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A B S T R A C T   

High-temperature redispersion of platinum nanoparticle is inevitable for Pt/Al2O3 diesel oxidation catalyst 
(DOC), yet its effects on NO catalytic oxidation and its reaction mechanism are still indeterminate. Results of this 
work indicate that high-temperature redispersion not only decrease the nano-size of platinum particle, but also 
increase the crystallinity. The smaller size of platinum nanoparticle is beneficial for the reduction of high valence 
Ptδ+ species to form Pt0 active phase and hence improving NO oxidation performance. The higher crystallinity of 
platinum particle is beneficial to maintaining Pt0 state but adverse to the reduction of Ptδ+ species during long- 
time use. In-situ Fourier transform infrared spectroscopy results prove that NO oxidation on Pt/Al2O3 catalyst is 
mainly through the intermediates of nitrite and bridging nitrate. It will convert to chelated nitrates if the 
decomposition of nitrite and bridging nitrate intermediates are not able to occur promptly. Chelated nitrates are 
stable and hard to decompose which therefore will restrain NO oxidation reaction. The smaller Pt nano-size is 
conducive to the decomposition of nitrite/nitrate intermediates and therefore boost NO oxidation reaction, 
simultaneously the higher Pt crystallinity will lead to the generation and accumulation of chelated nitrates 
consequently cover the active sites and restrain NO oxidation reaction.   

1. Introduction 

Diesel engines have played an important role in transportation in-
dustry due to the higher durability, fuel efficiency, power performance 
and less carbon dioxide emissions [1,2]. However, air pollutants, e.g. 
carbon monoxide (CO), unburned hydrocarbon (UHC), nitric oxides 
(NOx) and particulate matters (PM), from the diesel engines would cause 
serious atmospheric pollution and human health risk [3,4]. To reduce 
the pollutants from diesel exhaust and meet the increasingly stringent 
exhaust emission standards, modern vehicles have to be equipped with 
an exhaust gas aftertreatment system comprising of monolithic catalytic 
convertors [5,6]. The system usually includes at least three devices: 
diesel oxidation catalyst (DOC) for CO, UHC and NO oxidation; diesel 
particulate filter (DPF) for removal of PM and selective reduction 
catalyst (SCR) for de-NOx [7–9]. In particular, catalytic NO oxidation to 
NO2 on DOC can simultaneously promote the low-temperature elimi-
nation of soot and NOx on the downstream DPF and SCR [10,11]. 

Since the noble metal of platinum has good chemical poison 

resistance and high catalytic oxidation activity [12]. Considering the 
sulfur poison and SO4

2- effect on catalyst in the exhaust [13–15] and the 
need of high NO catalytic oxidation performance, platinum-based 
catalyst has been extensively studied and used as DOC catalysts 
[16–18]. It is well known that the relatively smaller platinum nano-
particles usually have more surface Pt atoms, thereby high active sites of 
edges and corners and higher catalytic performances [19–22]. However, 
for the NO oxidation reaction on Pt-supported DOC catalysts, the cata-
lyst with relatively larger Pt nanoparticle generally shows a higher 
catalytic activity. This is mainly because metallic Pt0 is the active species 
for NO oxidation reaction, and the larger Pt nanoparticle maintains Pt0 

metal state more easily under oxidative conditions, and therefore has 
more Pt0 active sites [23–27]. Our previous works [28–30] have shown 
that the high valence Ptδ+ (PtO and PtO2) on DOC catalyst can be 
reduced to form Pt0 active species by the trace amount of CO, UHC and 
even NO during the long-term application. Moreover, the smaller Pt 
nanoparticle can be reduced to form Pt0 active species more easily and 
hence promote the NO oxidation activity. It is worthy to note that the 
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catalyst Pt particle size is not unchangeable during the long-term reac-
tion process. High-temperature sintering and redispersion of Pt nano-
particle always proceed during the whole reaction process [31–33]. 
However, till now the effects of high-temperature redispersion of 
Pt-based DOC catalyst on NO oxidation performance and especially its 
reaction pathway is still inconclusive. In this work, typical Pt/Al2O3 was 
used as model DOC catalyst, and the effects of Pt nanoparticle 
high-temperature redispersion on catalyst physicochemical properties 
and the consequently catalytic NO oxidation performance as well as 
reaction pathway were investigated systematically. 

2. Experimental method 

2.1. Catalyst preparation 

The Pt/Al2O3 catalyst is prepared by impregnating Pt(NO3)2 solution 
on the commercial Al2O3 support (Solvay S.A., ~120 m2/g, contains a 
small proportion of SiO2) and then calcining at different temperature. 
Firstly, the Al2O3 was calcined in a muffle furnace at 800 ◦C for 3 h so as 
to eliminate the effects of support texture properties. Then, the calcu-
lated amount of Pt(NO3)2 solution (Heraeus Group, Pt, 28.25 wt%) was 
dissolved in deionized water to obtained Pt(NO3)2 precursor solution 
(~0.04 mol/L), and then impregnated on the Al2O3 with a Pt loading 
amount of 1.0 wt%. After drying for 12 h at 80 ◦C, the sample was evenly 
divided into four parts and separately calcinated in muffle furnace at 
500 ◦C, 600 ◦C, 700 ◦C, and 800 ◦C, respectively in atmosphere for 3 h. 
Finally, the obtained Pt/Al2O3 powder catalyst was labeled as D500, 
D600, D700, and D800, respectively. 

2.2. Catalytic performance test 

The catalytic performance of all the catalysts was measured in a 
multi-gas path fixed-bed catalyst evaluation device. Firstly, approxi-
mately 0.45 g of the granular catalyst was filled into the catalytic re-
action tube. Then, the simulated diesel vehicle exhaust gases (CO 1000 
ppm, C3H6 330 ppm, NO 1000 ppm, CO2 8.0 vol%, steam 7.0 vol%, O2 
10.0 vol% and N2 balance) were introduced in the reactor with a gas 
hourly space velocity (GHSV) of 80000 mL⋅g− 1⋅h− 1. After that the 
reactor was heated to 500 ◦C by 10 ◦C⋅min− 1; meanwhile, the outlet NO 
and NO2 concentrations were detected by a flue gas analyzer (MRU 
NOVA PLUS, Germany), and the test results were marked with a postfix 
of -fresh (such as D500-fresh). And then to study the NO catalytic 
oxidation performance of the catalyst during long-term use, the fresh 
catalyst was pre-treated at 500 ◦C for 3 h in the simulated diesel vehicle 
exhaust conditions. Afterwards, it is naturally cooled down to room 
temperature, and then the reactor was heated to 500 ◦C by 10 ◦C⋅min− 1 

again, and the NO and NO2 concentrations were detected. The test was 
repeated several times (2–4 times) until the NO oxidation ratio curves 
were constant, and the test results were labeled with a postfix of 
-cycle1/-cycle2/-cycle3/-cycle4 (such as D500-cycle1). 

2.3. Catalyst characterization 

The nanosized morphology and structure of the catalyst were char-
acterized by a high-resolution transmission electron microscope (HR- 
TEM) of Thermo Fisher Scientific FEI TALOS F200. 

X-ray diffraction (XRD) experiment was performed on a Rigaku Ul-
tima IV diffractometer using Cu Kα radiation (λ = 0.15405 nm) with a 
scanning step of 0.05◦/min. The crystalline phases were identified by 
comparison with the reference from the International Center for 
Diffraction Data (ICDD). 

X-ray photoelectron spectroscopy (XPS) data were collected on 
Thermo Scientific ESCALAB 250xi with an Al Kα source (hv = 1486.6 
eV) operated at 12.5 kV and 16 mA. The passing energy is 20 eV, number 
of scans is more than 5, scanning resolution is 0.05 eV. The binding 
energies of XPS spectra were calibrated using C1s at 284.80 eV. 

Nitrogen adsorption-desorption tests were performed on a Micro-
metrics ASAP 2460 automatic micropore physisorption analyzer. Before 
the test, all samples were pretreated at 300 ◦C for 3 h under vacuum. 

Hydrogen temperature-programmed reduction (H2-TPR) test was 
carried out on a fixed-bed TPR dynamic adsorption apparatus. Firstly, 
about 100 mg sample was placed in a quartz reaction tube and pre-
treated at 450 ◦C in N2 gas stream for 30 min. After it was cooled down 
to room temperature, we switched on the N2 flow to achieve a gas 
mixture of 5% H2-95% N2 (40 mL⋅min− 1), and then heat the reactor to 
900 ◦C at a rate of 10 ◦C⋅min− 1. The H2 consumption signal was detected 
by a TCD and the amounts were calibrated by the reduction of pure CuO. 

NO temperature-programmed desorption (NO-TPD) was performed 
on a dynamic adsorption apparatus. About 100 mg sample was placed in 
a quartz tube reactor and purged under 40 mL/min of He flow at 450 ◦C 
for 30 min and then being cooled down to room temperature. After-
wards, the sample was exposed to a 40 mL/min gas flow of 2.5 vol% NO- 
He at 80 ◦C for 1 h. Subsequently, the sample was purged with 40 mL/ 
min He flow for 30 min to remove the excess adsorbed oxygen. Finally, 
the sample was heated from 80◦ to 900 ◦C with a rate of 10 ◦C/min under 
40 mL/min He flow. The NO desorption pattern was recorded by a TCD. 

The in-situ Fourier transform infrared spectroscopy (in-situ FT-IR) 
spectra were collected on a Fourier transform infrared spectrometer 
(Thermo Scientific Nicolet iS 50, America) with MCT detector. Firstly, 
all the catalysts were pretreated at 120 ◦C overnight to remove the 
impurities adsorbed on catalysts. Then, about 50 mg sample of 1:50 
catalyst and KBr was pressed to a tablet under infrared baking lamp, and 
then heated at 120 ◦C for 30 min. After that the sample was placed in the 
reaction cell. The tests were performed under both the NO-only and 
simulated diesel exhaust environments. For the NO-only environments, 
NO (1000 ppm)-N2 mixture (0.1 MPa) was introduced in the sample for 
2 min, after that the reaction cell was evacuated to 5.0 × 10− 5 h Pa. Then 
the O2 (10.0 vol%)-N2 mixture (0.1 MPa) was introduced in the catalyst 
and the in-situ FT-IR spectra were collected. For the simulated diesel 
exhaust environments, CO (1000 ppm)-C3H6 (330 ppm)-NO (1000 
ppm)-CO2 (3000 ppm)-N2 mixture (0.1 MPa) was introduced in the 
sample for 2 min, after that the reaction cell was evacuated to 5.0 × 10− 5 

h Pa. Then the O2 (10.0 vol%)-N2 mixture (0.1 MPa) was introduced in 
the catalyst and the in-situ FT-IR spectra were collected. 

3. Results and discussion 

3.1. Catalytic performance 

NO oxidation ratio curves of all the catalysts under simulated diesel 
exhaust gases conditions are shown in Fig. 1. Because the catalytic 
oxidation of CO and C3H6 on the Pt-based diesel oxidation catalyst are 
far lower than 200 ◦C as reported by our previous work.[29,34–36] The 
catalytic elimination of CO and C3H6 can be occurred easily in the diesel 
exhaust temperature range (200–400 ◦C), so this work mainly focuses on 
the catalytic oxidation of NO. Firstly, the catalytic NO oxidation test on 
the freshly prepared catalyst was performed and marked with the postfix 
of -fresh. Then the catalyst was continuously used for 3 h at 500 ◦C under 
the simulative diesel vehicle exhaust conditions and subsequently 
retested the NO oxidation performance several times until the catalytic 
activity is consistent, and the sample was marked with the postfix of 
-cycle1/2/3/4, respectively. The oxidation product of NO is mainly NO2, 
and other nitrogen oxides are not detected. As shown in Fig. 1, the NO 
oxidation ratio of all the catalysts firstly increased with the rise of re-
action temperature. When the reaction temperature continues rising, the 
NO oxidation ratio reaches the peak and then gradually decreases 
because of the thermodynamic limitations [16,37]. For all the catalysts, 
the starting temperatures of NO oxidation are similar (at around 235 ◦C) 
under the simulative diesel vehicle exhaust conditions. The light-off 
temperature (T10%, the temperature when NO oxidation ratio reaches 
to 10%) of all samples are also generally similar, the T10% of all the fresh 
catalysts are approximately 275 ◦C. However, the peak temperature (TP, 
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the temperature when NO oxidation ratio reaches to peak) and the 
maximum conversion ratio of NO to NO2 (max of NO oxidation ratio) of 
the catalysts show a significant difference. It indicates that the catalyst 
can promote NO oxidation when the starting temperature was reached 
and can affect the max value of NO oxidation ratio. The T10%, TP and 
max of NO oxidation ratio are summarized in Table 1. 

The TP of D500-fresh, D600-fresh, D700-fresh and D800-fresh are 
approximately 375 ◦C, 380 ◦C, 360 ◦C and 365 ◦C, respectively. The 
max of NO oxidation ratio for the D500-fresh, D600-fresh, D700-fresh 
and D800-fresh are about 28.9%, 35.5%, 42.4% and 32.0%, respec-
tively. It can be seen that the peak temperature (TP) of NO oxidation on 
the fresh catalysts generally decrease with the catalyst treatment tem-
perature, and the max of NO oxidation ratio for all the fresh catalyst 
obviously increase with the treatment temperature, except the D800- 
fresh. It indicates that the initial NO catalytic oxidation performance 
of Pt/Al2O3 can be obviously enhanced by the high-temperature treat-
ment, and excessively high treatment temperature (~800 ◦C) will 
inhibit NO catalytic oxidation activity. 

After the initial NO catalytic oxidation test, the catalyst was 

continuously used for 3 h at 500 ◦C in the simulative diesel vehicle 
exhaust gases, and subsequently retested the NO oxidation performance 
until the NO oxidation ratio curves are consistent. Generally, during the 
long-time and multiple catalytic reaction under simulated diesel exhaust 
conditions, the catalytic NO oxidation activity of all the prepared cata-
lysts are continually getting better and then becoming stable. This is 
mainly because of the reduction of high-valence Ptδ+ species to Pt0 

active sites in the long-time reactions, as reported in our previous work 
[28,29]. As shown in Fig. 1(a), the NO catalytic oxidation activity of the 
D500 catalyst shows an obvious enhancement during the long-time use 
(multiple NO oxidation test cycles), not only the max NO oxidation ratio 
increased, but also the NO oxidation reaction of T10% and TP decreased. 
Fig. 1(b) and Fig. 1(c) display that the NO catalytic oxidation perfor-
mance of the D600 and D700 catalysts also shows an improvement 
during the multiple NO oxidation test cycles. The NO oxidation activity 
of the D800, as shown in Fig. 1(d), is not enhanced by the multiple NO 
oxidation test cycles and the maximum NO oxidation ratio of D800 is far 
lower than the others. Table 1 listed the final NO oxidation performance 
data on all the catalysts after multiple NO oxidation test cycles. The T10% 
of D500-cycle4, D600-cycle4, D700-cycle3 and D800-cycle2 are 247 ◦C, 
268 ◦C, 268 ◦C and 282 ◦C, respectively. The TP of D500-cycle4, 
D600-cycle4, D700-cycle3 and D800-cycle2 are 325 ◦C, 350 ◦C, 
350 ◦C and 355 ◦C, respectively. The max of NO oxidation ratio of the 
D500-cycle4, D600-cycle4, D700-cycle3 and D800-cycle2 are 53.6%, 
45.9%, 46.4% and 30.6%, respectively. Generally, the final NO catalytic 
oxidation performance of the D500-cycle4, D600-cycle4 and 
D700-cycle3 catalysts is improved during the long-time use (multiple 
NO oxidation test cycles) in the simulative diesel vehicle exhaust gases. 
Interestingly, the D700 sample maintains a strong catalytic NO oxida-
tion performance either the initial D700-fresh or the final D700-cycle3. 
To study the reasons of catalytic performance differences of the cata-
lysts, several characterizations and analysis were carried out. Due to the 
catalytic NO oxidation performance of the D800 is far lower than the 

Fig. 1. NO oxidation ratio on the catalysts: (a) D500, (b) D600, (c) D700 and (d) D800.  

Table 1 
The reaction light-off temperature (T10%), peak temperature (TP) and maximum 
conversion ratio of NO to NO2 for the fresh and long-time used catalysts.  

Samples T10% 

(◦C) 
TP 

(◦C) 
max of NO oxidation ratio 
(%) 

D500-fresh  275  375  28.9 
D500-cycle4  247  325  53.6 
D600-fresh  280  380  35.5 
D600-cycle4  268  350  45.9 
D700-fresh  270  360  42.4 
D700-cycle3  268  350  46.4 
D800-fresh  284  365  32.0 
D800-cycle2  282  355  30.6  
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others, the D800 sample is not further characterized and analyzed in the 
following sections. 

3.2. Catalyst characterization 

3.2.1. Platinum particle size 
Platinum particle size plays an important role in NO catalytic 

oxidation performance [28,38]. Fig. 2 shows the transmission electron 
microscope (TEM), HAADF-STEM images and platinum particle size 
distribution of the three catalysts. The particle size distribution diagram 
is obtained by collecting and counting the Pt particle size from multiple 
HAADF-STEM images (as shown in Fig. S1 in Supporting Information). It 
can be seen from Fig. 2 that with increased treatment temperature, the 
average particle size of Pt particle increases rapidly from 1.40 nm of 
D500 to 14.04 nm of D600. When the treatment temperature reaches up 
to 700 ◦C, the average Pt particle size drops to approximately 1.82 nm, 
due to the high-temperature redispersion of Pt particles under high 
temperature and oxygen-rich conditions [39–42]. In previous studies 
[25,26] and our recent report [28], the catalyst with relatively larger Pt 
nanoparticles shows a better initial NO catalytic oxidation activity, due 
to larger Pt nanoparticles is helpful for maintaining the active species of 

Pt0 state during the preparation and using process. Furthermore, the 
relatively smaller platinum (Ptδ+) particles can be reduced to Pt0 state 
more easily in the diesel vehicle exhaust gases and thus shows a superior 
final NO oxidation performance after long-time use (multiple NO 
oxidation reaction cycles) as reported by our previous works [28–30]. 

In combination with the catalytic NO oxidation activity results, it is 
interesting that although the Pt particle size of the D700 (~1.82 nm) is 
similar with the D500 (~1.40 nm), the initial NO oxidation performance 
of the D700-fresh is remarkably higher than that of the D500-fresh, and 
the final NO oxidation performance after long-time use of D700-cycle3 is 
slightly lower than that of the D500-cycle4. As shown in Fig. 2(a1) and 2 
(a3), the deep black particles (marked by red ring) can be attributed to 
Pt nanoparticles, the light black particles with obvious lattice fringe are 
the Al2O3 nanocrystals. The shape of Pt nanoparticles of the D500 is 
irregular, and the majority of Pt nanoparticles do not show the lattice 
fringe, a few Pt nanoparticles show the lattice fringe. While for the D700 
catalyst, lattice fringe is definitely observed in almost all the Pt nano-
particles. It indicates that the dominant structure of Pt nanoparticle 
(~1.40 nm) of the D-500 catalyst is amorphous; while for the high- 
temperature redispersion catalyst, D-700, the dominant structure of Pt 
nanoparticle (~1.82 nm) is nanocrystal. This is also confirmed by 

Fig. 2. TEM/HAADF-STEM images and Pt particle size of the D500 (a1, a2, a3), D600 (b1, b2, b3) and D700 (c1, c2, c3) catalysts.  
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further XRD experimental results in the next section. Thus, the differ-
ences of NO oxidation performance between the D500 and D700 maybe 
result from the difference between Pt amorphous nanoparticle (for 
D500) and nanocrystal (for D700), because of the mean Pt particle size 
of the D500 and D700 is almost the same (1.40 nm vs. 1.82 nm). Due to 
the fact that, compared with the crystal particle, the amorphous particle 
has more defects which can thus supply more active sites [43,44]. 
Therefore, the D500 catalyst with Pt amorphous nanoparticle should 
show a higher NO oxidation performance during the long-time use. In 
addition, it is worthy to note that the initial NO oxidation activity is 
mainly depending on the initial chemical states of Pt [25,26]. The 
catalyst with more Pt0 active species, D-700, should display a higher 
initial NO oxidation activity, this is consistent with the catalytic per-
formance results. 

The nitrogen adsorption-desorption results (Fig. S2 and Table S1 in 
the Supporting Information) prove that the different calcination tem-
perature does not affect the texture properties of the prepared catalysts. 
The BET surface area, pore volume and pore size of the D500, D600, 
D700 and D800 are similar. So texture properties are not the relevant 
factor impacting the catalytic activity and Pt particle size of the prepared 
catalysts. 

3.2.2. XRD 
Fig. 3 shows that all the samples display an obvious XRD charac-

teristic diffraction peak at about 22.0◦, it is because of the typical SiO2 
reflection (ICDD-PDF#29–0085). Meanwhile, the diffraction peaks at 
approximately 37.6◦, 45.8◦, 60.5◦, and 66.8◦ are observed in all of the 
catalysts, which are attributed to the (311), (400), (511) and (440) 
crystal faces reflection of Al2O3 (ICDD-PDF#29–0063). The peak in-
tensity at 45.8◦ and 66.8◦ of Al2O3 (400) and (440) crystal faces of all the 
samples are relatively strong, which is because of the overlap with Pt 
(200) and (220) XRD peaks. As it is well known that Pt (111), (200), 
(220) and (311) crystal face diffraction peaks are at approximately 
39.8◦, 46.2◦, 67.5◦, and 81.3◦, respectively (ICDD-PDF#04–0802). 

It is noteworthy to mention that the Pt (111) plane peak of the D500 
catalyst is weak; however, for the D600 and D700 catalysts, the intensity 
of Pt (111) face is strong and the peak shape is sharp. The signals of 
undisturbed Pt (311) face of the D500 catalyst are not observed, while 
they are clearly visible for the other two catalysts, and the Pt (311) 
characteristic diffraction peaks of the D700 are stronger and sharper 
than that of the D600. It indicates that Pt particle on the D500 catalyst is 
mainly amorphous, for the D600 and D700 catalysts, Pt particle mainly 
exists in the form of nanocrystal. Pt crystallinity of the D500, D600 and 
D700 catalysts are 11.8%, 54.3% and 73.0%, respectively (as listed in  
Table 2). The crystal structure of high-temperature redispersion Pt 

nanocrystal of D700 catalyst is obviously more complete than that of the 
D500 and D600 catalyst, that is, the high-temperature redispersion of Pt 
would lead to more complete Pt crystal structures. This result is in line 
with the TEM results. Here we consider NO oxidation performance and 
Pt particle size of the prepared catalysts. Compared with the D600 
catalyst, the D700 sample has remarkably smaller Pt particle size but 
shows similar NO oxidation performance, which may be because of the 
formation of Pt crystal which weakens NO catalytic oxidation activity. 
Because Pt crystal formation, in essence, is a process that Pt atoms 
arrange themselves in a regular fashion. Thus, the highly active corner, 
edge and defect sites of Pt nanoparticle are lost largely.[45,46] This is 
also the reason why the D700 has similar Pt mean size with the D500 
(~1.82 nm vs. ~1.40 nm) but obviously lower final NO catalytic 
oxidation performance. Thus it implies that besides Pt particle size, the 
formation of Pt crystal is another factor for Pt/Al2O3 catalyst on NO 
catalytic oxidation. 

3.2.3. XPS 
The chemical state of Pt on catalyst is a key factor affecting the 

catalytic activity [47]. In order to study the chemical state of Pt on 
catalysts, X-ray photoelectron spectroscopy (XPS) was performed, and 
the results are shown in Fig. 4. It can be seen in Fig. 4(a) that a strong 
XPS peak at approximately 75.3 eV is observed in all catalysts, it is the 
Al3+ 2p core level spectrum and it is basically unchanged in all of the 
D500, D600, and D700 catalysts. While the electron binding energy 
signals of the catalysts at around 71.70, 73.10, and 78.50 eV are quite 
different (inset in Fig. 4(a)), which indicates that the Pt chemical state 
distributions of the three samples are quite different. 

After deconvolution, besides the Al3+ 2p peak (at approximately 
75.3 eV), all the catalysts show six Pt 4 f peaks. The peak at around 
75.15 and 78.50 eV are the 4f7/2 and 4f5/2 peak of Pt4+, the 73.10 and 
76.45 eV peaks are the 4f7/2 and 4f5/2 spin-spin splitting peak of Pt2+, 
and the peak at around 71.70 and 75.05 eV are assigned to 4f7/2 and 4f5/ 

2 peak of Pt0. The XPS deconvolution data were listed detailedly in 
Table S2 in the Supporting Information and the percentages of Pt species 
in different chemical states were calculated and listed in Table 2. It can 
be seen that as the preparation temperature increases, the proportion of 
Pt0 of the catalyst gradually increases, and meanwhile the proportion of 
Ptδ+ gradually decreases. Combining the results of TEM and XRD, it can 
be suggested that, for the D500 and D600, the content of Pt0 increases 
with the increase of the Pt nanoparticle size. The reason is that relatively 
small Pt nanoparticles are easily oxidized to form Ptδ+ (PtO and PtO2) 
during the preparation process, while relatively large particles are more 
difficult to be oxidized and hence has a higher Pt0 content [48,49]. 
However, although the D700 catalyst has a smaller mean Pt particle size, 
Pt0 content of the D700 catalyst is not reduced but increased. It indicates 
that the high-temperature treatment of Pt catalysts in air (oxygen-rich 
atmosphere) will lead to the transformation of Ptδ+ to Pt0 species, not 
only in the sintering process (D600) but also in the redispersion process 
(D700). This phenomenon is also observed in the previous researches 
[50,51]. It may be attributed to the formation of highly complete Pt 
nanocrystal of the D700, which makes it difficult to be oxidized and 
hence has a higher Pt0 content. 

3.2.4. H2-TPR 
In order to study the oxidation-reduction performance of the Fig. 3. XRD patterns of the D500, D600, D700 and D800 catalysts.  

Table 2 
The Pt average particle size, crystallinity and Pt species ratios on the D500, D600 
and D700 catalysts.  

Samples Pt particle average size 
(nm) 

Crystallinity 
(%) 

Pt species ratios (wt%) 

Pt0 Pt2+ Pt4+

D500  1.40  11.8  13.21  36.89  49.90 
D600  14.04  54.3  47.89  15.44  36.67 
D700  1.82  73.0  63.71  17.39  18.90  
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prepared Pt/Al2O3 catalysts, H2 temperature-programmed reduction 
(H2-TPR) was performed. As shown in Fig. 5, all of the three catalysts 
exhibit multiple H2 consumption peaks at 25–650 ◦C. The H2 con-
sumption peak of α, before 250 ◦C, is attributed to the reduction of high- 
valence Ptδ+ species and the oxygen species strongly interacted with Pt 
on the catalyst [52]. For the D500 sample, the α peak is obviously larger 
than that of the D600 and D700 catalysts in sequence, it indicates that 
the reducible species (Ptδ+ species) of the D500 catalyst are more than 
the D600 and D700. The transformation of high-valence Ptδ+ to metallic 
Pt0 species during the sintering (such as D600) and redispersion (such as 

D700) process is also observed in the previous researches [50,51], and 
this is in line with the results of XPS. Due to the large amount of 
high-valence Ptδ+ species and ultrafine particle size of platinum, the α 
peak of Ptδ+ reduction of the D500 is separate from the reduction of 
oxygen strongly interacted with Pt, so the α peak of D500 shows an 
obvious double-peak distribution (α1 and α2). The β peaks between 250 
and 450 ◦C are attributed to the reduction of oxygen species which 
strongly interacts with the interface of Pt and the corresponding oxide 
support [34,53]. The γ peak at higher than 450 ◦C is attributed to the 
reduction of the Al2O3 support [54]. 

The H2 consumption amount of each sample was calculated and 
listed in Table 3. It can be seen that the H2 consumption amount of the 
catalysts obviously decreases with the treatment temperature in the low- 
and medium-temperature range, i.e., 25–250 ◦C and 250–450 ◦C. 
Combining the results of XPS and TEM, it implies that with the increase 
of treatment temperature, Pt particle size gradually increases and crys-
tallinity becomes more complete. It will result in the decrease of 
reducible species (Ptδ+ species) of the catalyst and hence the degrada-
tion of low- and medium-temperature redox properties; that is, the 
mobility of active species is decreased [55,56]. Therefore the larger Pt 
size and higher Pt crystallinity should make the Pt and Pt-Al2O3 interface 
of the catalyst more difficult to take part in the catalytic reaction. 

3.2.5. NO-TPD 
NO-TPD curves of the prepared catalysts are shown in Fig. 6. It can be 

seen that all the catalysts show three NO-TPD peaks. The α peak 
(80–200 ◦C) is attributed to the weak adsorbed NO, the β peak 
(200–450 ◦C) can ascribe to the unstable nitrate intermediates (such as 
nitrite and bridged nitrate), and the γ peak (450–800 ◦C) is character-
istic of stable nitrate (chelated nitrate) [57–59]. It is obvious that the α 
and β peak of the D500 is markedly stronger than that of the D600 and 

Fig. 4. XPS (Pt 4 f) spectra of the catalysts: (a) all the catalysts after normalization, (b) D500, (c) D600, (d) D700.  

Fig. 5. H2-TPR of the D500, D600 and D700 catalysts and Al2O3 support.  
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D700 catalysts in sequence. Meanwhile, the γ peak of the D500 is slightly 
weaker than that of the D600 and D700 catalysts in sequence. Thus, it 
can be suggested that the smaller size and lower crystallinity of platinum 
particle of the catalysts are beneficial for the formation of unstable ni-
trate intermediates and hence promoting NO catalytic oxidation. The 
larger size and higher crystallinity of platinum particle should be 
beneficial for the generation stable nitrates and therefore disadvantag-
ing NO catalytic oxidation. 

3.3. NO oxidation reaction pathway 

To further study the reaction pathway of NO catalytic oxidation on 
the catalysts, in-situ FTIR spectra was used. Fig. 7 shows the in-situ FTIR 
spectra of the chemical reaction of NO and O2 on catalyst (NO-only 
conditions) under different reaction temperatures. It is well known that 
the FTIR peaks at approximately 1243 cm− 1 and 1636 cm− 1 can be 
attributed to the characteristic absorption of bidentate nitrite and 
bridged nitrate, respectively [60–62]; and the multiple absorption peaks 
appeared at 1450–1560 cm− 1are mainly because of the formation of 
monodentate nitrate and bidentate nitrate species on catalyst surface 
[63–65]. For all the catalysts, as shown in Fig. 7, the peak intensities of 
all the nitrite and/or nitrate intermediates increase with the reaction 
temperature, which implies that the NO catalytic oxidation rete is 

Table 3 
H2-TPR adsorption peak information of the catalysts and Al2O3 support.  

Samples D500 D600 D700 Al2O3 

α1 α2 β γ α β γ α β γ γ 

Temperature (℃) 85 130 369 488 128 450 534 143 366 498 526 
Area 62 111 60 31 61 20 14 13 10 72 77 
H2 consumption (μmol) 0.44 0.78 0.42 0.22 0.43 0.14 0.10 0.09 0.07 0.51 0.54  

Fig. 6. NO-TPD curves of the D500, D600 and D700 catalysts.  

Fig. 7. In-situ FTIR spectra of the (a) D500, (b) D600, (c) D700 catalysts and (d) KBr under NO/O2 and CO-C3H6-NO-CO2/O2 conditions.  
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directly related to the reaction temperature, and this is in line with the 
catalytic activity results in Section 3.1. 

For the D500 catalyst (Fig. 7(a)), both the bidentate nitrite 
(1243 cm− 1) and bridged nitrate (1636 cm− 1) are detected, which are 
the typical reaction intermediates of NO oxidation, no other nitrite/ni-
trate species were observed. Interestingly, besides bidentate nitrite and 
bridged nitrate species, chelated nitrate species (1450–1560 cm− 1) are 
affirmatively generated on the D600 catalyst in Fig. 7(b), and the for-
mation amounts of chelated nitrates obviously increase with NO 
oxidation rate and reaction temperature. Moreover, for the D700 cata-
lyst in Fig. 7(c), chelated nitrate species (1450–1560 cm− 1) are not 
observed at low-temperature range (lower than 225 ◦C), and the in-
tensity of FTIR peak of the chelated nitrate at over 225 ◦C is markedly 
weaker than that of the D600 catalyst. By contrasting Pt particle size of 
the D500 with D600 catalyst (1.40 nm vs. 14.04 nm), it is clear that the 
larger size of Pt particle of catalyst will lead to the generation of chelated 
nitrate species. Comparing the D500 and D700, it can be suggested that 
when the particle size of Pt is similar (1.40 nm vs. 1.82 nm), the higher 
crystallinity of Pt particle will cause the formation of chelated nitrates 
more easily. It is proved that the thermal stability of nitrite/nitrate 
species on Al2O3-supported catalyst surface follow the sequence of ni-
trite < bridged nitrate < bidentate nitrate ≈ monodentate nitrate.[66] 
It means that compared with bidentate nitrite and bridged nitrate, 
chelated nitrates (monodentate nitrate and bidentate nitrate) shows 
higher thermal stability, which is more difficult to be decomposed and 
desorbed from catalyst surface to generate NO2. 

Furthermore, as shown in Fig. 7, the in-situ FTIR data of all the cat-
alysts under simulated diesel exhaust environments (containing 
1000 ppm CO, 330 ppm C3H6, 1000 ppm NO, 3000 ppm CO2) were also 
collected. It shows the same trend with that of the NO-only conditions, 
which indicates that the presence of CO and C3H6 in diesel exhaust does 
not influence the reaction pathway of NO oxidation and the NO catalytic 
oxidation activity on the prepared Pt-based catalysts. This is because of 
the relatively high T10% of NO oxidation (higher than 247 ◦C, as shown 
in Fig. 1) on the prepared catalysts. While the T10% of catalytic CO and 
C3H6 oxidation on Pt-based catalysts are generally lower than 200 ◦C, as 
reported by our previous work [29,34–36]. Interestingly, the FTIR peak 
intensity of bidentate nitrite (1243 cm− 1) and bridged nitrate 
(1636 cm− 1) on all the prepared catalysts under NO-only conditions are 
slightly stronger than that under the simulated diesel exhaust condi-
tions. It implies that the competitive adsorption of CO/C3H6 will slightly 
restrain the adsorption and transformation of NO on the catalysts. Be-
sides, the reaction intermediates of CO/C3H6 oxidation are not observed. 
This is mainly because of the quick CO/C3H6 oxidation (the direct re-
action of CO/C3H6 and oxygen on noble metal sites), there is no 
adsorbed CO and C3H6 accumulation on the noble metal sites.[67,68]. 

Additionally, because the catalyst is in the atmosphere when the 
DOC is in idle status. To further study the effects of pre-adsorbed oxygen 
on catalyst and NO catalytic oxidation pathway, the in-situ FTIR tests of 
all the catalysts were performed under the conditions of adding O2 first 
and then adding NO (as shown in Fig. S3 in Supporting Information). 
Generally, the trends of NO catalytic reaction on the prepared catalysts 
are similar with the results of adding NO first and then adding O2 
(Fig. 7). Noteworthily, the pre-adsorption of oxygen leads to the 
decrease of nitrite/bridged nitrate and the increase of chelated nitrate. 
This is because oxygen pre-adsorbed on the catalyst Pt sites will restrain 
the adsorption of NO; on the other hand, the presence of adsorbed ox-
ygen will inhibit the conversion of stable nitrate species (chelated ni-
trate) to less stable nitrite/bridged nitrate species [66]. 

Thus, based on the above results, one can see that nitrite and 
bridging nitrate are the mainly intermediates for NO catalytic oxidation 
on Pt/Al2O3 catalyst. If the decomposition and desorption of nitrite and 
bridging nitrate intermediates from catalyst surface cannot effectively 
occur, then that will be converted to chelated nitrates. The chelated 
nitrates are more stable and harder to decompose to generate NO2, and 
hence restrain the NO catalytic oxidation reaction. Thus, it shows that 

smaller platinum particle is conducive to decomposition of nitrite/ni-
trate intermediates and hence facilitate NO oxidation reactions. The 
higher crystallinity of platinum particle leads to generation and accu-
mulation of chelated nitrates consequently cover the catalyst active 
sites. It is in line with the NO-TPD results. The competitive adsorption of 
CO/C3H6 in diesel exhaust will slightly restrain the adsorption and 
transformation of NO on the catalysts, but not obviously influence the 
NO oxidation pathway and NO catalytic oxidation activity. 

4. Conclusion 

Our results show that high-temperature redispersion of platinum 
nanoparticle on Pt/Al2O3 catalyst play an important role in both diesel 
exhaust NO catalytic oxidation activity and reaction pathways. The 
high-temperature redispersion not only can decrease the mean size of 
platinum particle, but also increase the crystallinity of platinum particle 
(as shown in TEM and XRD results). The smaller platinum nanoparticles 
are disadvantageous to maintain Pt0 active phase in the preparation 
process but conducive to the reduction of high-valence Ptδ+ to Pt0 during 
the reaction. The higher crystallinity of platinum particle on catalyst is 
beneficial for maintaining Pt0 state but adverse to the reduction of Ptδ+

species during the reaction. NO oxidation on Pt/Al2O3 catalyst is pri-
marily through the pathways of nitrite and bridging nitrate in-
termediates. When the decomposition of intermediates are not able to 
occur promptly, that will be converted to more stable chelated nitrates, 
which are harder to decompose and hence restrain the catalytic NO 
oxidation reaction. Moreover, the high-temperature redispersion of Pt/ 
Al2O3 catalyst results in a smaller Pt particle size and higher Pt crys-
tallinity. The former is conducive to the decomposition of nitrite/nitrate 
intermediates and therefore facilitate the NO catalytic oxidation reac-
tion. Meanwhile, the latter will lead to the generation and accumulation 
of chelated nitrates consequently cover the active sites and restrain NO 
oxidation reaction. 
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