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Abstract

In this work, diffuse reflectance infrared Fourier transformation (DRIFT) spectroscopy of adsorbed CO was studied to investigate the stability
of Pt/ZrO, catalysts for partial oxidation of methane. The studies confirmed that the preparation method has a significant effect on the catalyst
performance and the catalyst treatment using argon glow discharge plasma improves the catalyst stability. TG analysis showed that coke formation
is not significant on both samples with and without glow discharge plasma treatment, indicating the coke formation is not responsible for the catalyst
deactivation. The IR band intensity of adsorbed CO decreases remarkably with increasing calcination temperature, suggesting the sintering of Pt
particles in the presence of O,. The sintering of plasma treated sample is slower than that of the untreated sample, especially at higher temperature,
which indicates that the plasma treated sample is more resistant to sintering under the oxidizing atmosphere.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Synthesis gas (CO and Hj) is now industrially produced
through steam reforming of methane, which has some obvious
drawbacks, such as intense energy input and high H>/CO ratio
for further synthesis [1]. Catalytic partial oxidation of methane
(POM) to synthesis gas (1) is a promising alternative to steam
reforming. The weak exothermic property of POM leads to some
advantages, such as lower energy input and higher operating
space velocity [2,3]. In addition, the theoretical H»/CO ratio of
this reaction is 2, which is very suitable for further synthesis of
hydrocarbons and/or oxygenated hydrocarbons.

CHy + 30, > CO+2Hy  (AHygg = —35kImol) (1)

Pt/ZrO, is an active and stable catalyst for CO, reforming of
methane [4-6]. It has been tested for POM. However, a quick
deactivation was usually observed [7-9]. A two-step reaction
mechanism was proposed for POM over Pt/ZrO;; CHy4 is directly
oxidized to CO, and H;O in the first step, and then CO» reform-
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ing and steam reforming of the left CH4 occurs in the second
step [9,10]. Both CO; and steam reforming of CH4 are highly
endothermic reactions, and thus the potential of coke formation
is high at high reaction temperature. Coke formation has been
suggested as the deactivation reason for POM over Pt/ZrO; [9].
However, little attention has been paid to the Pt sintering in the
presence of O for POM over Pt/ZrO».

Because of the high price and low availability, reduction in
the amount of Pt usage is highly desirable. However, charac-
terization of supported catalysts with a small amount of metal
is very difficult since the small amount limits characterization
methods, such as X-ray powder diffraction (XRD). Infrared (IR)
spectroscopy using CO as probe molecule is a well established
method for characterizing supported metal catalysts [11-15].
The IR spectrum of adsorbed CO is very sensitive to the particle
size, morphology, and electronic structure, and this information
can be obtained in turn.

On the other hand, preparation methods show a significant
influence on the performance of catalysts for partial oxida-
tion of methane [16]. We previously observed a remarkable
improvement in the activity and stability of catalysts for POM
can be achieved by using glow discharge plasma treatment
of the catalyst [17,18]. Glow discharge is one of non-thermal
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plasma phenomena, characterized by high electron tempera-
ture (10,000-100,000K) and low gas temperature (as low as
room temperature) [19]. Catalyst preparation using non-thermal
plasma treatment attracts increasing attentions in recent years
[17-24]. The energetic species (electrons, ions, and radicals)
in plasmas could modify the metal particle size, morphology,
and metal-support interactions of catalysts [20], leading to some
specific catalytic properties.

The aim of this work is to study the structure and stability of
the Pt/ZrO; catalyst for POM using IR spectra of adsorbed CO.
The enhanced stability of Pt/ZrO, catalysts via glow discharge
plasma treatment has also been investigated.

2. Experimental
2.1. Catalyst preparation

71O, (SgeT = 8.3 m?/ g, monoclinic) was purchased from Alfa
Aesar, and used as received. It was impregnated at room tem-
perature for 12 h with aqueous solution of HyPtCl4*6H>0 (99%,
Tianjin North China Reagent Co.), followed by drying at 110 °C
for another 12h. The resulting sample was divided into two
parts. One part was directly calcined in a muffle at 600 °C for
4h (denoted by PtZr-C), while the other part was treated with
argon glow discharge plasma for 1 h followed by calcination at
600 °C for another 4 h (denoted by PtZr-PC). The amount of Pt
loading is 0.5 wt%. Sometimes the calcination was carried out
at 400 °C for 4 h or at 800 °C for 4 h after calcination at 600 °C
for 4 h, which was specially addressed in the text.

The plasma treatment was carried out in a glow discharge
system as described previously [17]. Briefly, 1 g catalyst sample
loaded in a quartz boat was put in the discharge cell. When
the pressure was adjusted in the range of 200-100 Pa, glow
discharge plasma was ignited by applying voltage of 900V to
the electrodes. The 100 Hz square wave signal was generated
by a function/arbitrary waveform generator (Hewlett Packard,
33120A), and amplified to 900 V by a high voltage amplifier
(Trek, 20/20B). High purity argon was used as plasma form-
ing gas. Each treatment lasted 10 min, and the treatment was
repeated 6 times.

2.2. Activity test

The activity test was carried out in a micro tubular quartz
reactor (inner diameter is 4 mm) at atmospheric pressure. The
catalyst sample of 40 mg (40—-60 mesh) was packed in the reac-
tor with two layers of quartz wool. Prior to reaction, the catalyst
was reduced by using flowing Hy (30 cm®/min) at 500°C for
1 h. Then the temperature was increased to 800 °C under flow-
ing argon. When the temperature was stabilized, CH4 and O,
with a ratio of 2:1 were introduced to the micro reactor by
mass flow controllers. The gases after reaction passed through
an ice trap to remove water, and was then analyzed at every
30min by a gas chromatograph (Angilent 6890N), equipped
with a thermal conductivity detector and a 2-m TDX-01 packed
column. When the reaction was stopped, the temperature was
slowly decreased to room temperature under protection of flow-

ing argon. All gases used are in ultrahigh purity, without further
purification.

2.3. Characterizations

The dispersion of Pt was measured using a volumetric system
(Quantachrome, Autosorb-1). The catalyst sample was firstly
reduced at 300 °C for 2 h. Then the CO chemisorption was per-
formed at 40 °C. The ratio of CO:Pt=1:1 was used to calculate
the dispersion of Pt. Pt particle size was estimated by assuming
a spherical particle shape.

The thermogravimetric (TG) analysis of coke formed was
carried out using a TGA-50 system (Shimadzu). The oxidation
temperature was increased from room temperature to 800 °C at
a rate of 10 °C/min under flowing air (25 cm3/min).

Diffuse reflectance infrared Fourier transformation (DRIFT)
spectra of adsorbed CO were recorded by using an IR spectrom-
eter (Bruker, Tensor 27) equipped with a liquid nitrogen cooled
MCT detector, a diffuse reflectance accessory (Praying Man-
tis, Harrick) and a high temperature cell (HVC, Harrick). The
cell was fitted with two CaF; windows. The catalyst powder of
100 mg was loaded in the sample cup of high temperature cell.
The sample was reduced in situ at 300 °C (or 500°C) for 1h
using flowing Hj, and then purged by flowing He for 30 min at
the same temperature. After that, the temperature was decreased
to 25 °C, and the background spectrum was recorded. 1.11%
CO diluted by He was introduced for adsorption for 30 min.
The sample was then purged by flowing He for another 30 min.
Temperature programmed desorption of CO was performed by
increasing the temperature to 450 °C at a rate of 10 °C/min under
flowing helium. Spectra were recorded with the background sub-
tracted at a resolution of 4 cm™! and 64 scans accumulation. All
spectra were illustrated using Kubelka Munk units, which is
linear with the concentration of surface species.

3. Results and discussion
3.1. Chemisorption results

Table 1 gives the results of chemisorption. The dispersion of
the PtZr-C sample is 27.9%, and the estimated Pt particle size is
4.1 nm. For the PtZr-PC sample, the dispersion is slightly lower,
and the particle size is slightly larger.

3.2. Catalytic performance

Fig. 1 shows the catalytic performance of the two samples
for POM at 800 °C during 25 h time on stream. The conversion
of CHy is declined with time on stream for both samples. A
similar trend is observed for Hj selectivity. In contrast, both CO

Table 1
Chemisorption results of PtZr-C and PtZr-PC

Samples Dispersion (%) Average diameter (nm)
PtZr-C 27.9 4.1
PtZr-PC 24.1 4.7
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Fig. 1. Stability test of POM over PtZr-C (solid symbols) and PtZr-PC (hollow symbols). Reaction conditions: 7=800°C, P=1 atm, GHSV =9 x 10* cm3/(g cath),

CH4/0, =2:1.

selectivity and CO; selectivity only change slightly. A higher
CO selectivity with a lower CO, selectivity is observed for the
PtZr-PC sample. The deactivation rate based on CH4 conversion
is 0.6%/h for the PtZr-PC sample, and it is 0.9%/h for the PtZr-
C sample. Obviously, the PtZr-PC sample is more stable during
POM reaction.

3.3. Coke analysis

The TG analysis of the samples after 25 h reaction on stream
was performed in order to characterize the coke formation. It
can be seen from Fig. 2 that the weight loss of both samples is
very limited. Considering that the TG analysis was not carried
out in situ and the sample may adsorb some water and other
impurities, little coke was formed on both samples. The TG
analyses suggest that the coke formation is not the main reason of
catalyst deactivation for the present case. This result is opposite
to the case of POM over Pt/Al,O3 [17]. A large amount of coke
was formed over Pt/Al,O3, which leads to deactivation of the
catalyst [17]. The good anti-coke performance of Pt/ZrO, is
probably related to the high mobility of lattice oxygen in ZrO,
and to the Pt-Zr"* sites that help the elimination of carbon [10].

3.4. IR study of CO adsorption

3.4.1. Effect of reduction temperature

Fig. 3 shows the DRIFT spectra of CO adsorbed on samples
(calcined at 600 °C) at 25°C after the catalysts were reduced
at 300°C for 1h. The dotted line shows the spectra after CO
adsorption for 30 min, and the solid line represents the spectra
after CO desorption for 30 min. The gaseous CO band is located
at 2173 and 2115 cm™". The intensity of gaseous CO bands is
essentially identical for both PtZr-C and PtZr-PC samples, which
make it reasonable to compare both the location and intensity of
adsorbed CO bands. All IR bands of adsorbed CO are located
at higher wavenumber in the presence of gaseous CO than the
bands in the absence of gaseous CO. This is due to the contri-
bution of dipole—dipole interaction between CO molecules at
higher CO coverage [25].

For the PtZr-C sample, a band located at 2054 cm~! s
observed, accompanied by a shoulder band at 2081 cm~!. A
weak and broad band centered at 1813cm™! is also present,
which can be assigned to two or three-fold adsorption of CO
[13,14]. The defects sites of Pt particles give a stronger back
donation, and thus the metal—carbon bond is strengthened and
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Fig. 2. TGA curves of PtZr-C and PtZr-PC samples after 25 h time on stream at
800 °C of POM.

the carbon—oxygen bond is weakened. Consequently, the car-
bonyl vibration band of CO adsorbed on defect sites is present
at lower wavenumber [26]. We ascribe the band at 2081 cm™!
to CO bonded to close-packed planes of Pt particle (such as
Pt(1 1 1) plane), and 2054 cm~! to CO bonded to defect sites of
Pt particles (such as edges and corners). This is in good accor-
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Fig. 3. DRIFT spectra of CO adsorbed on PtZr-C and PtZr-PC catalysts reduced
at 300 °C. Dotted line, exposed to 1.11% CO/He for 30 min; solid line, He purged
for another 30 min. All spectra were recorded at 25 °C. PtZr-C and PtZr-PC were
calcined at 600 °C.

dance with Greenler et al., who assigned three bands at 2081,
2070, and 2063 cm™! to CO linearly adsorbed on planes, edges,
and corners of Pt crystallites supported on silica [27].

For the PtZr-PC sample, the band of CO linearly adsorbed
on close-packed planes of Pt is also present at 2081 cm™',
whereas the bands of CO linearly adsorbed to defect sites of Pt
is blue shifted to 2065 cm™! with respect to that for PtZr-C, and
decreased in intensity to appear as a shoulder of the 2081 cm™!
band. This suggests that the concentration of defect sites of Pt
particles is significantly decreased. In addition, the full width
at half maximum (FWHM) of linearly adsorbed CO band for
the PtZr-C sample (68 cm™ 1) is larger than that of the PtZr-PC
sample (53 cm™!), indicating that the Pt particle of the PtZr-C
sample is smaller than that of the PtZr-PC sample [26].

Fig. 4 gives the DRIFT spectra of CO adsorbed on samples
(calcined at 600 °C) at 25 °C after the catalysts were reduced at
500°C for 1 h. Compared to the spectra reduced at 300 °C, the
IR intensity of adsorbed CO decreased sharply for both sam-
ples. This decrease in the IR band intensity of adsorbed CO
is not a result of the increase in the Pt particle size [28]. It has
been suggested that, when the reduction temperature increased to
higher than 300 °C, the ZrO, near to Pt will be partially reduced
to ZrO, (x<2), and migrate onto the surface of Pt particles
[28-30]. This state is the so-called strong metal-support inter-
action (SMSI) [31,32]. As a result, the surface of Pt accessible
to CO is decreased. The CO chemisorption capacity is there-
fore decreased. Thus, 300 °C reduction reflects the true state of
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Fig. 4. DRIFT spectra of CO adsorbed on PtZr-C and PtZr-PC catalysts reduced
at 500 °C. Dotted line, exposed to 1.11% CO/He for 30 min; solid line, He purged
for another 30 min. All spectra were recorded at 25 °C. PtZr-C and PtZr-PC were
calcined at 600 °C.
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Pt. It should be noted that the peak intensity for the PtZr-C is
significantly stronger than that for PtZr-PC, suggesting a lower
coverage of ZrOy on the Pt surface for PtZr-C. The higher cov-
erage of ZrO, on Pt for PtZr-PC could fix the Pt more strongly
on ZrOs.

3.4.2. Effect of calcination temperature

The catalyst sample was sintered by calcination at different
temperatures. Fig. 5 shows the CO adsorption on the catalyst
sample calcined at 400 °C for 4h (Fig. 5A) and 600 °C for 4h
followed by calcination at 800 °C for another 4 h (Fig. 5B). A
very intense peak is located at 2070 cm™! along with a shoulder
at 2087 cm~!, as well as a very broad band at 1821 cm ™!, for the
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Fig. 5. DRIFT spectra of CO adsorbed on PtZr-C and PtZr-PC catalysts reduced
at 300 °C. Procedure: recorded after exposed to 1.11% CO/He for 30 min and
He purged for another 30 min. (A) 400 °C calcinations for 4 h; (B) 600 °C calci-
nations for 4 h followed by 800 °C calcinations for another 4 h. All spectra were
recorded at 25 °C.

PtZr-C sample. Compared with PtZr-C, a significant decrease in
intensity of all adsorbed CO bands is observed for the PtZr-
PC sample. Its main band is centered at 2064 cm™! also with a
shoulder at 2087 cm™~!. These results indicate that, when calci-
nation temperature is 400 °C, the Pt particles in both samples
are rough with much higher concentration of defect sites. These
results also suggest that the Pt particle of PtZr-C is smaller than
that of PtZr-PC when calcination temperature is 400 °C.

For the sample calcined at 600 °C for 4 h followed by calcina-
tion at 800 °C for another 4 h, all bands reduce significantly, as
shown in Fig. 5B. In this case, the IR band of linearly adsorbed
CO for the PtZr-PC sample is higher in intensity than that for the
PtZr-C sample. This result indicates that the Pt particle size of the
PtZr-PC sample is smaller when the sample is further calcined
at 800 °C, which has larger surface area for CO coordination.

Fig. 6 shows the change in the IR band intensity of linearly
adsorbed CO versus calcination temperature. It can be seen that
the IR band intensity decreased sharply with calcination tem-
perature, suggesting that Pt sinters with increasing calcination
temperature. The decrease rate is higher for the PtZr-C sam-
ple. The results suggest that the plasma treated sample is more
resistant to sintering in the presence of O; at higher temperatures.

3.4.3. Temperature programmed desorption

Temperature programmed desorption of CO adsorbed on
Pt/ZrO, catalysts was performed by monitoring IR spectra to
obtain the Pt—CO bond strength. Fig. 7 gives the normalized
IR intensity of linearly adsorbed CO (COr) [33] during the
temperature programmed desorption of CO. For both sam-
ples, the normalized IR intensity of COr passes a maximum
at temperature of 100-150°C, then decreases with increasing
temperature. This is due to the fact that the linearly adsorbed
CO is more stable than bridge adsorbed CO over Pt cata-
lysts, and a portion of bridge adsorbed CO changes to linearly
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Fig. 6. Changes of integrated IR band intensity of linearly adsorbed CO (COy.)
at 25 °C versus calcination temperature of PtZr-C and PtZr-PC catalysts.
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Fig. 7. Changes of normalized relative IR band intensity of linearly adsorbed
CO (COy,) during temperature programmed desorption of CO.

adsorbed CO with increasing temperature [33]. When tem-
perature is further increased, the linearly adsorbed CO begins
desorbing.

For both samples, with increasing calcination temperature,
the temperature for complete desorption of CO decreases.
In general, the defect site concentration decreases (or close-
packed plane concentration increases) with increasing particle
size, and CO adsorbs linearly on defect sites more strongly
than on close-packed planes because of stronger back donation
[11-13,26]. Therefore, the CO desorption temperature decreases
with increasing calcination temperature, suggesting that the Pt
particle size becomes larger.

When the samples are calcined at the same temperature, CO
is completely desorbed at lower temperature for the PtZr-PC
sample (about 50 °C lower), suggesting that Pt particle of PtZr-
PC sample has higher concentration of the close-packed plane,
on which CO is expected to be desorbed more easily than on
defect sites of the PtZr-C sample [11-13,26]. When the calcina-
tion temperatures are 400 and 600 °C, PtZr-PC showed higher
concentration of the close-packed plane in line with its larger
Pt particle size. When the samples calcined at 600 °C are fur-
ther calcined at 800 °C, PtZr-PC adsorbs a larger amount of CO
(Fig. 5B), but CO is desorbed at lower temperature. Thus, the
lower desorption temperature cannot be related to larger Pt par-
ticle size but only to higher concentration of the close-packed
plane for PtZr-PC, i.e., the smoothened surface of Pt particle.

3.5. Discussion

The TG analysis results show that the coke formed on both
samples is very limited. Consequently, the coke formation is not
the reason responsible for catalyst deactivation during POM in
the present case. Pt sintering in the presence of O, is the possible
reason accounting for deactivation. There are two pathways to Pt
particle sintering: Ostwald ripening (OR) and particle migration

and coalescence (PMC) [34]. It was suggested that sintering of
the supported Pt particle is limited under the H, atmosphere
but is much more significant under the oxidizing atmosphere.
Datye et al. proposed that Pt sintering is mainly due to the PMC
pathway under the H, atmosphere [34]. However, the Pt sintering
pathway changes to OR in the presence of O;. It is suggested
that the Pt sintering is due to the following reaction:

Pt(s) + Oa(g) = PtO2(g), AH = 175kJ/mol

The enthalpy of this reaction is much lower than the sub-
limation energy for Pt (565 kJ/mol) or the energy required for
transferring Pt atoms from a particle to the substrate (527 kJ/mol)
[34]. Under oxidizing atmosphere, the Pt particle easily becomes
volatile PtO,, which can be readily decomposed into Pt when the
temperature is above 600 °C [35]. Thus, PtO, helps the migra-
tion of Pt atoms from small Pt particles to large Pt particles
through the OR pathway. In the present case, the Pt sintering
should be easy to occur because of the low specific surface area
of ZrO; used, on which Pt is difficult to be stabilized.

From the overview point, POM is under reductive atmosphere
because Hy and CO are produced. However, POM over Pt/ZrO,
follows the reaction pathway of methane combustion followed
by CO; reforming and steam reforming [9,10]. The reaction of
methane combustion is an intensely exothermic reaction under
oxidative atmosphere. Methane combustion produces “hot spot”
in the catalyst bed [1]; i.e., the actual temperature is higher than
800 °C for the upper layers of the catalyst bed, which is more
favorable for Pt sintering through the OR pathway. The Pt atoms
could migrate from the upper layers to the lower layers of catalyst
bed.

Attempts to observe the sintering of Pt/ZrO, catalysts through
transmission electron microscopy (TEM) failed because of the
low contrast between Pt particles and ZrO; and the low amount
of Pt loading [28]. However, the intensity of adsorbed CO
significantly decreases with increasing calcination temperature
(Fig. 6), which strongly supports the Pt sintering under the oxi-
dizing atmosphere.

The IR band intensity of adsorbed CO for the plasma treated
sample deceases slowly with increasing calcination tempera-
ture compared to that for the untreated sample (Fig. 6). When
the sample was calcined at 800 °C for 4 h, the IR intensity of
adsorbed CO is higher for the plasma treated sample (Fig. 5B),
indicating that the plasma treated sample has a larger surface for
CO coordination. Therefore, the plasma treated sample is more
resistant to sintering in the presence of O, at higher tempera-
tures. The plasma treated sample has higher concentration of
the close-packed plane of Pt, which is more difficult to be oxi-
dized than the defect sites. Nagai et al. proposed that Pt sintering
could be inhibited through the Pt-support interaction under oxi-
dizing atmosphere [35]. Therefore, the smoothened Pt particles
of PtZr-PC probably spread over the ZrO; with a larger Pt-ZrO,
interface, leading to a stronger Pt-support interaction. More-
over, when the samples were reduced at 500 °C, the surface of
Pt was more covered by ZrO, as evidenced by DRIFT spectra
of adsorbed CO (Fig. 4) for PtZr-PC, resulting in a tighter Pt
fixation during the reaction. The plasma treated sample is more
stable than the untreated sample for POM, which is in line with
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the finding that the plasma treated sample is more resistant to
sintering in the presence of O5.

4. Conclusion

In this work, plasma treated and untreated Pt/ZrO, samples
were tested in the reaction of partial oxidation of methane. TG
analysis showed little coke formation on both samples, indi-
cating the coke formation is not responsible for the catalyst
deactivation. The IR band intensity of adsorbed CO decreases
strongly with increasing calcination temperature, suggesting the
Pt particle sintering in the presence of Oy. The sintering of
plasmatreated sample is slower than that of the untreated sample,
especially at higher temperature, which indicates that the plasma
treated sample is more resistant to sintering under the oxidizing
atmosphere. Under the partial oxidation atmosphere, the volatile
PtO, is easily formed, which helps Pt atom to migrate from small
Pt particles to large Pt particles through the Ostwald ripening
pathway. The plasma treated sample is more stable for partial
oxidation of methane, as a result of its resistance to sintering in
the presence of O,.
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