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Abstract Argon glow discharge plasma was applied for
drying the impregnated Ni/SiO, catalyst instead of the
drying thermally. Such plasma treated catalyst significantly
inhibits the coke formation from methane decomposition.
The methane-derived carbon shows an improved reactivity
against CO,. This can result in a better balance of coke
formation and gasification by CO, when the plasma-treated
Ni/SiO; catalyst is used for the CO, reforming of methane.

Keywords Methane - CO, reforming - Ni/SiO, -
Plasma - Coke resistance

1 Introduction

Carbon dioxide (CO,) reforming of methane to synthesis
gas attracts ever-growing interest from both environmental
and industry aspects [1-6]. It provides a practical and
effective way for the utilization of the two major green-
house gases (CO, and methane) [2]. Many -catalysts,
including Ni-based catalysts and supported noble metal
catalysts, show excellent activity for the CO, reforming of
methane [7-11]. However, from the industrial standpoint of
view, it is more practical to develop Ni-based catalysts due
to the low-cost and the abundant resources of nickel.

A major problem of the Ni-based catalysts for the CO,
reforming of methane is the continuous deactivation with
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time on stream due to coke formation. Methane decom-
position is the major pathway for the coke formation at
high temperature [9]. The methane-derived carbon can be
gasified by CO,, which is the primary way to eliminate the
carbon. If the gasification of the carbon proceeds more
slowly than the formation of the carbon, the carbon will
deposit and deactivate the catalyst. The catalyst, on which
the formation rate of the carbon is decreased or/and the
gasification rate of the carbon is increased, is more favor-
able and more attractive for the CO, reforming.

Many efforts have been made to develop coke resistant
Ni-based catalysts. One approach is the selective blockage
of some of the Ni particle defect sites using inert element
atoms [12—14]. This approach can lead to a good coke
resistance, but it is usually accompanied by a decrease in
the activity. Improving the preparation method for the
catalysts is another approach [15-19]. For example, Tom-
iyama et al. [18] prepared a coke resistant Ni/SiO, catalyst
for the CO, reforming by a process of homogeneous pre-
cipitation in wet gel.

Recently, we developed an argon glow discharge plasma
technique for preparation of Ni-based catalysts for the CO,
reforming [15-17]. Glow discharge is one of conventional
non-thermal plasmas, which is characterized by high
electron temperatures (10,000-100,000 K) and low gas
temperatures (as low as room temperature) [20]. The
energetic species (electrons, ions, and radicals) in the
plasma can modify the metal particle sizes, the metal
morphology and the metal-support interactions of the cat-
alyst [21]. Such plasma-treated Ni-based catalysts show a
significantly improved coke resistance for the CO,
reforming of methane [15-17].

The purpose of this work is to better understand how the
plasma treatment improves the coke resistance of the Ni/
SiO; catalyst for the CO, reforming of methane. We firstly
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investigated the performance of the plasma-treated Ni/SiO,
catalyst for the methane decomposition. Then, we charac-
terized the methane-derived carbon via temperature
programmed oxidation (TPO), temperature programmed
hydrogenation (TPH) and CO, temperature programmed
surface reaction (CO,-TPSR) analyses. We will confirm
that the plasma treatment suppresses the coke formation
from methane decomposition and the methane-derived
carbon on the plasma-treated catalyst is more reactive
toward CO,. A better balance of the carbon formation and
gasification by CO, has been achieved. The coke resistance
of the Ni/SiO, catalyst is thereby improved for the CO,
reforming of methane.

2 Experimental
2.1 Catalyst Preparation

The Ni/SiO, catalyst (with 10 wt% of NiO) was prepared
by incipient wetness impregnation method. The silica was
commercially obtained (S = 285 mz/g; Institute of
Chemical Engineering, Tianjin, China). It was impreg-
nated with the aqueous solution of nickel nitrate for about
12 h. The obtained sample was divided into two parts.
One part was dried at 110 °C for another 12 h and then
thermally calcined at 500 °C for 4 h. The other part was
treated by the glow discharge plasma before further
thermal calcination at 500 °C for 4 h. The plasma treat-
ment apparatus has been shown elsewhere [17]. The
sample (about 0.4 g) was loaded in a quartz boat and
placed in the ‘positive column’ region of the glow dis-
charge. When the pressure in the discharge tube was
about 100 Pa, the glow discharge plasma was generated
by applying 900 V to the electrode using a high voltage
amplifier (Trek, 20/20B). The signal input for the high
voltage amplifier was supplied by a function/arbitrary
waveform generator (Hewlett Packard, 33120A) with a
100 Hz square wave. Ultra high pure grade argon
(>99.999%) was used as the plasma-forming gas. The
details of glow discharge plasmas have been described
previously [20]. The discharge was initiated at room
temperature without external heating or cooling. Accord-
ing to infrared temperature measurements (Icron
100PHT), the heating effect of the glow discharge can be
ignored and the temperature of the catalyst powder was
close to room temperature. Thermal calcination was then
conducted with no use of glow discharge plasma. After
calcination in air, both the samples were pressed, crushed
and sieved through 40-60 mesh sieves before use. The
samples with and without plasma treatment are denoted as
P-Ni/SiO, and C-Ni/SiO,, respectively.

2.2 Methane Decomposition

The methane decomposition was conducted in a quartz-tube
fixed-bed reactor (i.d. 4 mm) under atmospheric pressure. It
was carried out at 700 °C for 1 h. Before the reaction, the
catalyst (50 mg, 40-60 mesh) was reduced at 500 °C for2 h
in flowing hydrogen at a flow rate of 50 mL/min. Then,
methane was introduced into the reactor at a space velocity of
12,000 mL/(h gcat). The analysis of the effluent was carried
out using an on-line gas chromatograph (Agilent 4890D)
with a Porapak Q column and a thermal conductivity detector
(TCD). The conversion of methane was calculated according
to the following equations:

X(CHy)% = [(Fctyin — Fergou)Fony,in] X 100%,

where X and F represent the conversion and gas flow rate,
respectively. After the methane decomposition, TPO, TPH
and CO,-TPSR analyses and transmission electron
microscopy (TEM) observations were conducted over the
used catalyst samples.

During the TPO analysis, the used catalyst sample was
heated in flowing 3%0O,/He at 30 mL/min over the tem-
perature range 50—1,000 °C at a heating rate of 10 °C/min.
The CO (m/z = 28) and CO, (m/z = 44) signals were
continuously recorded by an on-line quadrupole mass
spectrometer (GSD301, OmmistarTM). The CO, signals
were calibrated by injecting known quantities of CO, into
the gas stream. This calibration allows quantitative mea-
surements of the carbon.

During the TPH analysis, the used catalyst sample was
heated in flowing 5%H,/Ar at 30 mL/min over the tempera-
ture range 50—1,000 °C. The heating rate was 10 °C/min. The
methane (m/z = 16) signal was continuously recorded by the
same mass spectrometer used for the above TPO analysis.

During the CO,-TPSR analysis, the used catalyst sample
was heated within the temperature range 50-1,000 °C at a
heating rate of 10 °C/min. A gaseous mixture of CO, and
helium (He) with a volume ratio of 1:3 was fed into the
reactor at a flow rate of 40 mL/min. The CO (m/z = 28) and
CO; (m/z = 44) signals were continuously recorded by the
same mass spectrometer used for the above TPO analysis.

The TEM observations of the used catalyst samples
were performed using a Philips TECNAI G°F20 system.
The samples were ground into fine powders and then
ultrasonically dispersed in ethanol. A drop of the suspen-
sion was deposited on a carbon coated copper grid for the
TEM analyses.

3 Results and Discussion

The fresh C-Ni/SiO, and P-Ni/SiO, samples have been
investigated using the hydrogen temperature programmed
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Table 1 Amount of the carbon on the used C-Ni/SiO, and P-Ni/
SiO, samples after the CO, reforming of methane (700 °C, 4 h)

C-Ni/SiO, sample P-Ni/SiO, sample

Amount of the carbon 45.1 22.0
(mg/gcat.)

Table 2 Changes of the conversion of methane over 1 h decompo-
sition reaction at 700 °C

Conversion of methane

0h 05h 1h
C-Ni/SiO, sample 26.3% 14.3% 5.4%
P-Ni/SiO, sample 11.7% 7.5% 6.7%

reduction (H,-TPR), CO chemisorption, X-ray powder
diffraction (XRD) and TEM observations in our previous
work [17]. The plasma treatment enhances the interactions
between the Ni particles and the silica. On the fresh P-Ni/
SiO, sample, the size of Ni particles is smaller and the
dispersion of the particles is more homogeneous.

The performances of the C-Ni/SiO, and P-Ni/SiO,
samples for the CO, reforming of methane at 700 °C have
also been evaluated [17]. At the beginning of the reaction,
the activity of the P-Ni/SiO, sample is comparable to the

Fig. 1 TEM images of the used
C-Ni/SiO, sample after the
methane decomposition at

700 °C for 1 h

@ Springer

C-Ni/SiO, sample. However, the P-Ni/SiO, sample shows
an improved stability. The amount of the carbon on the
used C-Ni/SiO, and P-Ni/SiO, samples after the CO,
reforming, which are obtained via TPO analyses, is listed
in Table 1. The TPO profiles of the used samples have been
shown in the previous paper [17]. It is clearly seen that
there is less carbon on the used P-Ni/SiO,, indicating that
this sample has an improved coke resistance for the CO,
reforming of methane.

Table 2 shows the activities of the C-Ni/SiO, and P-Ni/
SiO, samples at 700 °C for the methane decomposition. At
the beginning of the reaction, the activity of the P-Ni/SiO,
sample is lower than the C-Ni/SiO, sample. The conver-
sion of methane on the C-Ni/SiO, and P-Ni/SiO, samples
is 26.3% and 11.7%, respectively. Moreover, the deacti-
vation rate of the C-Ni/SiO, sample is much higher than
that of the P-Ni/SiO, sample. At 1 h, the conversion of
methane on the C—Ni/SiO, sample is 5.4%, whereas it is
6.7% on the P-Ni/SiO, sample. A serious carbon deposi-
tion on the C-Ni/SiO, sample occurs. Further confirmation
of the carbon deposition will be presented below with the
TEM and TPO results.

Figures 1 and 2 show the TEM micrographs of the C—
Ni/SiO, and P-Ni/SiO, samples after the methane
decomposition at 700 °C for 1 h. In the TEM micrographs
of the used C-Ni/SiO, sample, a large amount of carbon
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can be observed. Some Ni particles are encapsulated in the
graphite sheets (Fig. 1c and 1d). Unlike the used C-Ni/
SiO, sample, on the used P-Ni/SiO, sample, little carbon is

im0 203 Nnm

Fig. 2 TEM images of the used P-Ni/SiO, sample after the methane
decomposition at 700 °C for 1 h

observed. Furthermore, well-defined lattice fringes of the
Ni(111) plane are observed on the used P-Ni/SiO, sample
(Fig. 2c). The Ni particle with well-defined lattice fringes
of the Ni(111) plane were also observed on the fresh P-Ni/
SiO, sample, whereas more defects presented on the fresh
C-Ni/SiO, sample [17]. Evidently, the amount of the car-
bon on the used P-Ni/SiO, sample is less than that on the
used C-Ni/SiO, sample. This suggested that coke forma-
tion from the methane decomposition is suppressed on the
P-Ni/SiO, sample.

Figure 3 shows the TPO profiles of the used P-Ni/SiO,
and C-Ni/SiO, samples after the methane decomposition.
During the TPO analysis, no CO formation was observed.
For the used C-Ni/SiO, sample, there are two main peaks
located at 550 °C and 680 °C, whereas for the used P-Ni/
SiO, sample the peaks appear at 525 °C and 680 °C.
According to the literature [22], for both the used C—Ni/
SiO, and P-Ni/SiO, samples, the lower temperature peak
may be caused by the oxidation of filamentous carbon. The
higher temperature peak for both the samples is probably
generated from the oxidation of the graphite layers. For the
C-Ni/SiO, sample, the amount of released CO, during the
TPO analysis is found equal to 2.6 mmol/(gcat). So the
amount of the carbon deposited on the C—Ni/SiO, sample
during the decomposition reaction of 1 h corresponds to
31.2 mg/(gcat). For the P-Ni/SiO, sample, there are
1.5 mmol/(gcat) of CO, being released during the TPO
analysis, indicating that the amount of the carbon deposited
on this sample is 18.0 mg/(gcat). The amount of the carbon
on the used P-Ni/SiO, sample is significantly reduced,
which is agreement well with above TEM observations.

Wang et al. [22] and Ermakova et al. [23] have prepared
filamentous carbon via methane decomposition on Ni/SiO,
catalyst. These researchers suggested that catalyst with
larger Ni particles and weaker interactions between Ni and
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Fig. 3 TPO profiles of the used C-Ni/SiO, and P-Ni/SiO, samples
after the methane decomposition at 700 °C for 1 h
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silica are more favorable for the production of the carbon.
Since the Ni particles of the P-Ni/SiO, sample are smaller
and the interactions between Ni and the silica are stronger
[17], it is not surprising that the coke formation from the
methane decomposition is suppressed on this sample. In
addition, well-defined lattice fringes of the Ni(111) plane
are observed on the P-Ni/SiO, sample. However, on the
C-Ni/SiO, sample, the Ni particle surface appears to be a
complicated combination of many crystallographic planes
[17]. This combination can cause high concentrations of
distortions and lattice defects [24]. Methane decomposition
is structure sensitive. Particles with close packed planes
(such as Ni(111)) have higher activation energy than those
with distortions and lattice defects [25-27]. This may be
another reason for the suppression of the coke formation
from methane decomposition on the P-Ni/SiO, sample.
For both the used C—Ni/SiO, and P-Ni/SiO, samples,
there is only one peak in their TPH profiles (Fig. 4). For the
used C-Ni/SiO, sample, the peak appears at 660 °C,
whereas, for the used P-Ni/SiO,, the peak presents at
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Fig. 4 TPH profiles of the used C-Ni/SiO, and P-Ni/SiO, samples
after the methane decomposition at 700 °C for 1 h
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615 °C. The initiative temperatures of the hydrogenation of
the carbon on the used C—Ni/SiO, and P-Ni/SiO, samples
are almost the same. This indicates that the carbon on both of
the samples may have the same reactivity toward H,. The
TPH profile of the used C—Ni/SiO, sample is broader and less
symmetrical, suggesting that there are different types of
carbon on this sample. This is in agreement well with the
TEM observations.

The CO,-TPSR profiles of the used catalyst samples
after the methane decomposition are shown in Fig. 5. For
the used C-Ni/SiO, sample, a peak at 620 °C is observed.
For the used P-Ni/SiO, sample, the peak is presented at
580 °C. For the used C—Ni/SiO,, the initiative temperature
of the CO, surface reaction is about 450 °C. For the used
P-Ni/Si0O,, the CO, surface reaction starts at about 420 °C.
These results show that the carbon deposited on the P-Ni/
SiO, sample is more reactive than that on the used C-Ni/
SiO, sample against CO,. Therefore, on the P-Ni/SiO,
sample, the carbon produced from methane decomposition
can be more easily gasified by CO,. The carbon amount by
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Fig. 5 CO,-TPSR profiles of the used C-Ni/SiO, and P-Ni/SiO,
samples after the methane decomposition at 700 °C for 1 h
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integrating the CO,-TPSR profiles is slightly lower than
that estimated from the TPO results. There is about 91 wt%
and 99 wt% of the carbon on the C-Ni/SiO, and P-Ni/SiO,
samples reacting with CO,, respectively.

4 Conclusion

Using an argon glow discharge plasma treatment tech-
nique, a coke resistant Ni/SiO, catalyst has been prepared
for the CO, reforming of methane. On such plasma-treated
Ni/SiO, catalyst, coke formation from the methane
decomposition is suppressed. TEM and TPO results dem-
onstrate that the methane-derived carbon on the plasma-
treated Ni/SiO, catalyst is much less than that on the Ni/
SiO, catalyst prepared by conventional impregnation
method without plasma treatment. The CO,-TPSR analysis
indicates that the carbon on the plasma-treated Ni/SiO,
catalyst is more reactive toward CO,. Therefore, the
methane-derived carbon is more easily eliminated by CO,
on the plasma-treated Ni/SiO, catalyst. The suppression of
the coke formation from methane decomposition and the
higher reactivity of the methane-derived carbon against
CO, can lead to an improved coke formation-gasification
for the plasma-prepared Ni/SiO, catalyst when this catalyst
is used for the CO, reforming of methane. This should be
one of the reasons for the better coke resistance perfor-
mance that the plasma-treated Ni/SiO, catalyst shows for
the CO, reforming.
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