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A B S T R A C T   

H2O poisoning of platinum-based catalysts for VOCs oxidation is a long-standing problem due to H2O strongly 
competitive adsorption on active sites. In this work, it is found that the H2O competitive adsorption on Pt active 
sites is effectively weakened by enhancing strong metal-support interaction (SMSI) in Pt-based catalyst. SMSI 
between WO3 and Pt species occurs in the WO3 supported Pt catalyst (Pt/WO3) but disappears in Pt-3W/ZrO2 due 
to monolayer dispersed WO3 on ZrO2. The formation of aggregated WO3 species in Pt-3W/SO4

2--ZrO2 leads to the 
SMSI which is further enhanced by SO4

2--ZrO2. The enhanced SMSI plays critical role on weakening water vapor 
adsorption on active sites, thus Pt-3W/SO4

2--ZrO2 exhibits both highest activity (T90 = 200 ◦C) and water 
tolerance which is much superior than Pt/ZrO2, Pt/WO3, Pt-3W/ZrO2 and Pt/SO4

2--ZrO2 under wet condition (5% 
H2O). Our primary results provide a promising strategy for designing superior platinum catalysts for VOCs 
complete oxidation.   

1. Introduction 

Some of the most crucial performance indicators required for prac
tical heterogeneous catalysts include excellent activity, durability, and 
poison resistance. Much effort has been devoted to developing high- 
performance catalysts for volatile organic compounds (VOCs) oxida
tion [1–5]. It is widely recognized that heterogeneous catalysts based on 
platinum group metals typically exhibit excellent catalytic activity, but 
are susceptible to serious deactivation from water vapor and substances 
containing heteroatoms (S, Cl) due to their strong adsorption properties. 
This is particularly true for the complete oxidation of VOCs, which 
contain various and complex compounds. In response to the pressing 
environmental concerns, significant research efforts have been dedi
cated to fundamental studies aimed at improving the catalytic activity 
and stability of platinum group catalysts used in the field of catalytic 
VOCs oxidation. Numerous studies have been conducted on the catalytic 
complete oxidation of saturated light alkanes such as methane and 
propane, due to their stable structure and widespread presence in 
exhaust gas from petrochemical fields. Additionally, a significant 
amount of hydrocarbon emissions are produced during the cold-start 
period of diesel engine vehicles [6–8]. Studies have shown that 

platinum-based catalysts demonstrate superior activity for the complete 
oxidation of propane, but inferior activity for the complete oxidation of 
methane when compared to palladium-based catalysts [9]. Propane 
complete oxidation over platinum-based catalysts has been widely 
investigated to date as a representative intractable VOC, with particular 
focus on improving catalytic activity and stability and understanding 
reaction mechanisms. 

There is a wealth of literature detailing the development of platinum- 
based catalysts with increased catalytic activity. The oxidation state and 
dispersion of platinum species are significantly affected by the support 
and promoter utilized, thus the effects of these factors on catalyst per
formance have garnered the most research attention [10–13]. Supports 
that contain abundant acid sites are typically beneficial in enhancing the 
catalytic activity of platinum catalysts, as they promote the reduction of 
platinum oxides or increase the oxidation resistance of metallic plat
inum species. Yoshida et al. investigated various supports (MgO, La2O3, 
Al2O3, ZrO2, SiO2, SiO2-Al2O3 and SO4

2--ZrO2) and found that the 
intrinsic reactivity of platinum species for propane complete oxidation is 
significantly increased with the increase in acid strength of the supports 
[10,14]. Consequently, numerous studies have focused on modifying 
SO4

2- groups on supports such as Al2O3, CeO2, ZrO2, CeO2-ZrO2, and TiO2 
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in order to increase the catalytic activity of platinum catalysts [15–20]. 
The effect of SO2 present in the feed gas on the performance of platinum 
catalysts has also been discussed, as the acidic gas can alter the state of 
the support or platinum species [21,22]. It is widely agreed that sulfate 
species promote the cleavage of C-C bonds and accelerate the propane 
complete oxidation reaction, although this still remains a topic of debate 
[23,24]. Besides, the SiO2/Al2O3 ratio of silica-alumina zeolites also 
affects the surface acidity and changes the Pt particle size of catalyst for 
propane complete oxidation, Park et al. found Pt/HZSM-5 (SiO2/Al2O3 
= 150) with smallest Pt particles and largest external surface area which 
shows the highest oxidation activity for propane combustion [25]. 
Reducible transition metal oxides (MoO3, Nb2O5, WO3, V2O5, etc) are 
often employed as promoter to modulate the active sites thereby 
increasing the catalytic activities of platinum based catalysts for pro
pane complete oxidation. [26–31]. Wu et al. found that electronic in
teractions between Pt and WOx clusters lead to the generation of more 
active sites Ptδ+ species in Pt/WOx/Al2O3 catalysts for propane oxida
tion [32]. Zhu et al. also found that more metallic platinum with high 
oxidation resistance generated by WO3 modification and propane 
complete oxidation reaction was enhanced over Pt-W/ZSM-5 catalyst 
[33]. Our previous works revealed the critical role of Pt-MOx (M= W, 
Mo) interface sites for propane complete oxidation, and tuned the 
interface sites density by changing preparation methods, and surface 
hydroxyl groups on WO3 are also of great importance for propane 
complete oxidation.[22,25,26] However, there is rarely works investi
gating the role of SMSI between Pt species and reducible oxides on 
catalytic propane oxidation, which is the most pronounced character of 
reducible oxides supported Pt catalyst and widely studied in hydroge
nation reaction [34,35]. 

H2O poisoning as one of the most threat to platinum group based 
catalyst, many strategies have been provided for enhancing catalyst 
water tolerance. Increasing the SiO2/Al2O3 ratio of ZSM-5 zeolite can 
efficiently improve the water tolerance of palladium catalyst because of 
the hydrophobic support [36]. Murata et al. also used the hydrophobic 
support (α-Al2O3) to reduce H2O poisoning of supported PdO catalyst for 
methane combustion reaction [37]. Catalytic activity of palladium 
catalyst could be effectively maintained at high level for methane 
combustion through in situ water sorption by water sorbents [38]. 
Brønsted acid sites prevented water to cover on the Pt surface through a 
spillover-like mechanism, thus more Pt sites were available for propane 
adsorption and activation [39]. It can be seen that most of the reported 
methods considered to change the support properties rather than pre
cisely regulated active sites structure to improve catalyst water toler
ance. Usually, water vapor in feed gas deactivates platinum group based 
catalysts since it competes with reactant molecule for available 
adsorption active sites or leads to the remarkable aggregation of active 
sites [37,38,40–42]. How to effectively regulate the active sites structure 
and improve their water tolerance is very crucial. However, to the best 
of our knowledge, many previous works on VOCs complete oxidation 
exclude the addition of water to the reaction mixture and neglect the 
role of structural design of active sites on catalyst water tolerance. 

Our previous work found that sulfate species remarkably promote C- 
C bond containing saturated alkane (ethane, propane, n-hexane) com
plete oxidation over Pt/SO4

2--ZrO2 catalyst in comparison with bare Pt/ 
ZrO2 catalyst [43]. To be frustrated, the Pt/SO4

2--ZrO2 catalyst suffers a 
significant deactivation for propane complete oxidation with water 
vapor (5% H2O) in feed gas due to its strongly competitive adsorption on 
active sites. Herein, we found the different behavior of WO3 aggregation 
on ZrO2 (monolayer WO3) and SO4

2--ZrO2 (aggregated WO3 island) 
surfaces, and Pt species loaded on this different WO3 species surface 
show very different behaviors for water tolerance. Namely, the 
Pt-3W/SO4

2--ZrO2 catalyst presents the highest water tolerance due to 
the weakened H2O competitive adsorption with reactants when Pt spe
cies on the aggregated WO3 island supported by SO4

2--ZrO2. 

2. Experimental section 

2.1. Catalyst preparation 

Pt/ZrO2 and Pt/SO4
2--ZrO2 catalysts were prepared according to the 

same method in our previous work.43 ZrO2 support was obtained by 
calcining the ZrOCO3 at 500 ◦C. SO4

2--ZrO2 support was prepared by 
immersing ZrO2 support (2 g) into sulfuric acid solution (3 mL, 0.5 mol 
L− 1), then the solid was collected by centrifuging and dried at 100 ◦C for 
12 h, followed by calcination in static air at 500 ◦C for 3 h. Typical 
impregnation method was adopted to load 2 wt% Pt on ZrO2 and SO4

2-- 
ZrO2 support for preparation of Pt/ZrO2 and Pt/SO4

2--ZrO2 catalysts. 1 g 
support (ZrO2 or SO4

2--ZrO2) was added to aqueous solution of Pt(NO3)2 
(10 mL, 0.002 mg L− 1), and the mixture was stirred at 35 ◦C for 3 h and 
evaporated at 90 ◦C. Then, the solid was dried in an oven at 100 ◦C for 5 
h and calcined in static air at 500 ◦C for 4 h with a heat ramp of 10 ◦C 
min− 1. 

Pt-3W/ZrO2 and Pt-3W/SO4
2--ZrO2 catalysts were prepared by co- 

impregnating Pt(NO3)2 and ammonium tungstate hydrate. The nomi
nal loading of Pt and W is 2 and 3 wt%, respectively. Other steps are 
same to those for preparation of Pt/ZrO2 and Pt/SO4

2--ZrO2 catalysts. 
WO3 support was obtained by calcinating ammonium tungstate hydrate 
in static air at 500 ◦C, and reference catalyst Pt/WO3 was also prepared 
by impregnation method. 

2.2. Characterization 

Brunauer-Emmet-Teller (BET) surface areas of these catalysts were 
determined by N2 adsorption in a BK200C system volumetric adsorption 
analyzer at 77 K. Prior to test, 100 mg of catalyst was dried at 100 ◦C for 
12 h and degassed at 200 ◦C for 4 h. The actual Pt content in the catalyst 
was detected by X-ray fluorescence (XRF) analysis on a Shimadzu XRF- 
1800 spectrometer. The powder X-ray diffraction (XRD) pattern of 
catalyst was recorded on a Bruker D8 diffractometer with Cu Kα radia
tion operated at 40 kV and 40 mA, the scan speed was 12◦ min− 1 at 2θ of 
10–90◦. To measure the Pt dispersion of catalyst, the CO chemisorption 
test was performed on the BELCAT II analyzer at 30 ◦C after the pre- 
reduction of catalyst in a flow (5%H2 + 95%He) at 100 ◦C. Raman 
spectra were recorded by a confocal microprobe Raman system 
(Renishaw inVia Reflex) with an excitation laser of 325 nm (laser power 
=10 mW, dwell time = 60 s, number of scans = 100, resolution =1 
cm− 1). NH3-temperature programmed desorption (NH3-TPD) experi
ment was also conducted on the home-made tubular quartz reactor 
equipped with a thermal conductivity detector (TCD). To clean the 
catalyst surface, the catalyst (200 mg, 60–80 mesh) was put in the 
reactor and pre-treated in a N2 flow (20 mL min− 1) under 300 ◦C for 0.5 
h, and cooled down to 50 ◦C. Then, high purity NH3 gas was flowed in 
the reactor (30 mL min− 1) for 10 min, and N2 flow (20 mL min− 1) was 
purged for 0.5 h to clean the gaseous or physically adsorbed NH3 on 
catalyst. Then, the catalysts were heated from 40◦ to 700◦C in a high 
purity N2 flow (20 mL min− 1) to desorb the chemical adsorption NH3, 
then outlet gas from the reactor was dehydrated by KOH and then 
introduced into TCD detector to record the NH3 signal, calculating NH3 
desorption amount by fitting desorption peak area and using peak area 
of NH3 in a quantitative ring as reference. High resolution transmission 
electron microscope (HRTEM) images of the catalysts were obtained on 
a JEOL-2100 F microscope operated at 200 kV. Diffuse reflectance 
infrared Fourier transform spectra (DRIFTS) of CO chemisorption, in situ 
propane and CO oxidation on the Pt catalysts were measured on a 
Thermal-Fischer Nicolet iS50 FT-IR spectrometer equipped with a MCT 
detector and a PIKE DRIFT accessory. X-ray photoelectron spectra (XPS) 
were obtained on an ESCALAB 250Xi instrument with Al Kα source. The 
binding energies (BEs) was calibrated by the carbonaceous C1s line 
(284.6 eV). 
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2.3. Catalytic activity evaluation 

The activities of the catalysts for propane oxidation were measured 
in a tubular quartz reactor (i.d. = 6 mm). Typically, 50 mg of catalyst 
(60–80 mesh) diluted by 50 mg quartz sand was put in the reactor. For 
the dry condition, the feed gas consisted of 0.2 vol% C3H8 + 2 vol% O2/ 
N2 balanced was flowed to the catalyst bed with a flow of 66.6 mL min− 1 

(mass space velocity of 80000 mL g− 1 h− 1). For the wet condition, the 
mixture gas above went through a water bottle (water vapor partial 
pressure of 5.03 kPa) at 33.4 ◦C and was diluted by the 5% H2O. The 
concentrations of propane in the inlet and outlet were detected by a gas 
chromatography (Shimadzu GC-2014) equipped with a DB-Wax (30 m 
× 0.25 mm × 0.25 µm) capillary column and FID detector.  

Propane conversion = ([C]in - [C]out)/[C]in × 100%                                     

[C]in and [C]out represents the propane concentration in inlet and 
outlet gas, respectively. No byproducts other than H2O and CO2 were 
detected by GC, CO2 selectivity is close to 100%. 

Propane complete oxidation reaction kinetics were performed at 
differential reaction condition (with propane conversion below 15%), 
see Supporting Information. The catalyst was diluted with quartz sand 
(with same size) to 100 mg, and it was aged under the same condition as 
in catalytic test. By adjusting the partial pressures of propane 
(0.202–0.808 kPa), O2 (9.09–1.515 kPa) and H2O (0.611–7.381 kPa) in 
the reaction gas, a series of reaction rates were obtained and related 
kinetic parameters were derived. The detailed data of Arrhenius plots 
are also given in Supporting Information for calculating apparent acti
vation energy (Ea). 

3. Result and discussion 

3.1. General characterization 

Table 1 summarizes the basic parameters of physical and chemical 
properties for the as-prepared Pt/ZrO2, Pt-3W/ZrO2, Pt/SO4

2--ZrO2 and 
Pt-3W/SO4

2--ZrO2 catalysts. The Pt/ZrO2 and Pt/SO4
2--ZrO2 catalysts are 

prepared by referring our previous work, [43] and low surface area of all 
these catalysts measured by N2 adsorption is ascribed to the non-porous 
structure of ZrO2 support. Pt and W actual content is consistent with the 
nominal value due to using impregnation method, and S content was 
introduced with 0.05 mmol gcat

− 1 by controlling the H2SO4 impregnation 
amount as described in experiment section. By using CO as the probe 
molecule, CO chemical adsorption was conducted to determine the 
amount of exposed Pt sites accessible for CO. High CO uptake of the 

Pt/ZrO2 catalyst suggests that Pt species is highly dispersed on ZrO2 
surface, whereas very low CO uptake observed on the reference catalyst 
Pt/WO3 is ascribed to the SMSI between Pt species with reducible oxides 
WO3, even though small Pt species particles are observed on Pt/WO3 
(Fig. S1) [44]. Compared to the Pt/ZrO2 catalyst, the Pt/SO4

2--ZrO2 
catalyst shows very low CO uptake due to strong interaction between Pt 
and SO4

2- species, even though Pt species geometric size are same for the 
Pt/ZrO2 and Pt/SO4

2--ZrO2 catalyst as discussed in our previous work. 
[43] Interestingly, the Pt-3W/ZrO2 catalyst shows higher CO uptake 
than the Pt/ZrO2 catalyst, but the Pt-3W/SO4

2--ZrO2 catalyst shows lower 
CO uptake than the Pt/SO4

2--ZrO2 catalyst. The above results suggest the 
interactions between WO3 species and Pt species in the Pt-3W/ZrO2 and 
Pt-3W/SO4

2--ZrO2 catalysts are very different, which may be ascribed to 
effect from SO4

2- species. It can be inferred that SMSI between Pt species 
with reducible oxides WO3 is enhanced by SO4

2--ZrO2, thereby resulting 
in the lowest CO uptake in the Pt-3W/SO4

2--ZrO2 catalyst. Whereas, such 
SMSI disappears in the Pt-3W/ZrO2 catalyst as evidenced by its highest 
CO uptake. 

Fig. 1a shows the XRD patterns of the Pt/ZrO2, Pt-3W/ZrO2, Pt/SO4
2-- 

ZrO2 and Pt-3W/SO4
2--ZrO2 catalysts. No characteristic diffraction peaks 

assigned to Pt species and WO3 are observed because of their low con
tent or high dispersion. Only monoclinic phase m-ZrO2 exists in the Pt/ 
ZrO2 and Pt/SO4

2--ZrO2 catalysts, whereas a weak diffraction peak at 
30.2◦ appears in the Pt-3W/ZrO2 and Pt-3W/SO4

2--ZrO2 catalysts which 
is ascribed to metastable tetragonal phase t-ZrO2 [45,46]. This result 
suggests WO3 species leads to the generation of metastable t-ZrO2. 
Previous works also reported WO3 species preferred to self-disperse as 
monolayer on ZrO2 surface and stabilized the metastable t-ZrO2. 
[47–49]. For the Raman spectra of the Pt-3W/ZrO2 catalyst (Fig. 1b), a 
weak Raman vibration at 963 cm− 1 can be ascribed to W––O symmet
rical stretching vibration of monolayer WO3 [50]. Raman vibration of 
crystalline. 

phase WO3 appears at 811 cm− 1 for the Pt-3W/SO4
2--ZrO2 catalyst, 

suggesting partial WO3 species aggregated on the SO4
2--ZrO2 surface in 

addition to those monolayer dispersed (at 970 cm− 1). This results 
confirm that sulfate species change the aggregation state of WO3 on the 
ZrO2 surface. NH3-TPD profiles investigate the surface acidity of these 
catalysts as shown in Fig. 1c. Sulfate species remarkably increase surface 
acidity of ZrO2 (Pt/SO4

2--ZrO2 vs Pt/ZrO2), WO3 species slightly improve 
the surface acidity of ZrO2 (Pt-3W/ZrO2 vs Pt/ZrO2). However, the 
decreased surface acidity is observed for the Pt-3W/SO4

2--ZrO2 catalyst in 
comparison with Pt/SO4

2--ZrO2 catalyst, which is ascribed to partial 
sulfate species on ZrO2 covered by WO3 species. Pt nanoparticles with Pt 
(111) face exposed are observed whereas no WO3 particles can be found 
in the HRTEM image of Pt-3W/ZrO2 catalyst (Fig. 1d),[17] further 
confirming that WO3 is highly dispersed on the ZrO2 surface, commonly 
regarded as monolayer. However, WO3 particles with WO3 (001) face 
exposed like island can be clearly observed on the Pt-3W/SO4

2--ZrO2 
catalyst and Pt nanoparticles are loaded on WO3 island (Fig. 1d), sug
gesting there are aggregated WO3 island on the ZrO2 surface. Such very 
different structure may be responsible for the different behavior of CO 
adsorption on these two catalysts (Pt-3W/ZrO2, Pt-3W/SO4

2--ZrO2), 
namely, monolayer dispersed WO3 favors the CO adsorption on Pt spe
cies but aggregated WO3 suppresses the CO adsorption on Pt species due 
to SMSI between Pt species with reducible oxides WO3. Furthermore, 
such SMSI can be enhanced on SO4

2--ZrO2 support, thus the 
Pt-3W/SO4

2--ZrO2 catalyst shows the lowest CO uptake. 

3.2. Catalytic activity 

Fig. 2 shows the catalytic activities of these catalysts for propane 
complete oxidation. Fig. 2a displays the light-off curves of propane 
complete oxidation over the Pt/ZrO2, Pt-3W/ZrO2, Pt/SO4

2--ZrO2 and Pt- 
3W/SO4

2--ZrO2 catalysts under dry condition. The catalytic activities of 
these catalysts are in order of Pt/SO4

2--ZrO2 > Pt-3W/SO4
2--ZrO2 > Pt- 

3W/ZrO2 > Pt/ZrO2. But very different activity order of these catalysts 

Table 1 
Physical and chemical properties of the Pt/ZrO2, Pt-3W/ZrO2, Pt/SO4

2--ZrO2 and 
Pt-3W/SO4

2--ZrO2 catalysts.  

Catalyst BET Surface 
area (m2 gcat

− 1) 
Element contenta CO uptake 

(μmol gcat
− 1)b 

DPt 

(%)c 
Pt 
(wt 
%) 

S 
(mmol 
gcat
− 1) 

W 
(wt 
%) 

Pt/ZrO2  18  1.9  0  0  36.8  35.9 
Pt/WO3  18  1.9  0  79.2  5.9  5.8 
Pt-3W/ 

ZrO2  

20  1.8  0  2.9  41.3  40.2 

Pt/SO4
2-- 

ZrO2  

18  1.9  0.05  0  6.9  6.7 

Pt-3W/ 
SO4

2-- 
ZrO2  

22  1.8  0.05  2.8  2.3  2.3  

a Element content was determined by XRF; 
b CO uptake was determined by pulse chemical adsorption; 
c DPt represents the ratio of Pt atoms that are available for CO molecule 

adsorption, which is determined through CO pulse chemical adsorption and 
calculated based on the CO capacity while assuming CO: Pt= 1:1. 
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are observed under the wet reaction condition (5% H2O) as shown in 
Fig. 2b. Under wet condition, the highest catalytic activity is obtained on 
the Pt-3W/SO4

2--ZrO2 catalyst which is comparable to its activity under 
dry condition at high temperature (>250 ◦C). Whereas other three cat
alysts obviously are deactivated under wet condition. To directly 
observe the deactivation extent, propane oxidation reactions on these 
catalysts were conducted under staged conditions at 250 ◦C as shown in 
Fig. 2c-d. The Pt/ZrO2 catalyst shows inferior catalytic activity under 
dry condition and remarkable deactivation under wet condition. 
Compared to the Pt/ZrO2 catalyst, the Pt-3W/ZrO2 catalyst has higher 
catalytic activity under dry condition but it also suffers remarkable 
deactivation under wet condition (Fig. 2c). This result suggests that 
monolayer dispersed WO3 species in Pt-3W/ZrO2 promotes the propane 
oxidation but it is ineffective to improve water tolerance of catalyst. In 
addition, the Pt/SO4

2--ZrO2 catalyst shows higher catalytic activity 
compared to the Pt-3W/ZrO2 catalyst, suggesting the superior promo
tion of SO4

2- than WO3 on catalytic oxidation activity. However, the Pt/ 
SO4

2--ZrO2 catalyst presents a intensive deactivation under wet condi
tion, indicating its very poor water tolerance. Interestingly, the Pt-3W/ 
SO4

2--ZrO2 catalyst not only exhibits a very high catalytic activity under 
dry condition but also robust water tolerance under wet condition. To 
study the effect of WO3 state (monolayer or aggregated particles) on the 
water tolerance of catalyst, the performance of reference catalyst Pt/ 
WO3 was also conducted under staged conditions at 250 ◦C as shown in 
Fig. S2. The Pt/WO3 catalyst shows both superior activity and water 
tolerance compared to the Pt-3W/ZrO2 catalyst. The above results 
confirm that Pt nanoparticles loaded on aggregated WO3 island indeed 
improve the water tolerance of catalyst. Furthermore, the enhanced 
SMSI between Pt species with reducible oxides WO3 in the Pt-3W/SO4

2-- 
ZrO2 catalyst may explain its superior water tolerance than the Pt/WO3 
catalyst. The influence of different humidity (0, 2.5, 5, 7.5% H2O) on 
catalytic activity of representative catalyst of Pt-3W/SO4

2--ZrO2 was also 
investigated (Fig. S3). It can be found that increasing humidity of feed 

gas hardly affects the catalytic activity of the Pt-3W/SO4
2--ZrO2 catalyst 

at high reaction temperature (>250 ◦C) when water vapor below 5%, 
whereas excessively high humidity (such as 7.5% H2O) remarkably 
decreases the catalytic activity, especially for low reaction temperature 
(<250 ◦C). This result can be attributed to the significantly competitive 
adsorption of H2O with reactant molecule on the active sites of the 
catalyst under conditions of increased humidity or low reaction 
temperature. 

In order to further study the stability of the Pt-3W/SO4
2--ZrO2 cata

lyst, its catalytic activity for propane oxidation under wet condition for 
long period was conducted as shown in Fig. 3. It can be found that the 
catalytic activity of the Pt-3W/SO4

2--ZrO2 catalyst could maintain as the 
fresh catalyst for a long time, suggesting the active site structure of 
catalyst is very robust under such reaction condition. 

To further explain why these catalysts show different catalytic be
haviors against water vapor, kinetic experiments were conducted on 
four representative catalysts (Pt/ZrO2, Pt-3W/ZrO2, Pt/SO4

2--ZrO2 and 
Pt-3W/SO4

2--ZrO2) as shown in Fig. 4 and Table 2. The derived power law 
rate expression of the overall propane oxidation reaction can be 
described as r = k [PC3H8]a [PO2]b[PH2O]c, k is apparent rate constant, a, 
b and c are the rate orders of propane, oxygen, and water, respectively.39 

This rate expression can directly identify the effect of water vapor on the 
reaction rate. The Pt-3W/SO4

2--ZrO2 catalyst has the highest apparent 
rate constant, which is consistent with its superior catalytic activity as 
given in Fig. 2b. For the rate orders, all these catalysts present the rate 
order of propane close to one, due to propane molecule weakly 
adsorbing on catalyst surface. Negative rate order of O2 is obtained for 
these catalysts, suggesting O2 strongly adsorbs on active sites and shows 
competitive adsorption with propane. Compared to the Pt/ZrO2, Pt-3W/ 
ZrO2 and Pt/SO4

2--ZrO2 catalysts, this negative effect of O2 competitive 
adsorption will be weakened for the Pt-3W/SO4

2--ZrO2 catalyst. Impor
tantly, these catalysts present very different rate orders for H2O, the Pt/ 
SO4

2--ZrO2 catalyst shows the largest negative rate order of − 0.55 which 

Fig. 1. a) The XRD patterns, b) Raman spectra and c) NH3-TPD profiles of the Pt/ZrO2, Pt-3W/ZrO2, Pt/SO4
2--ZrO2 and Pt-3W/SO4

2--ZrO2 catalysts; HRETM images of 
d) Pt-3W/ZrO2 and e) Pt-3W/SO4

2--ZrO2 catalysts. 
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is consistent with its worse water tolerance as given in Fig. 2d. The Pt- 
3W/SO4

2--ZrO2 catalyst shows a negative rate order of only − 0.13, 
explaining why water vapor only slightly affects its catalytic perfor
mance, particularly at high reaction temperature (>250 ◦C), as seen in 
Fig. 2d and Fig. S3. Such result represents the competitive adsorption on 
active sites is weakened on the Pt-3W/SO4

2--ZrO2 catalyst, which should 
be related to its enhanced SMSI between Pt species and aggregated WO3. 

Apparent activation energies (Ea) of these catalysts under dry and 
wet conditions have been provided in Fig. 4d and Table S5. The much 
different apparent activation energies observed for these catalysts im
plies their very different activation ability for propane oxidation. Our 
previous work found that C-H bond of propane activated by Pt active 
sites is the rate determining step (RSD) for propane oxidation over the 
Pt/ZrO2 catalyst (Ea=138.8 kJ mol− 1) under dry condition, whereas the 
C-C bond activated by synergistic catalysis of Pt and SO4

2- is a new re
action pathway which remarkably decreases the apparent activation 
energy for propane oxidation reaction (Ea=36.3 kJ mol− 1).[43] The 
Pt-3W/SO4

2--ZrO2 catalyst shows a Ea of 57.5 kJ mol− 1 (Table S5) under 
dry condition, which is also much lower than that of the Pt/ZrO2 cata
lyst. And the Pt-3W/SO4

2--ZrO2 catalyst exhibits higher catalytic oxida
tion activity than the Pt-3W/ZrO2 catalyst (Fig. 2), even though Pt-WO3 
interface site in WO3 promoted Pt based catalyst is found to be very 
active sites for propane oxidation.30 It is reasonable to infer that the 
reaction mechanism of propane oxidation over the Pt-3W/SO4

2--ZrO2 
catalyst is same to that on Pt/SO4

2--ZrO2 catalyst, namely, C-C bond 
activated by synergistic catalysis of Pt and SO4

2- is still the RSD. Under 

Fig. 2. Light-off curves of propane complete oxidation over catalysts under a) dry condition and b) wet condition with 5% H2O; c) and d) Propane oxidation activity 
of catalysts under staged conditions at 250 ◦C (o reaction condition: 0.2% C3H8 + 2% O2/N2 balanced; o reaction condition: 0.2% C3H8 + 2% O2 + 5%H2O/ 
N2 balanced). 

Fig. 3. Stability of the Pt-3W/SO4
2--ZrO2 catalyst for propane oxidation with 5% 

H2O vapor. 
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wet condition, the increased apparent activation energies of all these 
catalysts in comparison with those under dry condition can be ascribed 
to the active sites poisoned by H2O. For instance, Ea of the Pt/SO4

2--ZrO2 
catalyst significantly increases from 36.3 to 124.1 kJ mol− 1. This 
observation is related to the result of remarkable decrease of CO on Pt 
sites in the CO-DRIFTS spectra (Fig. 5) which will be discussed in 
following. Due to the enhanced SMSI effect, the Pt sites in the 
Pt-3W/SO4

2--ZrO2 catalyst is highly water tolerant as confirmed by the 
CO-DRIFTS spectra (Fig. 5), thus, the Ea of the Pt-3W/SO4

2--ZrO2 catalyst 
only increases from 57.7 to 80.8 kJ mol− 1 (Table S5). The lowest 
apparent activation energy of Pt-3W/SO4

2--ZrO2 catalyst confirms the 
propane could be easily activated on the Pt-3W/SO4

2--ZrO2 catalyst 
surface under wet condition compared to the Pt/ZrO2 Pt-3W/ZrO2, and 
Pt/SO4

2--ZrO2 catalysts. By comparing the kinetic results from dry and 
wet condition (Table S5), it can also be found that water vapor has 
negative effect. 

on catalytic activity of these catalyst but only slightly affects the Pt- 

3W/SO4
2--ZrO2 catalyst, especially for high reaction temperature (>

250 ◦C). 
To further investigate water competitive absorption on active sites, 

CO-DRIFTS spectra of the catalysts were recorded under dry and wet 

Fig. 4. Dependence of reaction rate on partial pressure of a) C3H8, b) O2 and c) H2O, and d) Arrhenius plots of Pt/ZrO2, Pt-3W/ZrO2, Pt/SO4
2--ZrO2 and Pt-3W/SO4

2-- 
ZrO2 catalyst. 

Table 2 
Kinetic parameters of propane oxidation over Pt/ZrO2, Pt-3W/ZrO2, Pt/SO4

2-- 
ZrO2 and Pt-3W/SO4

2--ZrO2 catalysts under wet condition.  

Catalyst r = k [PC3H8]a [PO2]b[PH2O]c 

k ( ×
10− 5) 

a b c Ea 
(kJ⋅mol− 1) 

Pt/ZrO2  1.61 1.17 
± 0.02 

-0.90 
± 0.05 

-0.45 
± 0.02 

189.4 
± 12.1 

Pt-3W/ZrO2  4.35 1.06 
± 0.07 

-0.80 
± 0.05 

-0.40 
± 0.01 

159.3 ± 7.7 

Pt/SO4
2--ZrO2  13.43 1.14 

± 0.02 
-0.67 
± 0.02 

-0.55 
± 0.04 

124.1 ± 3.9 

Pt-3W/SO4
2-- 

ZrO2  

48.33 1.18 
± 0.02 

-0.54 
± 0.01 

-0.13 
± 0.07 

80.8 ± 3.1  

Fig. 5. CO-DRIFTS spectra of the Pt/ZrO2, Pt-3W/ZrO2, Pt/SO4
2--ZrO2 and Pt- 

3W/SO4
2--ZrO2 catalysts under dry or wet (5%H2O) condition. 
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(5% H2O) conditions, respectively, and their peak area ratios have been 
analyzed as shown in Fig. 5. CO probe molecule is used to perform the 
DRIFTS spectra instead of the propane owing to propane weak adsorp
tion on Pt active sites.5 The red and green profiles represent the CO- 
DRIFTS spectra recorded under dry and wet condition (5% H2O), 
respectively. The Pt/ZrO2 shows a wide band at 2000–2100 cm− 1 which 
is ascribed to CO linearly adsorbed on Pt0 sites, and a weak band at 
~1800 cm− 1 corresponds to bridged CO adsorption on Pt0 sites. For the 
Pt-3W/ZrO2 catalyst, the peak type of CO linearly adsorbed on Pt0 sites 
slightly changes and bridged CO adsorption on Pt0 sites disappears in 
comparison with those of the Pt/ZrO2 catalyst. Moreover, no peak 
ascribed to bridged CO adsorption on Pt0 sites can be found for both the 
Pt/SO4

2--ZrO2 and Pt-3W/SO4
2--ZrO2 catalysts, and a narrow band 

centered at ~ 2070 cm− 1 is attributed to CO linearly adsorbed on Pt0 

sites, which is very different from those peaks of the Pt/ZrO2 catalyst. 
The above results suggest WO3 and SO4

2- strongly interact with Pt sites 
and affect the CO adsorption on Pt sites. Additionally, it can be seen that 
the presence of water vapor would lead to the remarkable decrease of 
peak area in comparison with that recorded under dry condition for the 
Pt/ZrO2, Pt/SO4

2--ZrO2 and Pt-3W/ZrO2 catalysts. This result suggests 
that the strongly competitive adsorption of water vapor on catalyst 
suppresses the CO adsorption. Especially for the Pt/SO4

2--ZrO2 catalyst, 
based on the ratio of IR peak area collected under wet to dry, it can be 
considered that only 36% Pt sites are remained and accessible for CO 
adsorption under wet condition. This result can be ascribed to abundant 
hydrophilic strong acid sites in Pt/SO4

2--ZrO2 catalyst. It is appealing to 
find that near 95% Pt sites in Pt-3W/SO4

2--ZrO2 catalyst still accessible 
for CO adsorption under wet condition compared to that under dry 
condition, according to the ratio of peak area in Fig. 5. This result in
dicates most of Pt active sites in Pt-3W/SO4

2--ZrO2 catalyst are water 
tolerant under such condition. Namely, the ability of competitive 
adsorption of H2O on Pt active sites is remarkably weakened in Pt-3 W/ 
SO4

2--ZrO2 catalyst, the suppressed adsorption of small molecule (CO, 
H2) on Pt species is the most pronounced character of reducible oxides 
supported Pt catalyst due to SMSI. Thus, it is reasonable to infer that the 
suppressed water adsorption on Pt active sites in Pt-3W/SO4

2--ZrO2 
should be ascribed to the enhanced SMSI between Pt species with 
reducible oxides WO3. In addition, a very weak peak at 1678 cm− 1 can 
be found in spectrum of Pt-3W/ZrO2 catalyst recorded only under wet 
condition (5% H2O), Amrollahi et al. assigned such characteristic peak 
to H2O adsorption on WO3 species surface in bending mode. [51] This 

peak is absent in spectra of Pt/ZrO2 and Pt/SO4
2--ZrO2 catalysts without 

WO3 species. The intensity of this characteristic peak obviously increase 
for Pt-3W/SO4

2--ZrO2 catalyst compared to Pt-3W/ZrO2. Such result 
suggest that water vapor preferred to adsorb on aggregated WO3 (in 
Pt-3W/SO4

2--ZrO2) rather than monolayer WO3 (in Pt-3W/ZrO2). 
Fig. 6 displays the Pt 4 f XPS spectra of fresh and spent (working 

under wet condition) catalysts to further understand the state of Pt 
species. Pt 4 f XPS spectra of fresh Pt/ZrO2 and Pt/SO4

2--ZrO2 catalysts 
can be deconvoluted into four components. The components with 
binding energies at 72.8 and 76.3 eV are attributed to Pt 4 f7/2 and Pt 
4 f5/2 of Pt2+ species, respectively; and other two components with 
binding energies at 75.0 and 78.2 eV correspond to Pt 4 f7/2 and Pt 4 f5/2 
of Pt4+ species, respectively. No components of Pt0 species can be found 
for the fresh Pt/ZrO2 and Pt/SO4

2--ZrO2 catalysts. For the fresh Pt-3W/ 
ZrO2 and Pt-3W/SO4

2--ZrO2 catalysts, new components assigned to Pt0 

species are observed at 71.5 and 74.9 eV which are assigned to Pt 4 f7/2 
and Pt 4 f5/2 of Pt0 species, respectively. This results confirm that WO3 
species promote the generation of Pt0 species on catalyst surface. In 
addition, the Pt-3W/SO4

2--ZrO2 catalyst has more Pt0 species than the Pt- 
3W/ZrO2 catalyst. It can be further inferred that PtOx on aggregated 
WO3 may be easier to be reduced in comparison with those on mono
layer WO3. For the spent catalysts, Pt0 specie is still absent for the Pt/ 
ZrO2 catalyst but appears on the Pt/SO4

2--ZrO2 catalyst. And the ratio of 
Pt0 specie further increases for the Pt-3W/ZrO2 and Pt-3W/SO4

2--ZrO2 
catalysts. The formation of Pt0 species is certainly ascribed to the 
reduction of PtOx induced by propane or its hydrocarbon intermediates 
during oxidation reaction process, which is consistent with previous 
works [5,43]. The above results suggest that the Pt species would 
restructure during propane oxidation. Our previous works confirm that 
increasing Pt0 specie significantly enhanced propane oxidation activity 
of catalyst [26,52]. Therefore, the most Pt0 specie observed on 
Pt-3W/SO4

2--ZrO2 catalyst is responsible for its highest propane oxida
tion activity under wet condition. Although the Pt-3W/ZrO2 catalyst 
shows a comparable Pt0 specie compared to the Pt/SO4

2--ZrO2 catalyst, 
the latter exhibits superior activity for propane oxidation due to the 
promotion of SO4

2- group on C-C bond activation in propane as discussed 
in our previous work [43]. 

According to the above results, we proposed the relationship be
tween catalyst structure and SMSI in the catalyst as shown in Scheme 1. 
No SMSI is observed in Pt/ZrO2 because of its difficultly reducible oxides 
support ZrO2. It is found that SMSI also does not take place in Pt-3W/ 

Fig. 6. XPS spectra Pt 4 f of the Pt/ZrO2, Pt-3W/ZrO2, Pt/SO4
2--ZrO2 and Pt-3W/SO4

2--ZrO2 catalysts.  
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ZrO2 due to the monolayer dispersed WO3 structure. It can be found the 
SMSI exists in the Pt/WO3 and Pt/SO4

2--ZrO2 catalysts, in which the CO 
chemical adsorption is seriously suppressed. For the Pt-3W/SO4

2--ZrO2 
catalyst, the SMSI is enhanced and the CO chemical adsorption is further 
suppressed (Table 1). The SMSI in the catalyst not only suppresses the 
CO adsorption but also the water vapor adsorption on the active sites 
based on the results of CO-DRIFTS spectra and kinetic experiments, thus, 
the enhanced SMSI in the Pt-3W/SO4

2--ZrO2 catalyst results in the highest 
water tolerance. 

4. Conclusion 

In summary, we designed an novel Pt-3W/SO4
2--ZrO2 catalyst with 

high activity and water tolerance for propane complete oxidation. It is 
found that monolayer WO3 generate in Pt-3W/ZrO2 catalyst whereas the 
aggregated WO3 species is observed in Pt-3W/SO4

2--ZrO2 catalyst. SMSI 
between WO3 and Pt species can be found in Pt/WO3 but such interac
tion disappears in Pt-3W/ZrO2 catalyst with monolayer WO3. Further
more, such SMSI is further enhanced in Pt-3W/SO4

2--ZrO2 catalyst with 
aggregated WO3, which plays critical role on weakening the water vapor 
competitive adsorption on active sites. Thus, the Pt-3W/SO4

2--ZrO2 
catalyst not only exhibits excellent oxidation activity but also robust 
water tolerance for propane complete oxidation. 
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