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Abstract 
We present a Pt/ZrO2 catalyst that can operate in the harsh conditions of methane oxidation without being deactivated by 
 SO2. XPS analysis of 1%Pt/ZrO2 catalyst revealed the presence of stable  Pt2+–Pt4+ and  Pt2+–Zr4+ bifunctional catalytic sites 
of dipolar nature at the Pt–ZrO2 interface. These sites increase the probability of  CH4 polarization, increasing the strength of 
their collision with the catalyst surface, lowering the C–H bond energy and facilitating the abstraction of the first hydrogen 
in adsorbed  CH4. The resistance of the catalyst to deactivation by sulfur poisoning is explained considering the stronger 
interaction of  SO2 with  Pt2+–Zr4+ dipolar sites, presenting a higher dipolar electric potential than  Pt2+–Pt4+, on which  CH4 
adsorption and oxidation occur.
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1 Introduction

The automobile industries worldwide are increasingly 
inclined towards lean burn natural gas engines to uti-
lize natural gas and biogas as the substitutes of conven-
tional fossil fuels. The popularity of lean burn natural gas 
engines and dual fuel engines is strongly growing due 
to the low costs and high availability of natural gas and 
biogas. Shale gas is already available around the world 
[1, 2] and more vehicles are expected to operate using 
liquefied natural gas. These engines provide high fuel 
efficiency and emit relatively lower amounts of  CO2 than 
diesel or gasoline engines due to a higher H:C ratio in 
these gaseous fuels mostly consist of methane. Natural 
gas engines used in stationary and mobile applications 
have demonstrated lower  SOx,  NOx, and particulate matter 
emissions as compared to diesel engines. However, incom-
plete combustion results in high amounts of emissions of 
 CH4 which contributes strongly to the greenhouse effect. 
A great effort has been made to develop efficient catalysts 
for utilization in exhaust gas aftertreatment to lower the 
emission of  CH4 [3]. Significant methane conversion under 
typical exhaust-natural gas conditions is only achieved by 
noble metal-based catalysts, palladium showing the high-
est low temperature activity for total oxidation of methane 
[4–8]. The main challenge associated to the utilization of 
Pd-based catalysts is their poisoning by sulfur containing 
compounds present as odorizes in the natural gas or from 
lubricants used in the engine [8]. Thus, during natural gas 
combustion,  SO2 and  H2S, which are identified as strong 
poisons for Pd-based oxidation catalysts, are generated [9, 
10]. At high temperature, under lean conditions,  SO2 leads 
to the formation of sulfites and sulfates on the noble metal 
and on the support [11, 12]. On the other hand, Pt is one of 
the most active metal catalysts for hydrocarbon oxidation, 
with activity comparable to Pd. Moreover, it is more sulfur 
tolerant than palladium [13, 14]. It has been reported that 
addition of Pt to Pd/Al2O3 improves the resistance of Pd 
to deactivation by sulfur poisoning [11, 15, 16]. However, 
the methane oxidation activity of Pd–Pt/Al2O3 decreased 
in presence of  SO2 in the reaction feed.

In this work, we present a Pt nanoparticle supported 
 ZrO2 catalyst and its methane oxidation behavior. The 
catalyst is highly resistant to sulfur deactivation, whose 
activity does not reduce even in presence of  SO2. Effects 
of  ZrO2 support on the active catalytic sites over small Pt 
particles for the total oxidation of methane in lean condi-
tions have been studied. Effect of  SO2 in reaction gas on 
the catalytic activity of the catalyst has been evaluated 
analyzing the electronic states of Pt species before and 
after utilization in catalytic cycles, along with considering 
the mean size of Pt particles.

2  Experimental Section

2.1  Catalysts Preparation

We used commercial  ZrO2 powder (Sigma-Aldrich, 99.99%) 
to prepare Pt supported catalyst. The catalyst was prepared 
by impregnating the  ZrO2 powder with an aqueous solution 
of chloroplatinic acid hexahydrate  (H2PtCl6·6H2O, Aldrich, 
99.99%) of appropriate concentration to obtain nominal 1 
wt% Pt/metal-oxide mixture. The suspension was magneti-
cally stirred at room temperature for 1 h, recovered by filtra-
tion, and washed thoroughly to remove chlorine, and other 
unreacted species (if any). After drying at 120 °C overnight, 
the sample was calcined under air flow (100 ml min−1) in a 
tubular furnace at 500 °C for 4 h. A linear heating ramp of 
10 °C min−1 was utilized to reach the maximum temperature. 
After cooling down to room temperature, the catalyst, des-
ignated as 1%Pt/ZrO2 was stored in dry conditions. A  ZrO2 
sample without platinum ion impregnation was prepared in 
the same way to use as the reference.

2.2  Catalysts Characterization

N2 adsorption–desorption isotherms of the catalysts were 
obtained using a Belsorp Mini II sorptometer. The specific 
surface area  (Sg) of the samples was determined from their 
 N2 physisorptions at 77 K, using BET analysis. Before 
recording their adsorption–desorption isotherms, the sam-
ples (0.5 g each) were degassed at 400 °C for 2 h. After 
cooling to room temperature (25 °C), the isotherms were 
recorded in the pressure range 0.0–6.6 kPa. To determine 
the saturation uptake, the technique of back extrapolation 
of the linear portion of the isotherms to zero equilibrium 
pressure was applied.

The FTIR spectra of the catalysts before and after meth-
ane oxidation cycles in the presence and absence of  SO2 
were recorded from 800 to 3500 cm−1 on a Bruker Vertex 70 
spectrometer. For the FTIR measurement, 1 mg of the com-
posite sample was mixed with 99 mg of dry KBr and com-
pressed to make a circular pellet of about 5 mm diameter.

Diffuse reflectance spectra (DRS) of the catalysts before 
and after methane oxidation cycles were measured on dry-
pressed disks (~ 15 mm diameter) using a Shimadzu UV–Vis 
spectrophotometer equipped with an integrating sphere, and 
 BaSO4 as standard reflectance material. The crystallinity 
and structural phase of the samples were verified through 
powder X-ray diffraction (XRD), using the  CuKα radiation 
(λ = 1.5406 Å) of a Bruker D8 Discover diffractometer.

X-ray photoelectron spectra (XPS) were recorded on 
1%Pt/ZrO2 catalysts before and after 6 methane oxida-
tion cycles, using an Escalab 200R electron spectrometer 
equipped with a hemispherical analyzer, operating in a 
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constant pass energy mode. Monochromatic  MgKα emission 
(hν = 1253.6 eV) from the X-ray tube operating at 10 mA 
and 12 kV was utilized for recording the XPS spectra of 
the samples. Photoelectrons of specific energy regions of 
interest were scanned several times in order to obtain good 
signal-to-noise ratio. Intensities of the emission peaks were 
estimated by determining the area under each peak after 
subtracting an S-shaped background and fitting the experi-
mental peak to Lorentzian/Gaussian curves (80%L/20%G). 
The peak positions of the elements were corrected utilizing 
the position of C1s peak coming from adventitious carbon 
appeared at 284.9 ± 0.2 eV.

High resolution transmission electron microscopic (HR-
TEM) images of the 1%Pt/ZrO2 catalyst before and after 
methane oxidation cycles were obtained in a JEOL JEM-
ARM200CF microscope (lattice resolution 78 pm, accelera-
tion voltage 200 kV). The samples for microscopic obser-
vation were prepared by dispersing the powder catalysts in 
ethanol and drop casting over carbon coated copper grids. 
The size distribution histogram of the platinum nanoparti-
cles was prepared by measuring the size of 150–200 parti-
cles for each sample.

2.3  Catalytic Tests

All the catalytic tests were performed at 1 atm, in a con-
tinuous flow tubular quartz reactor of 10 mm inner diam-
eter, placed inside a programmable furnace with internally 
mounted thermocouple. Reactant gases were fed from inde-
pendent mass flow controllers. Methane oxidation tests over 
the catalysts were performed under a 100 ml min−1 flow rate 
of feed gas. Table 1 summarizes the composition of the feed 
gas used for the different processes.

The catalyst loaded in the reactor was of 200 mg diluted 
with 1.0 g of low surface area quartz (< 1  m2 g−1) to pre-
vent heat transfer limitations. The reactor outflow was ana-
lyzed in a Shimadzu gas chromatograph, provided with a 
thermo-conductivity detector (TCD), to determine  CH4, CO, 
 CO2, and  H2O concentrations as a function of the reaction 
temperature. To determine the  SO2 evolution with reaction 
temperature, the reactor outflow was analyzed in a Bruker 
(Vertex 70) FTIR gas spectrometer provided with an analy-
sis gas cell. The analysis was performed using the Galactic 

GRAMS-quantitative software which enabled the detection 
of  SO2. However, this system did not permit the quantita-
tive determination of  SO3. Before performing the tests, the 
samples were pretreated in the reactant stream at 500 °C for 
1 h. After which, they were cooled down (keeping in the 
reactant stream) to 25 °C.

Catalytic  CH4 oxidation process was studied by monitor-
ing the evolution of methane conversion as a function of 
temperature (light-off curves). Catalytic oxidation of  CH4 
was performed in the 25–500 °C temperature range, heat-
ing the catalysts at 2 °C min−1. After test, the samples were 
cooled down to 25 °C. The whole process of methane oxida-
tion from 25 to 500 °C was defined as a cycle. The catalysts 
were heated at 2 °C min−1 rate to allow enough time to reach 
a steady state at each of the measurement temperatures. To 
verify the stability of the catalysts, six similar cycles were 
performed over the same catalyst sample. Temperature-
programmed reaction profiles allowed us to determine the 
temperature at which methane conversion attains 10%  (T10), 
50%  (T50), and 100%  (T100).

3  Results and Discussion

3.1  Catalysts Characterization

3.1.1  Surface Area Analysis

Specific surface area of the fresh and used catalysts esti-
mated from their  N2 adsorption–desorption isotherms is 
presented in Table 2. As can be seen, the specific surface 
area of the catalyst did not change significantly after its use 
in oxidation cycles.

3.1.2  FTIR Characterization of the Catalysts

Figure 1 presents FTIR spectra of the freshly prepared 
1%Pt/ZrO2, the 1%Pt/ZrO2 catalyst after methane oxidation 
cycles, and the catalyst after methane oxidation cycles in 
presence of  SO2. All the spectra revealed an intense band in 
the 850–650 cm−1 range, with a well-defined peak around 
748 cm−1, corresponding to monoclinic zirconia [17, 18]. 

Table 1  Composition of the feed gases used for catalytic tests over 
the 1%Pt/ZrO2 catalyst

Reaction Feed gas composition
(Volume %)

CH4 O2 SO2 N2

CH4 + O2 0.2 10 – Balance
CH4 + O2 + SO2 0.2 10 0.02 Balance

Table 2  Specific surface areas of the catalysts estimated from their 
 N2 adsorption–desorption isotherms recorded at 77 K

Catalyst Specific surface area  (m2g−1)

Fresh sample After oxidation 
cycles
CH4 + O2

After oxidation 
cycles
CH4 + O2 + SO2

ZrO2 67 67 60
1%Pt/ZrO2 57 54 52
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In the spectrum of the catalyst utilized in methane oxidation 
cycles in presence of  SO2, there appeared two well defined 
bands in-between 1400 and 1200 cm−1. The band peaked 
around 1360 cm−1 corresponds to the S=O stretching mode, 
which indicates the formation of zirconium sulfates in the 
sample [17–19]. Appearance of the second band peaked 
around 1230 cm−1 has been frequently associated to the 
surface sulfate species in sulfated zirconia [17, 18].

3.1.3  UV–Vis Characterization of the Catalysts

Figure 2 presents the UV–Vis DRS spectra of the  ZrO2 
support and the 1%Pt/ZrO2 catalyst fresh and after reac-
tions. According to the spectra of the monoclinic  ZrO2, the 
absorption band appeared around 233 nm is associated to 
charge transfer from the anions to the cations  (O2−–Zr4+) in 
 ZrO2 [20, 21]. The absorption spectrum of the fresh 1%Pt/
ZrO2 revealed an intense absorption signal at higher energy 
spreading from 200 and 300 nm which has been assigned 
to the overlapping of the absorption bands associated to the 
charge transfer from anions to the cations  (O2−–Zr4+) in 
 ZrO2 and the charge transfer from chloride ligands to plati-
num in oxychloride surface complexes  [PtOxCly] [22–24]. 

The broad band spreading between 270 and 400 nm could 
be attributed to d-d transitions in bulk compounds such as 
 PtOx·H2O [22–24].

As can be seen in this figure, the absorption spectrum of 
1%Pt/ZrO2 catalyst, after use in oxidation cycles, revealed 
the same absorption signals as of the fresh (before use in 
methane oxidation cycles) catalyst, in the presence and in 
absence of  SO2. The results suggest that the same electronic 
states of the catalyst components prevail in 1%Pt/ZrO2 even 
after six methane oxidation cycles, which may explain the 
high stability of the catalyst during methane oxidation 
cycles.

3.1.4  XPS Characterization of the Catalysts

XPS analysis was carried out on the fresh 1%Pt/ZrO2 cata-
lyst, after its use in methane oxidation cycles in absence and 
in presence of  SO2. Estimated binding energy (BE) values of 
Pt 4f7/2, Zr 3d5/2, S 2p, and atomic percentages of Pt species 
in different oxidation states are presented in Table 3.

The core level Pt 4f7/2 emission revealed two components 
located around 73.1 and 75.3 eV, corresponding to  Pt2+ and 
 Pt4+ states, respectively (Fig. 3) [25–28]. The XPS estimated 
Pt/Zr ratio in the fresh catalyst (Table 3) indicates about 
14% of the Zr surface atoms is covered by platinum spe-
cies. It is interesting to note that after six methane oxidation 
cycles in the presence or absence of  SO2 in the reaction 
feed, the position of Pt 4f7/2 emission band remained almost 
same. This result indicates a very high electronic stability 
of surface Pt species during oxidation reactions. The Pt/Zr 

Fig. 1  FTIR spectra of the fresh 1%Pt/ZrO2 catalyst, and the catalyst 
used in methane oxidation cycle in absence and presence of  SO2

Fig. 2  Absorption spectra of (1) fresh 1%Pt/ZrO2, (2) 1%Pt/ZrO2 
after methane oxidation cycles, (3) 1%Pt/ZrO2 after methane oxida-
tion cycles in presence of  SO2, (4) fresh  ZrO2, and (5)  ZrO2 after 
methane oxidation cycles in presence of  SO2
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atomic ratio remained almost same after the methane oxi-
dation cycles in presence or absence of  SO2.  Pt2+/Zr and 
 Pt4+/Zr atomic ratios at the surface of the fresh and all used 
catalysts estimated, considering the % peak areas of  Pt2+ and 
 Pt4+ components, and the measured Pt/Zr atomic ratios are 
presented in Table 4. In this table, it can be observed, the 

estimated  Pt2+/Pt4+ ratio at the catalyst surface before and 
after oxidation cycles. These values show that after methane 
oxidation cycles performed in presence or absence of  SO2, 
the  Pt2+/Pt4+ ratio at the surface of the catalyst remained 
almost same, and hence the number of  Pt2+–Pt4+ catalytic 
sites at the surface of the catalyst.

The XPS spectrum of 1%Pt/ZrO2 after 6 oxidation cycles 
revealed a single component Zr 3d5/2 emission band located 
around 182.2 eV, which corresponds to  Zr4+ state [25, 29, 
30]. However, after methane oxidation cycles in presence 
of  SO2, the signal revealed at slightly higher binding energy 
(182.5 eV), probably due to the formation of zirconium sul-
fate. This assumption is supported by the FTIR results pre-
sented in Fig. 1, showing the formation of zirconium sulfate 
during methane oxidation cycles in presence of  SO2.

3.1.5  HR‑TEM Analysis of the Catalyst

Figure 4 shows typical high and low-resolution TEM images 
of the 1%Pt/ZrO2 catalyst after 6 methane oxidation cycles 
in absence of  SO2. The size of the formed platinum particles 
varied between 1 and 2.5 nm, with average ⁓ 1.61 ± 0.45 nm 
(Fig. 5). It is interesting to note that the average size of 
Pt particle in the catalyst increased only marginally (⁓ 
1.8 ± 0.59 nm) after 6 methane oxidation cycles performed 
in presence of  SO2.

The results indicate the Pt nanoparticles formed over 
 ZrO2 remain stable, probably due to  ZrO2 stabilization 
effect against sintering in oxidizing environment, as has been 
observed by Deeba et al. for platinum on silica, promoted by 
zirconium oxide [31].

3.2  Methane Oxidation Over the Catalysts

The evolution of  CH4 conversion with reaction temperature, 
during the 1st, 3rd and 6th oxidation cycles, performed in 
absence of  SO2, over 1%Pt/ZrO2 are presented in Fig. 5.  CH4 
conversion in the 25–500 °C temperature range over pris-
tine  ZrO2 (results not shown) revealed very low methane 
conversion during the first and subsequent oxidation cycles. 
However, the conversion of  CH4 was high for the 1%Pt/ZrO2 

Table 3  Binding energy positions of the components and Pt/Zr and 
S/Zr atomic ratios at the surface of the catalysts before (fresh), after 
using them in 6 methane oxidation cycles (used), and after using 
them in 6 methane oxidation cycles in the presence of  SO2

The % peak area of  Pt2+, and  Pt4+ components are presented in paren-
theses

Catalyst Pt  4f7/2
(eV)

Zr  3d5/2
(eV)

S 2p
(eV)

Atomic ratio

Pt/Zr S/Zr

1%Pt/ZrO2 (fresh) 73.1 (69)
75.2 (31)

182.2 0.141 –

1%Pt/ZrO2 (used) 73.1 (69)
75.2 (31)

182.1 0.145 –

1%Pt/ZrO2 (used, 
in presence  SO2)

72.9 (61)
75.0 (39)

182.5 168.8 0.140 0.041

Fig. 3  Pt 4f7/2 core level XPS spectra of the 1%Pt/ZrO2 catalyst after 
its use in 6 methane oxidation cycles a in absence, and b in presence 
of  SO2

Table 4  Pt/Zr,  Pt2+/Zr,  Pt4+/
Zr, and  Pt2+/Pt4+ atomic ratios 
at the surface of the fresh and 
all the used catalysts estimated 
considering the % peak areas 
of  Pt2+ and  Pt4+ components, 
and the measured Pt/Zr atomic 
ratios

Catalyst Pt  4f7/2
(eV)

Ptx Atomic ratio

Pt/Zr Pt2+/Zr Pt4+/Zr Pt2+/Pt4+

1%Pt/ZrO2 (fresh) 73.1 (69)
75.2 (31)

Pt2+

Pt4+
0.148 0.100 2.12

0.047
1%Pt/ZrO2 (used) 73.1 (69)

75.2 (31)
Pt2+

Pt4+
0.145 0.094 1.88

0.050
1%Pt/ZrO2 (used  SO2) 72.7 (61)

74.7 (39)
Pt2+

Pt4+
0.140 0.088 1.72

0.051
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catalyst. The values calculated from the light-off curves, led 
to the construction of Table 5 which summarizes the  T10, 
 T50, and  T100 values obtained for the conversion of  CH4 in 
 CH4–O2 reaction. As can be seen in the table, the tempera-
tures of 10%  (T10), 50%  (T50), and 100%  (T100) methane 
conversion over the catalyst remained almost same during 
the six oxidation cycles.

To study long-term stability of 1%Pt/ZrO2, after the 6 
methane oxidation cycles, the catalyst was heated at 500 °C 
in the reaction flow (0.2%  CH4, 10%  O2) for 30 h, after 
which an additional  CH4–O2 reaction cycle was performed 
over the sample. The  T50 values estimated for the different 
 CH4 oxidation cycles (Fig. 6) are presented in Table 5. As 
can be seen, the  T50 values for methane oxidation remained 

Fig. 4  Typical TEM images 
of 1%Pt/ZrO2 catalyst a after 
6 methane oxidation cycles, b 
after 6 methane oxidation cycles 
in presence of  SO2. HRTEM 
images c after 6 methane oxida-
tion cycles, d after 6 methane 
oxidation cycles in presence 
of  SO2

Fig. 5  Size distribution histograms and corresponding Gaussian fits for the Pt particles formed at the surface of  ZrO2 a after 6 methane oxidation 
cycles, b after 6 methane oxidation cycles in presence of  SO2
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rather unaffected even after the long-term exposure of the 
catalyst to the reaction feed, indicating high stability of the 
1%Pt/ZrO2 catalyst for methane oxidation reaction.

The evolution of  CH4 conversion with reaction tempera-
ture over the 1%Pt/ZrO2 catalyst during the 1st, 3rd and 6th 
methane oxidation cycles, performed in presence of  SO2 are 
presented in Fig. 7. For the long-term  SO2 exposure study, 
the catalyst used in 6 methane oxidation cycles in presence 
of  SO2 was heated at 500 °C in the reaction flow (0.2%  CH4, 
10%  O2, and 0.02%  SO2) for further 30 h; after which an 
additional  CH4-O2 reaction cycle was performed in the pres-
ence of 0.02%  SO2. The  T50 values estimated for the differ-
ent  CH4 oxidation cycles (Fig. 7) are presented in Table 5. 
As can be noticed, the  T50 values for methane conversion 

increased marginally during the first 6 methane oxidation 
cycles, indicating a slight deactivation of the catalyst. Nev-
ertheless, the  T50 measured after the long-term exposure of 
the catalyst to the reaction feed, remained same as estimated 
for the 6th oxidation cycle, indicating that the catalyst had 
attained a steady state activity after 6 oxidation cycles, and 
a long-lasting sulfur tolerance had been established.

3.3  SO2 Reactions Over 1%Pt/ZrO2 Catalyst During 
Methane Oxidation

During  CH4 + SO2 + O2 reactions over 1%Pt/ZrO2,  SO2 may 
interact with the other reactants and with the catalyst. It is 
well known that the oxidation of  SO2 is catalyzed by Pt at 
temperatures higher than 200 °C, following the reaction 
[32–34]:

The generated  SO3 may react with the  ZrO2 support to 
form  ZrSO4. This assumption is supported by the results 
obtained from the XPS analysis of the 1%Pt/ZrO2 after 
methane oxidation cycles in presence of  SO2, which revealed 
the formation of sulfates at its surface. FTIR spectrum of the 
sample also revealed absorption bands corresponding to zir-
conium sulfate. Now,  ZrO2 can possibly take up considerable 
amounts of  SO3 but this would be until all surface  ZrO2 sites 
had reacted with  SO3, generating surface zirconium sulfate.

In order to determine the reasons of the stability of 1%Pt/
ZrO2 methane oxidation activity in presence of  SO2, we have 
investigated the evolution of  SO2 conversion as a function 
of temperature during the methane oxidation cycles. Results 
are presented in Fig. 8. In the figure, it can be noticed that 

(1)SO
2
+ 1∕2O

2
→ SO

3

Table 5  Temperatures of 10% conversion  (T10), 50% conversion 
 (T50), and 100% conversion  (T100) for methane oxidation over 1%Pt/
ZrO2 catalyst

Reaction feed Cycle Temperature
°C

T10 T50 T100

CH4 + O2

1st 312 369 497
3rd 306 372 500
6th 305 374 486
After 30 h reaction 500 °C 312 380 500

CH4 + O2 + SO2

1st 299 374 485
3rd 299 380 488
6th 311 393 500
After 30 h reaction 500 °C 310 395 505
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Fig. 6  Methane conversion over 1%Pt/ZrO2 catalyst as a function of 
reaction temperature, in absence of  SO2
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Fig. 7  Methane conversion over 1%Pt/ZrO2 catalyst in presence of 
 SO2 as a function of reaction temperature
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the activity of the catalyst for  SO2 oxidation increases dur-
ing the first few oxidation cycles. The highest conversion as 
a function of temperature, was achieved in the 6th oxida-
tion cycle. After the long-term exposure of the catalyst to 
 CH4 + SO2 + O2 reaction feed, the evolution of  SO2 conver-
sion with temperature remained nearly same as obtained in 
the 6th cycle (before the long-term exposure of the cata-
lyst). The results suggest that the activity of the catalyst for 
 SO2 oxidation is promoted by the generation of new cata-
lytic sites developed over Pt/ZrO2 catalyst during the first 
few cycles. The new sites probably are mainly the sulfates 
formed over  ZrO2 surface.

It is well known that sulfated Pt/ZrO2 (Pt/ZrO2–SO4
=) 

presents stronger surface acidity than a non-sulfated Pt/ZrO2 
catalyst [35]. The difference in surface acidity influences the 
adsorption–desorption properties of the catalysts, affecting 
their performance.  SO2 and  SO3 molecules are acidic. The 
adsorption of these molecules is therefore likely to become 
weaker on Pt/ZrO2–SO4

= than on Pt/ZrO2. Weakening stead-
ily  SO2 molecule adsorption strength on Pt/ZrO2–SO4

= 
would result in a steadily increase of the catalytic activity for 
the reaction (1) due to higher mobility of  SO2 molecules on 
the catalyst surface. The  SO2 oxidation process would have 
continued until the whole surface of the catalyst would be 
covered by zirconium sulfates. Thereafter, the  SO3 formed 
by oxidation of  SO2 catalyzed by Pt, not finding a free cata-
lytic site to form sulfates, would have been carried away 
through the gas outflow.

It is well known that  SO3 is a toxic pollutant with strong 
effects on human health [36]. To prevent the emission of 
this hazardous gas to atmosphere, an additional reaction sys-
tem preferably containing  ZrO2 or other active metal oxide 
catalyst such as  Al2O3, BaO or  CeO2 can be placed in the 

downstream which can adsorb and react with the  SO3 pre-
sent in the gas outflow, forming  ZrSO4. This additional reac-
tion system (containing  ZrO2,  Al2O3, BaO or  CeO2) would 
also be required to ensure that other excellent methane oxi-
dation catalytic systems such as Pt/Al2O3, do not emit  SO3 
to the atmosphere. This system should be replaced periodi-
cally, and the generated  ZrSO4 should be recovered for being 
utilized as a catalyst for acid/base reactions [37].

Although we could not quantify the  SO3 using Galactic 
GRAMS quantitative software in our FTIR gas spectrom-
eter, the absorption spectra obtained during the 3rd–6th 
cycles, and the reaction cycle after the long-term expo-
sure of the catalyst to methane-oxygen-SO2 reaction feed 
revealed (results not shown) a signal around 1400 cm−1, that 
increased from cycle to cycle. The signal (at 1400 cm−1) has 
been frequently assigned to  SO3 in the literature [38, 39].

The obtained results suggest that zirconium sulfate 
formed over the catalyst surface does not deactivate the 
active sites for methane oxidation, and hence  SO2 in the 
reaction feed has no poisoning effect on the methane oxi-
dation reaction in the studied temperature range (Fig. 7). 
As can be noted in Table 5, the  T10,  T50, and  T100 values 
obtained for methane conversion after long term exposures 
of the catalyst to the reaction flow in presence of  SO2 are 
slightly higher than the corresponding values obtained in 
absence of  SO2 indicating a slight deactivation of the cata-
lyst, which might have occurred due to its sulfation in pres-
ence of  SO2. However, the average size of the Pt particles 
(Fig. 5) also increased from 1.6 to 1.8 nm after 6 meth-
ane oxidation cycles performed in presence of  SO2. So, the 
marginally lower methane oxidation activity of the catalyst 
after prolonged high temperature exposure in  SO2 ambi-
ent, might also be due to temperature-induced growth of Pt 
nanoparticles.

3.4  Mechanistic Considerations of  CH4 Oxidation 
Over 1%Pt/ZrO2

In general, methane oxidation is seen to follow the Mars-
van Krevelen reduction–oxidation pathways [40], where the 
rate determining step is the abstraction of the first hydrogen 
on adsorbed methane molecule [41, 42]. Burch et al. con-
sidered the possibility of a more efficient activation of the 
C–H bond, through the polarization of methane molecule on 
a platinum surface covered partially by oxygen molecules 
[43]. On the other hand, Beck et al. observed that oxidation 
of methane over 1%Pt/γ–Al2O3 catalyst depends strongly 
on the size of Pt nanoparticles [44]. While the maximum 
turnover frequency was observed for Pt particles of ~ 2 nm 
average size, the catalyst contained a comparable amount of 
platinum species in different oxidation states. Although the 
high activity of those Pt-supported catalysts has been associ-
ated to the size of Pt particles, their specific crystallographic 

200 300 400 500

0

20

40

60

80

100
S

O
2 

co
nv

er
si

on
 / 

%

Temperature/°C

    CH4 + SO2 + O2

 1st cycle
 3rd cycle
 6th cycle
 Cycle after 30 h

         reaction at 500°C
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planes, and other parameters, the results indicate an acti-
vation of the C–H bond over platinum surface containing 
 Ptx–Pty sites that can polarize  CH4 molecules, decreasing 
the C–H bond energy.

In this investigation, XPS study of the 1%Pt/ZrO2 cata-
lyst used for  CH4 + O2 reaction cycles, revealed the pres-
ence of  Pt2+–Pt4+ dipolar catalytic sites at its surface. The 
number and nature of these dipolar sites remain unaffected 
despite the strong oxidation conditions and high tempera-
ture of the reaction. Repeated reaction cycles, and pres-
ence of  SO2 in the reaction feed did not have significant 
adverse effect on the performance of the catalyst.

While the formation of  Pt0 was reported previously in Pt/
ZrO2 catalyst prepared by similar process (utilized in the 
present work) after its utilization in  CH4 oxidation [44], XPS 
analysis revealed the presence of 69% PtO, and 31%  PtO2 
(Tables 3, 4) in our 1%Pt/ZrO2 catalyst after utilization in 
6 cycles of  CH4 oxidation. It must be noted that while the 
Pt particles in the Pt/ZrO2 catalyst of Ono et al. [45] were 
of ~ 3 nm size, the average size of the Pt particles in our 
1%Pt/ZrO2 catalyst was ~ 1.61 ± 0.45 nm, even after utiliz-
ing the catalyst in 6 oxidation cycles. It is well known that 
small metal nanoparticles can present electron deficiencies 
due to metal-support interactions [46, 47]. Indeed,  Pt0 was 
not detected in our catalyst, probably due to very small size 
of the platinum nanoparticles formed at Pt–ZrO2 interface, 
probably due to electron transfer from Pt  (Pt0) to  ZrO2 sup-
port, generating surface  Pt2+, and resulting in the formation 
of  Pt2+–Pt4+ dipolar moieties. The same electron transfer 
process also generates stable  Pt2+–Zr4+ dipolar sites at the 
platinum–zirconia interface (Fig. 9).

Based on these facts, we propose two catalytic site mod-
els at the catalyst surface. The first site model involves 
 Pt2+ sites at the Pt–ZrO2 interface and surface  Pt4+ sites 
in close proximity to  Pt2+. The second model is built with 
 Pt2+ and  Zr4+ moieties at the Pt–ZrO2 interface.

The developed bifunctional catalytic sites  (Pt2+–Pt4+ 
and  Pt2+–Zr4+) can strongly polarize  CH4 molecule, lower-
ing the C–H bond energy, and facilitating the abstraction 
of the first hydrogen on the adsorbed methane by a hetero-
lytic splitting of C–H bond.

Now, the potential of an electric dipole (φ) can be cal-
culated using the relation:

 where  q1 and  q2 are the charges corresponding to the 1st 
and 2nd ion, respectively, separated by a distance r, and ε0 
is the vacuum permittivity. In Table 6, we enlist, (consider-
ing r as the sum of the radii of the possible charged species 
at the catalyst surface) the estimated values of potentials of 
the electric dipoles.

� =
q
1
− q

2

4��
0
r

As can be seen in Table 6,  Pt2+–Zr4+ presents higher elec-
tric dipole potential than  Pt2+–Pt4+. Therefore, the probabil-
ity of  CH4 polarization would be higher on  Pt2+–Zr4+ than 
on  Pt2+–Pt4+.

Now, in the  CH4–O2 reaction conditions (excess oxy-
gen, 25–500 °C), platinum surface should be fully cov-
ered by oxygen molecules of the reaction atmosphere, 
preventing  CH4 adsorption. However,  CH4 is polarized 
and adsorbed on  Pt2+–Pt4+ and  Pt2+–Zr4+ dipolar sites. 
In fact, the rate of  CH4 adsorption at the dipolar sites 
would be much higher than that of  O2 due to the methane 
non-zero polarizability [48]. On the other hand, as the  O2 
molecules are not polarizable (zero polarizability), their 

Fig. 9  Proposed catalytic site models at the platinum-zirconia inter-
face
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kinetic energy will not be affected by the field generated 
by the dipolar sites. Consequently, the  CH4 molecules, pre-
senting an electric dipole moment of 5.38 × 10–6 D, will 
be rapidly attracted to these sites and adsorbed before and 
more strongly than  O2 molecules.

As can be seen in Figs. 6, 7 and Table 5, the 1%Pt/ZrO2 
catalyst is not deactivated by sulfur poisoning during meth-
ane oxidation in the presence of  SO2 in the reaction feed. 
Even after 6 methane oxidation cycles, the methane oxida-
tion activity remained almost same. Also, the XPS results 
revealed that during methane oxidation cycles in presence 
of  SO2, the platinum  Pt2+–Pt4+ dipolar sites remained unaf-
fected. This result indicates that the adsorption rate of  CH4 
molecules on these sites should be almost unaffected despite 
the presence of  SO2. Nevertheless,  SO2, presenting an elec-
tric dipole moment of 1.633 D [49], higher than that of  CH4, 
(5.38 × 10–6 D), should have been strongly polarized by the 
 Pt2+–Pt4+ dipolar sites, and a higher adsorption rate com-
pared to that of  CH4 should have taken place. Consequently, 
the methane oxidation rate should have decreased. However, 
this was not the case. This apparently contradictory result 
can be explained considering the presence of  Pt2+–Zr4+ 
dipolar sites at the catalyst surface, which present a higher 
electric dipole potential than  Pt2+–Pt4+. Therefore, the prob-
ability of  SO2 polarization and consequent adsorption rate 
may be higher on  Pt2+–Zr4+ than on  Pt2+–Pt4+. Adsorbed 
 SO2 on  Pt2+–Zr4+ dipolar sites may follow further oxida-
tion reactions permitted by the thermodynamic parameters 
of the process, independently of  CH4 reactions at the catalyst 
surface. Accordingly, the probability of  CH4 adsorption on 
free  Pt2+–Pt4+ dipolar sites would remain unaffected. Con-
sequently, the methane oxidation activity of 1%Pt/ZrO2 will 
remain same and would continue parallel to the  SO2 oxida-
tion process independently.

It is worth noting that the dipolar model presented in 
Fig. 9 to explain the high catalytic activity of Pt/ZrO2 cata-
lyst for methane oxidation can explain the high activity of Pt 
catalysts in methane oxidation reported previously [40–44]. 
In fact, these results suggest that the presence of surface 
platinum species in two different oxidation states is the key 
factor for high activity of platinum catalysts in methane 
oxidation.

It must be stated that while the formation of Pt ions at the 
surface of a semiconductor support is driven by the effect of 
energy alignment between the metal and the semiconductor, 
the oxidation state of Pt in the catalyst is also driven by the 
size of Pt particles, crystallographic orientation of the sup-
port, and preparation conditions of the catalyst. The subse-
quent interaction between the adsorbed  CH4 with adsorbed 
oxygen on the platinum nanoparticle surface, would result in 
the generation of  CO2 and  H2O molecules as final products.

The results presented in this investigation indicate that, 
the methane oxidation activity and the deactivation by sulfur 
poisoning of a Pt-supported semiconductor catalyst can be 
tuned by controlling the nature and relative concentrations 
of all possible dipolar catalytic sites at its surface.

4  Conclusions

Platinum-supported zirconia catalyst containing sub 2 nm 
Pt nanoparticles can be prepared by simple impregnation-
calcination process. The high methane oxidation activity 
and stability of the 1%Pt/ZrO2 catalyst is explained con-
sidering two important facts. The first fact, as suggested by 
XPS electronic state analysis of the catalyst, is the forma-
tion of highly stable  Pt2+–Pt4+ and  Pt2+ –Zr4+ dipolar sites 
at platinum-support interface. The  Pt2+–Zr4+ sites present 
higher electric dipole potential than  Pt2+–Pt4+ sites. These 
dipolar sites strongly polarized  CH4 molecules, debilitating 
the C–H bond energy, and promoting the abstraction of the 
first hydrogen of adsorbed methane molecule, which is the 
rate determining step in the oxidation process. The second 
fact is that although, platinum surface is fully covered by 
oxygen molecules in the  CH4–O2 reaction conditions (excess 
oxygen, 25–500 °C), preventing  CH4 adsorption, the rate of 
 CH4 adsorption at the dipolar sites is much higher than that 
of  O2 due to non-zero polarizability of methane and zero 
polarizability of  O2. Consequently,  CH4 oxidation proceed at 
relatively low temperature, despite of the presence of excess 
oxygen. The high stability of the catalyst during  CH4 oxida-
tion in presence of  SO2 is associated to two factors: (i) due to 
higher electric dipole moment of  SO2 molecules than that of 
 CH4, they polarize more easily, and get adsorbed on dipolar 

Table 6  Electric dipole 
potentials estimated for different 
possible bifunctional sites

Catalytic site Ionic radio  (ri)
(pm)

r  (r1 + r2)
(pm)

q1–q2
(C)

φ(4πε0) =  
(q1−q2)/r
(C/pm)

Pt0 Pt2+ Pt4+ Zr4+

Pt0–Pt2+ 177 94 271 2 0.0078
Pt2+–Pt4+ 94 76.5 170.5 2 0.0117
Pt2+–Zr4+ 94 73 167.0 2 0.0119
Pt4+–Zr4+ 76.5 73 149.5 0 0.0
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sites of the catalyst surface at higher rate; and (ii) most of the 
polarized  SO2 molecules are adsorbed on  Pt2+–Zr4+ dipolar 
sites, while the  CH4 molecules are adsorbed on  Pt2+–Pt4+ 
dipolar sites. Therefore, the  SO2 oxidation and  CH4 oxida-
tion reactions at catalyst surface occur independently, with-
out affecting each other. The high methane oxidation activity 
and high stability of the 1%Pt/ZrO2 catalyst presented in this 
investigation show that the electronic state of platinum and 
its interactions with  ZrO2 are the key factors in methane 
oxidation process.
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