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a b s t r a c t 

The preparation of highly active supported noble metal catalysts with a low noble metal 

loading has always been the ultimate goal of researchers working on catalysis. Hydrother- 

mally treated Pt/Al 2 O 3 (Pt/Al 2 O 3 -H) exhibits better catalytic activity than that (Pt/Al 2 O 3 - 

C) treated via the conventional calcination approach. At the high space velocity of 

100,000 mL/(g •hr), the temperature that correspond to 50% toluene conversion ( T 50 ) of 

Pt/Al 2 O 3 -H is 115 °C lower than that of Pt/Al 2 O 3 -C, and the turnover frequency (TOF) value 

can reach 0.0756 sec −1 . The mechanism by which the hydrothermal approach enhances 

Pt/Al 2 O 3 activity has been investigated. The structure associated with the high catalytic ac- 

tivity of Pt nanoparticles (NPs) can be retained via hydrothermal treatment. Furthermore, 

the support is transformed to AlO(OH) with numerous surface hydroxyl groups, which in 

turn can facilitate the adsorption of toluene. And the synergistic effects of Pt NPs and 

AlO(OH) increases the contents of Pt in oxidation state and active oxygen, which are bene- 

ficial for toluene oxidation. 

© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 
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atalytic combustion of volatile organic compounds (VOCs) is 
n efficient and energy-saving process for VOCs elimination 

 Lu et al., 2015 ; Scirè and Liotta, 2012 ; Xie et al., 2016 ). Cat-
lysts are at the heart of the catalytic combustion technol- 
gy, which include supported noble metal catalysts (e.g., Pt,
d, and Ru) and non-noble metal catalysts based on transi- 
ion metals and rare earth metals (e.g., Mn, Cu, Co, Fe, and 

e) ( Chen et al., 2018 , 2017b ; Garcia et al., 2006 ; Genuino et al.,
012 ; Gu et al., 2017 ; Pitkäaho et al., 2012 ; Tang et al., 2014 ).
lthough noble metals are scarce and expensive, supported 

oble metal catalysts, especially Pt-based catalysts, remain 
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he primary catalytic materials in practical applications owing 
o their superior catalytic activity, selectivity, and universal- 
ty ( Wang et al., 2020c ; Zhang et al., 2020 , 2019 ). Various sup-
orted noble metal catalysts that are highly active for VOCs 
ombustion have been developed. Many supported Pt cata- 
ysts can achieve complete toluene conversion at tempera- 
ures ( T 90 ) below 200 °C ( Huang et al., 2020 ; Kondratowicz et al.,
020 ; Lin et al., 2020 ; Lu et al., 2019 ; Pei et al., 2019 ; Rui et al.,
017 ; Yang et al., 2020 , 2016 ; Zhang et al., 2018 ; Zou et al.,
020a , 2020b ). However, researchers are further developing ex- 
sting Pt catalysts that can completely convert toluene at lower 
emperatures to save on energy and ensure safety in prac- 
ical applications. However, only a few the supported noble 

etal catalysts that can achieve complete toluene conver- 
ion at temperatures below 150 °C, especially at high space ve- 
ocities (no less than 100,000 mL/(g • hr)), have been reported.
, Chinese Academy of Sciences. Published by Elsevier B.V. 
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In addition, most of these catalysts attain such high activ-
ities under high noble metal loading (no less than 1 wt.%)
( Huang et al., 2020 ; Lu et al., 2019 ; Zou et al., 2020a ). Therefore,
an obvious bottleneck in supported noble metal catalysts re-
search is how to achieve high activity under low noble metal
loading ( Chen et al., 2019b ; Huang et al., 2015 ; Sasaki et al.,
2020 ; Wang et al., 2020b ). 

The impregnation method is a simple and widely used
method for preparing supported noble metal catalysts
( He et al., 2020 ; Sun et al., 2020 ; Zhu et al., 2018 ). In general,
the performance of catalysts prepared via this method largely
depends on the nature and characteristics of the support. By
constructing a suitable support, an efficient supported noble
metal catalyst can be prepared. Previous studies established
that the size and dispersion of noble metals are crucial in de-
termining the performance of supported noble metal catalysts
( Chen et al., 2019a ; Lai et al., 2014 ; Zhao et al., 2020b ). Hence,
only the nature of the support is considered in preparing sup-
ported noble metal catalysts, whereas the active structure of
the noble metal is passively formed, thereby severely limiting
the performance of catalysts. An ideal solution to enhancing
catalytic activity is by preparing supported noble metal cata-
lysts with controllable noble metals and supports. The colloid
deposition method is a recently developed method for prepar-
ing inexpensive and highly active supported noble metal cat-
alysts ( Gan et al., 2019 ; Hashmi and Hutchings, 2006 ; Li et al.,
2019 ). This method involves preforming noble metal nanopar-
ticles (NPs) and depositing them on a specific support to form
a supported noble metal catalyst. Via this method, the size
and dispersion of preformed noble metal NPs can be effec-
tively controlled, a feature that is beneficial to constructing
highly active catalysts. Effective size and dispersion control
can be achieved during colloid preparation by adding surfac-
tants ( Chen et al., 1999 ; Hirai et al., 1978 ). However, the pres-
ence of the surfactants is detrimental to catalytic activity.
Consequently, the catalysts prepared via the colloid deposi-
tion method must be activated before they are used. The pur-
pose of activation is to remove the surfactants to expose ac-
tive sites. Current methods for catalyst activation typically in-
volve thermal and oxidative treatments, which can affect the
size or morphology of the noble metal NPs, in turn suppress-
ing their catalytic activity ( Chen et al., 2020 ; Goodman et al.,
2019 ; Jia and Schüth, 2011 ; Wen et al., 2008 ; Yin et al., 2010 ;
Zhou et al., 2009 ). Nevertheless, only the size and morphology
of noble metal NPs are controlled, the performance of the cat-
alyst can hardly be greatly improved by relying only on the ac-
tivity of the noble metal NPs. Studies prove that the synergistic
effects of noble metal NPs and supports are also crucial in de-
termining catalyst performance ( Boudart, 1969 ; Waqas et al.,
2020 ; Zou et al., 2020b ). So, in the activation process, while con-
trolling the structure of the noble metal NPs, if the support of
catalyst can also form a structure conducive to the reaction
and assist in expressing the activity of noble metal NPs, it is
very likely to considerably enhance the catalyst performance.

Al 2 O 3 can be transformed into AlO(OH) with the special
morphology and the abundant surface hydroxyl groups un-
der hydrothermal condition ( Kozerozhets et al., 2020 ; Li et al.,
2010 ; Prorok and Madej, 2020 ). These features of AlO(OH) are
beneficial to the catalytic combustion of VOCs ( Belskaya et al.,
2019 ; Cai et al., 2010 ; Chen et al., 2017a , 2017b ; Xu et al., 2015 ).
Moreover, given that hydrothermal activation does not require
further thermal treatment, the structure of noble metal NPs
can be retained. In this study, Pt/Al 2 O 3 were prepared via col-
loid deposition method. An innovation of this study was that
the Pt/Al 2 O 3 was activated via the hydrothermal approach to
successfully prepare a highly efficient catalyst. The activity
of the Pt/Al 2 O 3 activated via the hydrothermal approach was
substantially better than that of the catalyst prepared via tra-
ditional calcination activation. At the high space velocity of
100,000 mL/(g • hr), the T 90 was only 150 °C. The mechanism by
which the hydrothermal approach activates the Pt/Al 2 O 3 was
determined and characterized via several approaches. This
work reports a highly efficient Pt-based catalyst with low Pt
loading. The results may provide insights into the design of
highly efficient and inexpensive Pt-based catalysts. 

1. Materials and methods 

1.1. Chemical agents 

Chloroplatinic acid hexahydrate (H 2 PtCl 6 • 6H 2 O) was pur-
chased Shanghai Aladdin Biochemical Technology Co.,
Ltd. Ascorbic acid (C 6 H 8 O 6 ) was purchased Shanghai Al-
addin Biochemical Technology Co., Ltd. Polyvinylpyrrolidone
((C 6 H 9 NO) n , PVP) was purchased Shanghai Aladdin Biochemi-
cal Technology Co., Ltd. Ethylene glycol (C 2 H 6 O 2 ) was Shang-
hai Lingfeng Chemical Reagent Co., Ltd. Acetone (C 3 H 6 O)
was purchased Hangzhou Shuanglin Chemical Reagent Co.,
Ltd. Ethanol (C 2 H 6 O) was purchased Anhui Ante Food Co.,
Ltd. Aluminum nitrate nonahydrate (Al(NO 3 ) 3 • 9H 2 O) was
purchased Sinopharm Chemical Reagent Co., Ltd. Ammonia
solution (NH 3 • H 2 O) was purchased Sinopharm Chemical
Reagent Co., Ltd. 

1.2. Catalyst preparation 

Synthesis of Pt nanoparticle colloids: 0.03 g chloroplatinic acid
hexahydrate, 1 g ascorbic acid and 0.9 g polyvinylpyrrolidone
were mixed with 40 mL ethylene glycol in a three-necked
flask. The mixture was heated to 180 °C for 1 hr with mag-
netically stirred. After the reaction, acetone was added to the
cooled solution to induce the precipitation of the nanopar-
ticles, which were separated from the solvent by centrifuga-
tion at 8000 r/min for 10 min. The precipitation dispersed
in ethanol, and then repeat the above operations several
times. Finally, the resulting precipitation re-dispersed in 18 mL
ethanol to form Pt nanoparticle colloids. 

Pretreatment of Al 2 O 3 support: 11.25 g Al(NO 3 ) 3 • 9H 2 O was
dissolved in 30 mL distilled water, and the PH was adjusted
to 10 by using the NH 3 • H 2 O solution (1 mol/L). After constant
stirring for 2 hr at room temperature, the precipitation was
separated from the solvent by pumping filtration. The precipi-
tation was washed several times with distilled water, and then
dried at 110 °C for 12 hr. The resultant solid calcined at 500 °C
for 3 hr in the air atmosphere was denoted as Al 2 O 3 . 

Preparation of Pt/Al 2 O 3 catalyst: 1 g Al 2 O 3 and 8 mL Pt
nanoparticle colloids were mixed with 10 mL ethanol. After
constant stirring for 1 hr at room temperature, the mixture
was allowed to stand overnight. The solid separated from the
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Fig. 1 – Toluene conversion as a function of temperature 
over the Pt/Al 2 O 3 -C (calcination activation) and Pt/Al 2 O 3 -H 

(hydrothermal activation). Reaction conditions: 2500 ppmV 

toluene, weight hour space velocity (WHSV) 
100,000 mL/(g • hr). �T 50 : the temperature that correspond to 

50% toluene conversion. 
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ixture by pumping filtration, and then dried at 110 °C for 2 hr 
as denoted as Pt/Al 2 O 3 (theoretical Pt content: 0.5 wt.%). Ac- 

ording to the different surfactant removal technology, the re- 
ultant catalysts were denoted as Pt/Al 2 O 3 -C and Pt/Al 2 O 3 -H,
espectively. 

Pt/Al 2 O 3 -C (calcination activation): Pt/Al 2 O 3 was calcined 

t 400 °C for 3 hr in the air atmosphere. 
Pt/Al 2 O 3 -C (hydrothermal activation): Pt/Al 2 O 3 was added 

o distilled water. After constant stirring at 90 °C for 3 hr, the 
olid separated from the mixture by pumping filtration, and 

hen dried at 110 °C for 12 hr. 

.3. Catalyst characterization 

ransmission electron microscope (Tecnai F30 S-Twin, Philips- 
EI, Holland) working at 300 kV was used for transmission 

lectron microscopy (TEM). 
Scanning electron microscopy (SEM) images and energy 

ispersive spectrometer (EDS) were obtained on the scanning 
lectron microscope (S-4700(II), Hitachi, Japan) operating at 
5.0 kV. 

X-ray diffraction (XRD) patterns were recorded on the 
iffractometer instrument (X’Pert PRO, Panalytical, Holland) 
perated at 40 kV and 30 mA, with Cu K α-ray radiation 

 λ = 1.54178 Å). Scans were taken with a 2 θ range from 10 °
o 80 °. 

N 2 adsorption-desorption isotherms of the samples were 
arried out at 77 K on the instrument (ASAP2020, Micromerit- 
cs, USA). The specific surface areas and the mesopore sizes 
f the samples were calculated using the Brunauer-Emmett- 
eller (BET) and Barrett-Joyner-Halenda (BJH) method, respec- 
ively. All samples were pre-treated in vacuum at 200 °C for 5 hr 
efore measurements. 

Raman spectra were acquired using a Raman spectrometer 
HR 800 Lab RAM, Horiba Jobin Yvon, France) equipped with a 
31.95 nm laser (frequency-doubled Nd:YAG, 20 mW). 

X-ray photoelectron spectroscopy (XPS) was performed to 
dentify the valence states and surface composition of the cat- 
lysts on the spectrometer (AXIS Ultra DLD, Kratos, England).
he analysis system used a monochromatic Al K a (1486.6 eV) 
-ray source, and the pressure was kept below 5 × 10 −7 Torr.
he C 1 s peak (284.6 eV) was used to calibrate the binding 
nergy (BE). 

.4. Catalytic performance test 

ombustion of toluene activity over these catalysts was eval- 
ated with a continuous flow-fixed bed reactor. The feed 

as composed of 2500 ppmV toluene and balance stan- 
ard air with a weight hourly space velocity (WHSV) of 
00,000 mL/(g • hr), where the toluene was generated by bub- 
ling standard air through a bottle contained pure toluene 
laced in an ice-water bath (0 °C). The concentrations of the 
oluene were detected by a gas chromatograph (GC-2014, Shi- 
adZu, Japan) equipped with flame ionization detector (FID).
he conversion rate of toluene was obtained on the basis of 

oluene consumption, calculated by the inlet and outlet con- 
entrations of toluene. 
Based on conversion rate of toluene, turnover frequency 
TOF) was calculated by Eq. (1) : 

OF = X toluene × F toluene × M Pt / ( m cat × X Pt × D Pt ) (1) 

here X toluene is the conversion rate of toluene, F toluene 

mol/sec) is the flow rate of toluene, M Pt (g/mol) is the molar 
ass of Pt, m cat (g) is the mass of catalyst, X Pt is the Pt content

f catalyst, D Pt is the Pt dispersion. 

. Results and discussion 

.1. Catalytic performance of Pt/Al 2 O 3 -C and Pt/Al 2 O 3 -H 

he toluene catalytic combustion performance of Pt/Al 2 O 3 ac- 
ivated by different approaches is depicted in Fig. 1 . As shown 

n Figs. S1 and S2 , the two approaches can effectively re- 
ove the PVP absorbed on Pt/Al 2 O 3 . Pt/Al 2 O 3 -H showed a

etter toluene catalytic combustion activity. Compared with 

t/Al 2 O 3 -C, the T 50 of Pt/Al 2 O 3 -H decreased by 115 °C. The T 90 

f Pt/Al 2 O 3 -H is only 150 °C. Notably, the activity of Pt/Al 2 O 3 -
 was better than that of most Pt-based catalysts (even with 

igher Pt contents) reported in the literature ( Table 1 ). The 
alue of TOF ( Table S1 ), which was calculated with the dis-
ersion of Pt loading on the support, over Pt/Al 2 O 3 -H and 

t/Al 2 O 3 -C was 0.0756 sec −1 at 130 °C and 0.0468 sec −1 at 220 °C,
espectively, indicating that the active site on Pt/Al 2 O 3 -H had a 
igher catalytic ability. Compared with the catalyst activated 

ia calcination, the Pt/Al 2 O 3 activated via hydrothermal ap- 
roach was more conductive to activity expression. In addi- 
ion, as shown in Fig. S3 , the toluene could also be completely 
xidated to the CO 2 and H 2 O over Pt/Al 2 O 3 -H. 

Stability is another important indicator that measures cat- 
lyst performance. The stability of the Pt/Al 2 O 3 -H for toluene 
ombustion was evaluated. As shown in Fig. 2 a , the Pt/Al 2 O 3 -
 exhibited similar catalytic activity within five reaction cy- 
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Table 1 – Complete toluene conversion at temperatures ( T 90 ) of various Pt-based catalysts. 

Sample Toluene concentration (ppmV) Space velocity (mL/(g • hr)) T 90 ( °C) Reference 

0.72 wt.%Pt/ZSM-5-OS 1000 120000 164 Huang et al., 2020 
1.0 wt.%Pt/Ce 0.2 CoOx 1000 30000 173 Lin et al., 2020 
1.0 wt.%Pt/ZF-D 1000 60000 148 Zou et al., 2020a 
0.4 wt.%Pt/TiNT 500 30000 185 Rui et al., 2017 
1.0 wt.%Pt/MOR 1000 60000 210 Zhang et al., 2018 
0.5 wt.%Pt/Mn 2 O 3 1000 40000 240 Pei et al., 2019 
0.93 wt.%Pt/KIT-6 500 80000 196 Yang et al., 2020 
0.6 wt.%Pt/8.9 wt.%Co 3 O 4 /3DOM Al 2 O 3 1000 20000 200 Yang et al., 2016 
1.4 wt.%Pt/DOM Al 2 O 3 1000 20000 197 Yang et al., 2016 
2.1 wt.%Pt/TiO 2 (PA) 1000 160000 165 Lu et al., 2019 
2.0 wt.%Pt/TiO 2 (CP) 1000 160000 187 Lu et al., 2019 
0.66 wt.%Pt-I/@Zr 1000 60000 279 Kondratowicz et al., 2020 
0.57 wt.%Pt-G/@Zr 1000 60000 172 Kondratowicz et al., 2020 
0.48 wt.%Pt/Al 2 O 3 -H 2500 100000 150 This work 

ZSM-5-OS: ellipsoidal ZSM-5 nanozeolit; ZF-D: pore-modified ZSM-5 foam; TiNT: TiO 2 nanotube arrays; MOR: mordenite; 3DOM Al 2 O 3 : three- 
dimensionally ordered macro-/mesoporous alumina; PA: platinum(II) acetylacetonate; CP: chloroplatinic acid; Pt-I: impregnation used for 
modification with Pt; Pt-G: polyol process used for modification with Pt. 

Fig. 2 – (a) Cycle test of Pt/Al 2 O 3 -H for toluene catalytic combustion; (b) Stability test of Pt/Al 2 O 3 -H for toluene catalytic 
combustion at 150 °C. Reaction conditions: 2500 ppmV toluene, WHSV = 100,000 mL/(g • hr). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

cles, indicating the high stability of the Pt/Al 2 O 3 -H for toluene
combustion. This property was also confirmed by a long-term
reaction experiment. As shown in Fig. 2 b , at the reaction tem-
perature of 150 °C, the Pt/Al 2 O 3 -H maintained a high and stable
toluene conversion rate (about 90%). Only a small fluctuation
was observed during the entire test period (100 hr). These re-
sults demonstrated the potential applications of the Pt/Al 2 O 3 -
H. 

2.2. Characterizations of Pt/Al 2 O 3 -C and Pt/Al 2 O 3 -H 

Changes in the surface structures of Pt/Al 2 O 3 activated by dif-
ferent approaches were monitored and characterized. TEM
images and size histograms of the Pt/Al 2 O 3 -C and Pt/Al 2 O 3 -
H are presented in Fig. 3 . The Pt NPs of both samples were
clearly well dispersed on the surface of the support. However,
the size of Pt NPs in the Pt/Al 2 O 3 -C (4.22 nm) was larger than
that in the Pt/Al 2 O 3 -H (2.69 nm). And the size and morphol-
ogy of Pt NPs in the Pt/Al 2 O 3 -H did not substantially change
relative to those in the Pt colloids (2.45 nm, Fig. S4 ), indicating
that hydrothermal activation did not have a considerable ef-
fect on the structure of the preformed noble metal NPs. There-
fore, the active sites of the preformed noble metal NPs were
retained. This achievement is useful in designing and synthe-
sizing supported noble metal catalysts with a specific struc-
ture of noble metal to express high activity. Moreover, the mor-
phology of the support in the Pt/Al 2 O 3 activated by different
approaches were vastly different. Accordingly, the Pt/Al 2 O 3 -C
and Pt/Al 2 O 3 -H were characterized via SEM and XRD to inves-
tigate further the differences in the support of Pt/Al 2 O 3 acti-
vated by different approaches. 

SEM images of the Pt/Al 2 O 3 -C and Pt/Al 2 O 3 -H are given in
Fig. 4 a and b , respectively. Compared with the SEM images of
Al 2 O 3 ( Fig. S4 ), calcination activation did not affect the mor-
phology of the support, whereas hydrothermal activation re-
sulted in the formation of numerous ridges on the surface of
the sample. These ridges may provide a larger place for re-
action. The effects of different activation approaches on the
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Fig. 3 – Transmission electron microscopy (TEM) images (1–3) and size histograms (4) of (a) Pt/Al 2 O 3 -C and (b) Pt/Al 2 O 3 -H. 

Fig. 4 – Scanning electron microscopy (SEM) images of (a) Pt/Al 2 O 3 -C and (b) Pt/Al 2 O 3 -H; (c) X-ray diffraction (XRD) patterns of 
Pt/Al 2 O 3 -C and Pt/Al 2 O 3 -H. 
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rystal phase of the support were determined. XRD patterns 
f the Pt/Al 2 O 3 -C and Pt/Al 2 O 3 -H are shown in Fig. 4 c . Given
hat Pt content was low and highly dispersed, no characteristic 
eaks of Pt species were detected in the XRD of both samples.
herefore, the XRD patterns completely reflected the crystal 
hase of the support. Compared with the XRD patterns of 
l 2 O 3 ( Fig. S5 ), calcination activation did not change the Al 2 O 3 

rystal phase of the support, whereas hydrothermal activation 

ransformed the support from Al 2 O 3 crystal phase to AlO(OH) 
rystal phase. AlO(OH) is an oxide with a layered structure 
 Fig. 4 b ). The special morphology and the existence of numer- 
us surface hydroxyl groups of AlO(OH) facilitate toluene ad- 
orption ( Adebayo et al., 2020 ; Ncube et al., 2017 ; Qu et al.,
020 ). These features are some of the reasons the activity of 
he Pt/Al 2 O 3 -H was better than that of the Pt/Al 2 O 3 -C. 

N 2 adsorption-desorption technique was adopted to eval- 
ate the porous structure and texture of both samples.
he adsorption-desorption isotherms and the corresponding 
ore-size distribution curves of the Pt/Al 2 O 3 -C and Pt/Al 2 O 3 -H 

re displayed in Fig. S6 . It can be observed that both samples
ad similar mesoporous structures. However, the Pt/Al 2 O 3 - 
 had a larger specific surface area ( S BET ), pore volume and
ore size than the Pt/Al 2 O 3 -C ( Table 2 ). These characteristics
re more conducive to the adsorption and diffusion of reac- 
ants and products, thereby promoting the catalytic reaction.
he diffusion of reactants in the Pt/Al 2 O 3 -C and Pt/Al 2 O 3 -H
as further examined by establishing the corresponding sur- 

ace diffusion model by using the Materials Studio software 
 Fig. S6 ). The surface diffusion factor ( Table S2 ) of toluene on
lO(OH) (2.57) was greater than that on Al 2 O 3 (1.20), indicat- 

ng that the structure of Pt/Al 2 O 3 -H was more conducive to 
oluene diffusion than that of the Pt/Al 2 O 3 -C. 

Above, the effects of different activation approaches on the 
ctivity of the catalysts were explored in terms of their phys- 
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Table 2 – Specific surface area ( S BET ), pore volume, pore size, surface diffusion factor, and surface element composition of 
the Pt/Al 2 O 3 -C and Pt/Al 2 O 3 -H. 

Sample 
S BET 

(m 

2 /g) 
Pore volume 
(cm 

3 /g) Pore size (nm) 
Surface element composition 
(Pt 4 + + Pt δ+ )/Pt total (%) O ads /O total (%) 

Pt/Al 2 O 3 -C 135.5 0.98 4.38 29 61 
Pt/Al 2 O 3 -H 208.8 3.47 6.24 46 75 

O ads : surface oxygen; O total : the sum of lattice oxygen and surface oxygen. 

Fig. 5 – Raman spectra of Pt/Al 2 O 3 -C and Pt/Al 2 O 3 -H. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ical structures. Pt was the active component of the catalysts.
Therefore, the effects of different activation approaches on Pt
NPs must be further evaluated. The Raman spectra of both
samples are exhibited in Fig. 5 . A broad peak is observed at
557 cm 

−1 , which was attributed to the stretching vibration of
the Pt–O bond ( Wang et al., 2019 ). The intensity of the vibra-
tion peak indicated that the Pt/Al 2 O 3 -H had more Pt–O bonds
than Pt/Al 2 O 3 -C. This difference might be related to the in-
teraction between Pt and the support. This supposition was
further confirmed via XPS characterization. 

The valence states of Pt NPs were characterized via XPS.
Although the most intense photoemission lines of Pt were
those that arose from Pt 4f levels, this energy region was
overshadowed by the presence of a very strong Al 2p peak
( Navarro et al., 2005 ). Consequently, the energy region of the
less intense Pt 4d peak was recorded ( Fig. 6 a ). After curve fit-
ting, the Pt 4d peak of Pt/Al 2 O 3 -C was resolved into five peaks
( Chen et al., 2017a ; Jaramillo-Páez et al., 2018 ; Wang et al.,
2013 ). The doublet peaks with binding energies of approxi-
mately 314.5 and 331.2 eV were assigned to the peaks of metal-
lic Pt (Pt 0 ); the doublet peaks with a binding energy of approx-
imately 318.4 and 335.1 eV was assigned to the peaks of the
oxidation state of Pt (Pt 4 + ); and the single peak appeared at
325.2 eV which could be assigned to the peak of some par-
tial oxidized state of Pt (Pt δ+ ). For Pt/Al 2 O 3 -H, the Pt 4d peak
was resolved into four peaks. The doublet peaks with binding
energies of approximately 311.9 and 328.6 eV were assigned
to the peaks of Pt 0 , and the doublet peaks with binding en-
ergies of approximately 315.8 and 332.5 eV were assigned to
the peak of Pt 4 + . Compared with those in the Pt/Al 2 O 3 -C, the
peak positions of Pt in Pt/Al 2 O 3 -H shifted to lower binding en-
ergies. This result was outcome probably because the support
transformed from Al 2 O 3 to AlO(OH), which in turn increased
the negative electrons surrounding Pt. The contents of Pt at
different valence states are listed in Table 2 . The Pt/Al 2 O 3 -H
had more abundant oxidized state of Pt (Pt 4 + + Pt δ+ ) than the
Pt/Al 2 O 3 -C possibly because the interaction between Pt and
the support was stronger in the former than that in the latter.
Given that the Pt colloids were synthesized under reducing
conditions, metallic Pt was obtained. When the surfactant on
the surface of Pt NPs was removed, the Pt NPs interacted with
the support to change the valence state owing to their high
surface energy. However, the interaction between the Pt NPs
and the inert support Al 2 O 3 was weak, and electron transfer
did not readily occur between them. Therefore, the Pt/Al 2 O 3

activated via calcination approach had only a small amount of
Pt in oxidation state (Pt 4 + and Pt δ+ ). By contrast, AlO(OH) with
incomplete crystallization and a high interfacial free energy
exerted a strong interaction with the Pt NPs, which promoted
the formation of Pt–O bands. Consequently, the Pt/Al 2 O 3 ac-
tivated via the hydrothermal approach had large amounts of
Pt in oxidation state which were all Pt 4 + . Although the nature
of active Pt species in the toluene combustion remains debat-
able, it has been recognized that either metallic Pt or syner-
gistic metallic Pt and oxidized state of Pt are the active sites.
A high Pt content in oxidation state helps to improve the cat-
alytic activity of Pt-based catalysts ( Cheng et al., 2020 ; Xi et al.,
2020 ; Zhao et al., 2020a ). This claim was consistent with the
test results of toluene catalytic combustion over the Pt/Al 2 O 3 -
C and Pt/Al 2 O 3 -H. 

The O 1 s peaks of the Pt/Al 2 O 3 -C and Pt/Al 2 O 3 -H are shown
in Fig. 6 b . After curve fitting, the O 1 s peaks of both sam-
ples were resolved into two peaks. The peak with a binding
energy of approximately 530.5 eV was assigned to the peak
of lattice oxygen (O latt ), and the peak with a binding energy
of approximately 531.6 eV was assigned to the peak of sur-
face oxygen (O ads ). O ads mainly include oxygen species, such
as O 2 

2 −, O 

− and surface hydroxyl groups, which have good mo-
bility and activity ( Fan et al., 2017 ; Wang et al., 2020a ; Wei et al.,
2011 ). The Pt/Al 2 O 3 -H had more O ads on its surface than the
Pt/Al 2 O 3 -C ( Table 2 ) because AlO(OH) had abundant surface
hydroxyl groups and strongly interacted with the Pt NPs. Pt
NPs in Pt/Al 2 O 3 -H were easier to activate adsorbed O 2 than
those in Pt/Al 2 O 3 -C ( Jeong et al., 2008 ; Zhang et al., 2012 ), thus
benefitting the catalytic combustion of toluene. 
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Fig. 6 – (a) Pt 4d and (b) O 1 s X-ray photoelectron spectroscopy (XPS) spectra of Pt/Al 2 O 3 -C and Pt/Al 2 O 3 -H. 
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Fig. 7 – A proposed reaction process of toluene oxidation 

over Pt/Al 2 O 3 -H. 
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.3. Mechanism for improving performance of Pt/Al 2 O 3 

ctivated by hydrothermal approach 

ccording to above results, the possible mechanism by 
hich the hydrothermal approach activates the as-prepared 

t/Al 2 O 3 catalyst with excellent performance of catalytic 
oluene combustion could be inferred. Catalytic toluene com- 
ustion is determined by three main factors ( Gan et al.,
l.,2019 ): toluene adsorption, O 2 activation, and desorption 

roducts (CO 2 and H 2 O). In this work, Al 2 O 3 is transformed 

nto AlO(OH) by hydrothermal activation, thereby endowing 
he catalysts with abundant surface hydroxyl groups and 

ubstantially improving their toluene adsorption capacity.
lO(OH) has a larger specific surface area than Al 2 O 3 owing to 

ts special morphology and structure that facilitates toluene 
dsorption. The strong interaction between AlO(OH) and Pt 
Ps promoted electron transfer between them, making the ac- 

ivation of adsorbed O 2 by Pt easier. The synergistic effects of 
t NPs and AlO(OH) promoted the toluene oxidation process.
oreover, according to the results of stability test in Fig. 2 , the 

eaction products desorbed well on Pt/Al 2 O 3 -H. Therefore, the 
t/Al 2 O 3 -H exhibited excellent toluene catalytic combustion 

ctivity and stability. In sum, the structure of hydrothermal- 
reated Pt/Al 2 O 3 is suitable for toluene oxidation. The possi- 
le reaction process by which the Pt/Al 2 O 3 -H catalyzes toluene 
ombustion is illustrated in Fig. 7 . Hydrothermal treatment in- 
uces the as-prepared Pt/Al 2 O 3 to produce abundant surface 
ydroxyl groups, and the Pt NPs in this structure more eas- 

ly activate the absorbed O 2 into active oxygen species. And,
he abundant surface hydroxyl groups of the catalyst facili- 
ate toluene adsorption. Afterward, the active oxygen species 
xidize the adsorbed toluene to CO 2 and H 2 O. Finally, CO 2 and 

 2 O are desorbed from the catalyst surface, allowing the cat- 
lyst to resume its activity. 

.4. Improving performance of Pt/Al 2 O 3 -C by 
ydrothermal treatment 

e predicted that the support of Pt/Al 2 O 3 -C treated via the hy- 
rothermal approach (denoted as Pt/Al 2 O 3 -C-H) would trans- 
orm from Al 2 O 3 to AlO(OH) and interact with the Pt NPs to en-
ance the catalytic performance of toluene combustion. The 
roposed mechanism was verified by comparing the predicted 

esults with the actual characterization and activity test re- 
ults of Pt/Al 2 O 3 -C-H. 

The XRD pattern and SEM image of the Pt/Al 2 O 3 -C-H are 
hown in Fig. 8 a . The crystalline phase structure and mor- 
hology of the Pt/Al 2 O 3 -C-H were consistent with those of 
t/Al 2 O 3 -H. Compared with Pt/Al 2 O 3 -C ( Table 2 ), the Pt/Al 2 O 3 -
-H had a larger S BET (176.7 m 

2 /g), pore volume (2.76 cm 

3 /g),
nd pore size (5.47 nm). These results demonstrated that the 
upport of the Pt/Al 2 O 3 -C treated via hydrothermal approach 

ransformed from Al 2 O 3 to AlO(OH), consistent with the pre- 
icted results. The Raman spectrum ( Fig. 8 b ) of the Pt/Al 2 O 3 -
-H shows that the intensity of the Pt–O bond stretching vibra- 

ion peak was considerably stronger than that of the Pt/Al 2 O 3 - 
, indicating that the interaction between the Pt NPs and the 
upport was enhanced after the Pt/Al 2 O 3 -C treated via hy- 
rothermal approach. This result was also confirmed by the 
PS spectrum of the Pt/Al 2 O 3 -C-H ( Fig. 8 c and d ). Compared
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Fig. 8 – (a) XRD patterns, (inset) SEM images, (b) Raman, (c) Pt 4d and (d) O 1 s XPS spectra of Pt/Al 2 O 3 -C-H (Pt/Al 2 O 3 -C treated 

via the hydrothermal approach). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 – Toluene conversion as a function of temperature 
over the Pt/Al 2 O 3 -C and Pt/Al 2 O 3 -C-H. Reaction conditions: 
2500 ppmV toluene, WHSV = 100,000 mL/(g • hr). 

 

 

 

 

 

 

 

 

with those of the Pt/Al 2 O 3 -C ( Table 2 ), the Pt in oxidation
and O ads contents of the Pt/Al 2 O 3 -C-H substantially increased
to 42% and 77%, respectively. These results showed that the
support of the Pt/Al 2 O 3 -C treated via hydrothermal approach
strongly interacted with Pt NPs, consistent with the predicted
results. 

The catalytic toluene combustion performance of the
Pt/Al 2 O 3 -C and Pt/Al 2 O 3 -C-H is presented in Fig. 9 . As ex-
pected, Pt/Al 2 O 3 -C-H had a better catalytic toluene combus-
tion activity than the Pt/Al 2 O 3 -C. Compared with that of
the Pt/Al 2 O 3 -C, the toluene catalytic combustion ( T 50 ) of the
Pt/Al 2 O 3 -C-H decreased by 89 °C. This result proved that hy-
drothermal treatment of Pt/Al 2 O 3 is a feasible strategy for en-
hancing the catalytic activity in toluene combustion. However,
the activity of the Pt/Al 2 O 3 -C-H (0.0540 sec −1 at 140 °C, Table
S1 ) was lower than that of Pt/Al 2 O 3 -H (0.0756 sec −1 at 130 °C,
Table S1 ). This result was obtained probably because the as-
prepared Pt/Al 2 O 3 activated via calcination approach reduced
the surface energy of Pt NPs, thereby weakening the interac-
tion between the Pt NPs and AlO(OH). Moreover, this result in-
dicated that hydrothermal activation would not substantially
affect the Pt NPs, and the structure associated with the high
activity of the Pt NPs can be retained. 

3. Conclusions 

In summary, we obtained a highly efficient catalyst by activat-
ing Pt/Al 2 O 3 via the hydrothermal approach. Its excellent ac-
tivity was due to the synergistic effects of Pt NPs and AlO(OH).
Unlike calcination activation (which requires thermal treat-
ment), hydrothermal activation did not considerably increase
the size of Pt NPs, thereby retaining the structure associated
with high catalytic activity of the Pt NPs. Moreover, the sup-
port of the Pt/Al 2 O 3 activated via the hydrothermal approach
was transformed from Al 2 O 3 to AlO(OH) with a special mor-
phology and abundant surface hydroxyl groups. The strong
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nteraction between the Pt NPs and AlO(OH) increased the Pt 
ontent in oxidation state and more easily activated the ad- 
orbed O 2 . The presence of abundant surface hydroxyl groups 
acilitated toluene adsorption to promote the toluene oxida- 
ion process. This study provides insights into the design of 
ighly efficient and inexpensive Pt-based catalysts. 
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