presents the in-situ

82

68 72 82

74 76 78
Binding energy (eV)

d) cat-600 before and after the catalytic reactions.

FTIR spectra of the catalyst for NO catalytic oxidation at different re-
action temperatures. The cat-500 and cat-600 catalysts have two
infrared absorption characteristic peaks at approximately 1235 and
1636 cm ™!, which are related to the bidentate nitrite and bridged ni-
trate, respectively [58-62]. Beside the 1235 and 1636 cm™! peaks, the
cat-700 shows an evident absorption peak at approximately 1385 cm ™2,
which is generally observed in the hydrotalcite materials and assigned to
the nitrates between layers [63-66].

In general, for all the prepared catalysts, the peak intensity of the
nitrite/nitrate intermediates obviously increased with the increase of
reaction temperature from 40 to 275 °C. The peak (1235 and 1636
cm ™) intensity of the cat-500 (Fig. 5a) is significantly lower than that of
the cat-600 (Fig. 5b) at the same reaction temperature, in combination
with the results of NO catalytic oxidation activity, this is because the
nitrite and bridging nitrate intermediates on the cat-500 catalyst can be
decomposed to form NO, and then desorbed from the catalyst surface
more quickly than the cat-600. This is one of the reasons why the cat-500
catalyst has better NO catalytic oxidation activity than the cat-600.

Interestingly, as shown in Fig. 5(c), besides the bidentate nitrite
(1235 em™) and bridged nitrate (1636 cm™H intermediates, a new
species of nitrates between layers (1385 cm™') is generated and
increased significantly on the cat-700 catalyst. Due to the relatively
larger platinum particles of the cat-700, the nitrates can intercalate in
the interlayer space between larger platinum particle surface and SiO,
sheets, as well as the relatively larger platinum interparticles (SiO sheet
structure and the interlayer space are shown in Supporting Information
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Fig. 5. In-situ FTIR spectra of the catalysts under NO/O; conditions: (a) cat-
500, (b) cat-600 and (c) cat-700.

Fig. S4). The nitrates between layers are unperturbed and hard to
remove from the catalysts, and therefore close to the active sites
[63-65]. It thus can be suggested that the nitrates between layers are
relatively difficult to decompose into NOy species and desorb from
catalyst surface, so their accumulation on the catalyst surface will lead
to a disadvantage of the catalytic NO oxidation activity of the cat-700
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catalyst. It can be seen that the NO catalytic oxidation on Pt/SiO, cat-
alysts primarily proceeds through the bidentate nitrite and bridged ni-
trate intermediate pathway. Therefore, smaller Pt nanoparticle size
(~2.78 nm) is beneficial for decomposition and desorption of the
nitrite/nitrate intermediates, and hence exhibits a superior catalytic NO
oxidation activity. Relatively larger Pt nanoparticle size (~13.94 nm) of
the catalyst results in production of nitrates between layers, which is
difficult to decompose and desorb from catalyst surface, and therefore
adverse to the NO catalytic oxidation.

4. Conclusion

The catalytic performance of nano-sized Pt/SiO2 catalysts on
oxidizing nitric oxide under diesel exhaust relevant conditions is studied
in this work. The results show that Pt nanoparticle size in the Pt/SiO5
catalyst plays a key role on both the catalytic activity and reaction
pathway of NO oxidation. For the initial NO catalytic oxidation reaction,
the fresh as-synthesized Pt/SiO, catalysts (cat-600 and cat-700) with
relatively larger Pt nanoparticles (7.64-13.94 nm) have better catalytic
performance than the cat-500 with smaller Pt particles (~2.78 nm). This
is because the larger Pt nanoparticles can maintain more Pt active
species during the preparation process. Interestingly, the ptd+ species
(PtO and PtO3) on the Pt/SiO catalysts can be reduced to Pt° active
species by trace amounts of NO during the NO oxidation reaction cycles,
even under the oxygen-rich atmosphere of NO (1000 ppm)-O5 (10.0 vol.
%)-N5. The remaining part of Pt>* species can be further reduced to form
Pt° under the simulative diesel exhaust conditions. Moreover, the
smaller platinum nanoparticles (PtOyx) are more easily to be reduced to
form Pt° active species under both the NO—Oy—N and simulative
diesel exhaust conditions. Therefore, the cat-500 with smaller platinum
nanoparticles (~2.78 nm) shows markedly better NO catalytic oxidation
activity than the cat-600 (7.64 nm), cat-700 (13.94 nm) and cat-800
samples after multiple NO oxidation cycles and/or prolonged reaction
under simulative diesel exhaust conditions. Besides, NO catalytic
oxidation on the Pt/SiOy catalysts primarily proceeds through the
bidentate nitrite and bridged nitrate intermediates pathways. The rela-
tively smaller platinum nanoparticles are beneficial for the decomposi-
tion and desorption of the nitrate intermediates and hence improving
the catalytic NO oxidation activity. The larger platinum nanoparticles
(~13.94 nm) will cause generation of nitrates between layers that are
difficult to decompose and desorb from the catalyst surface, and thereby
adverse to the NO catalytic oxidation activity.
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