Available online at www.sciencedirect.com

ScienceDirect

Journal of Power Sources 176 (2008) 46-53

JOURNAL OF

www.elsevier.com/locate /jpowsour

Preparation and characterization of coke resistant N1/S10,
catalyst for carbon dioxide reforming of methane

Yun-Xiang Pan, Chang-Jun Liu*, Peng Shi

Key Laboratory for Green Chemical Technology of Ministry of Education, School of Chemical Engineering and Technology,
Tianjin University, Tianjin 300072, PR China

Received 23 September 2007; received in revised form 12 October 2007; accepted 12 October 2007
Auvailable online 22 October 2007

Abstract

Silica supported Ni catalyst is highly active for the CO, reforming of methane but it has poor stability due to coke formation. In this work, a
glow discharge plasma was applied for the decomposition of nickel nitrate on the SiO, support, followed by thermal calcination in air. The plasma
treatment enhances the interactions between the Ni particles and the silica and significantly improves the Ni dispersion. The plasma-treated Ni/SiO,
catalyst exhibits comparable activity to the Ni/SiO, catalyst prepared by the thermal method without plasma treatment. The coke resistance of the

Ni/SiO, catalyst is significantly enhanced by the plasma treatment.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The CO; reforming of methane has great potential to pro-
vide a practical method for conversion of methane and carbon
dioxide, the two major greenhouse gases [1]. This process gen-
erates synthesis gas (CO + Hj) with a H,/CO ratio of 1:1 which
is suitable for further synthesis reactions and fuel cell applica-
tions [2]. The CO; reforming of methane is also a promising
method for the utilization of biogas and natural gas containing
large amounts of CO; [3]. Fundamental issues of catalysis like
structure-sensitive surfaces, carbon nanotubes as well as others
have also made the CO; reforming be one of the frontiers in
catalytic investigations.

Various catalysts, including Ni-based catalysts and supported
noble metal catalysts, have been investigated for the CO; reform-
ing of methane [3-7]. Ni-based catalysts exhibit high activity but
a major problem is their deactivation due to coke formation [5].
Supported noble metal catalysts are less sensitive to coke for-
mation. However, their limited availability and expensive prices
make them less favored for practical applications [4,5]. There-
fore the development of coke resistant Ni-based catalysts for
CO; reforming is desirable [5,7].
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Many efforts have been made to develop coke resistant nickel
catalysts. A general approach is the selective blockage of some
of the Ni particle defect sites using inert element atoms. Sev-
eral elements have been used including S [8], Sn [9], Au [10]
and alkali and alkaline earth metals, such as K and Ca [11,12].
These atoms are preferentially localized on the Ni particle defect
sites. The methane dissociation rate is moderately decreased, and
thus a better carbon formation—gasification balance is obtained,
which leads to good coke resistance. However, this approach
is usually accompanied by a decrease in the activity. Another
approach is the addition of active noble metals, for example, Ru,
Rh or Pt, to the Ni catalysts to improve the coke resistance ability
[13-16]. In contrast to the passivation with sulfur or the addi-
tion of alkali or alkaline earth metals, addition of noble metals
improves the activity. It has been suggested that the formation
of alloys [13,14] or an improvement of the nickel dispersion
[15,16] is responsible for the improvement of both the activity
and the stability.

The metal-support interaction is one of the key influencing
factors that affect the coke formation properties of the cata-
lyst [7,17-19]. Weaker interactions between the metal and the
support result in the catalyst being more susceptible to cok-
ing [7,17]. In order to enhance the metal-support interaction,
several novel and interesting preparation methods or modifi-
cation techniques have been exploited, especially for Ni-based
catalysts [18,20-24]. For example, Che et al. [23] reported a
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two-step method for the preparation of a Ni/SiO; catalyst with
enhanced interactions between Ni and SiO;. The first step was
the formation of nickel nuclei that have strong interactions with
the silica. Then the product of the first step was impregnated
with nickel nitrate and nickel particle growth on the nuclei was
achieved.

Recently, we developed a glow discharge plasma catalyst
preparation technique to enhance the Ni-support interactions
and to improve the dispersion, activity and coke resistance per-
formance of Ni/Al;O3 catalysts for CO; reforming [21]. Glow
discharge is a conventional non-thermal plasma, which is char-
acterized by high electron temperatures (10,000-100,000 K) and
low gas temperatures (as low as room temperature) [25,26]. The
energetic species (electrons, ions and radicals) in plasma can
modify the metal particle sizes, the metal morphology and the
metal—support interactions of the catalyst [27]. Ni/SiO; catalyst
has high activity for CO, reforming of methane but because of
the weak interactions between Ni and SiO; the coke formation
on this catalyst is more serious than for Ni/Al,O3 [17,19]. In this
work, a coke resistant Ni/SiO; catalyst was developed using the
argon glow discharge plasma preparation. The results show that
the plasma treatment enhanced the interactions between Ni and
Si0O; and significantly improved the coke resistance of Ni/SiO,
catalyst 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 obtained
commercially (S =300-350 m? g~ '; Institute of Chemical Engi-
neering, Tianjin, China). Prior to use, the silica was calcined
at 500°C for 3h. It was then impregnated with an 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 plasma before further thermally cal-
cination at 500 °C for 4 h. The plasma treatment apparatus is
shown in Fig. 1. The sample (about 0.4 g) was loaded in a quartz
boat and placed in the ‘positive column’ region of the glow
discharge. When the pressure in the discharge tube was about
100 Pa, the glow discharge plasma was generated by applying
900V 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 plasma have been described pre-
viously [25]. The discharge was initiated at room temperature
without external heating or cooling. According to the infrared
temperature measurements (Icron 100PHT), the heating effect
of the glow discharge could be ignored and the temperature of
the catalyst powder was close to room temperature. During the
plasma treatment, the nickel nitrate was decomposed under the
influence of the glow discharge. Thermal calcination was then
conducted without the use of the glow discharge plasma. Spe-
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Fig. 1. Schematic for plasma modification apparatus.

cific nickel oxide species were formed on the support with high
dispersion. Nickel oxide formed in this manner exhibits unique
morphology [27]. 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. Catalytic test

The CO; reforming of methane was conducted under atmo-
spheric pressure in a quartz-tube fixed-bed reactor (i.d. 4 mm).
Before the reaction, the catalyst (50 mg, 40-60 mesh) was
reduced at 500 °C for 2h in flowing hydrogen at a flow rate
of S0mLmin~!. Argon was used as dilution gas during the
reaction. A gaseous mixture of methane, CO, and argon with a
volume ratio of 1:1:2 was fed into the reactor at a space velocity
of 48,000 mL (h gcat)~! (flow rate: 40 mL min~!). The analysis
of the effluent was carried out using an on-line gas chromato-
graph (Agilent 4890D) with a Porapak Q column and a thermal
conductivity detector (TCD). A cold trap with ice was placed
between the reactor exit and the GC sampling valve to remove
the water formed during the reaction.

In this work, the conversions of methane and CO;, the yields
of hydrogen and CO and the Hp/CO ratio were calculated accord-
ing to the following equations:

FCH4,in - FCH4,out

X(CHy)% = % 100%
FcHy,in
Feorin — F,
X(COy) % = COy,in COy,out % 100%
Fco,,in
A
Y(Hy) % = —200 o 1009%
2FcH,,in
F
Y(CO) % = CO,out x 100%

FCO,out + FCOz,out + FCH4,out
o (H2) _ Y(H)
CcO Y(CO)

F = FtotalCi
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where X, Y and F represent the conversion, yield and gas flow
rate, respectively. Fioa 1S the total flow rate of the feed gases or
the gaseous effluent, and C; is the molar fraction of component
i in the feed gases or in the gaseous effluent.

2.3. Catalyst characterization

A hydrogen temperature programmed reduction experiment
(H,-TPR) was conducted in a fixed-bed reactor from 50 to
1000 °C, under 5% Hy/Ar (total flow rate: 30 mL min~! ) at atmo-
spheric pressure. The reactor was the same as the one used for the
catalytic activity test. The heating rate was set to 10°C min~.
The weight of the catalyst sample (40—60 mesh) was 100 mg.
The H; (m/z=2) and H>O (m/z = 18) signals were continuously
recorded by an on-line quadrupole mass spectrometer (GSD301,
Ommistar™),

A temperature programmed oxidation (TPO) of the coke
formed on the catalysts was also carried out in the reactor that
was used for the catalytic activity test. The used catalyst sample
(50 mg before reaction, 40—60 mesh) was heated in flowing 3%
0,/He at 30 mL min~! over the temperature range 50—1000 °C
at a heating rate of 10°C min—!. The CO (m/z=28) and CO,
(m/z=44) signals were continuously recorded by the same mass
spectrometer used for the H>-TPR experiment.

CO chemisorption measurements of the catalyst were per-
formed using a Quantachrome Autosorb-1-C system. These
measurements determined the specific nickel surface area, the
percent metal dispersion and the average crystallite size. The
samples were degassed for 2 h at 300 °C before measurement and
reduced at 500 °C in pure hydrogen at a flow rate of 30 mL min~!
for 2h. The chemisorption measurements were conducted at
40 °C. Using an extrapolation method, the specific nickel sur-
face area was calculated assuming a stoichiometric factor of 1
for the adsorption of CO on a nickel atom.

X-ray powder diffraction (XRD) patterns were recorded by an
X' Pert Pro diffractometer with a Co Ka radiation at a scanning
rate of 4° min~!. The phase identification was made by compar-
ison to the Joint Committee on Powder Diffraction Standards
(JCPDSs).

Transmission electron microscopy (TEM) observations of the
fresh and used catalyst samples were performed using a Philips
TECNAI G?F20 system equipped with energy dispersion X-
ray spectroscopy (EDX) operated at 200 kV. The samples were
ground into fine powders and then ultrasonically dispersed in
ethanol. A drop of the suspension was deposited on a carbon
coated copper grid for the TEM analyses.

3. Results and discussion
3.1. H>-TPR and XRD

The H,-TPR profiles of the samples are shown in Fig. 2.
For the C-Ni/SiO, sample, two reduction peaks at 330-500
and 500-620 °C are observed. However, for the P-Ni/SiO, sam-
ple, the first reduction peak is present at 320-500 °C, and the
second one is between 500 and 680 °C. These H,-TPR results
are similar to those reported in the literature [22—-24]. For both
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Fig. 2. H>-TPR profiles of the C-Ni/SiO; and P-Ni/SiO, samples.

the samples, the lower temperature peak has been attributed to
the reduction of the NiO that interacts weakly with the sil-
ica [3,23,24]. As the interaction between NiO and silica is
enhanced, the reduction peak in the H>-TPR profile shifts to
a higher temperature [3,22]. Accordingly, the higher tempera-
ture peak for both the samples is assigned to the reduction of the
NiO that strongly interacts with the silica. The second reduc-
tion peak in the P-Ni/SiO; sample is broader and more intense
than in the C-Ni/SiO; sample. This indicates that the interactions
between the Ni species and the silica are enhanced via the plasma
treatment.

Fig. 3 shows the XRD patterns of different samples. A broad
peak attributed to silica appears at about 25°. Peaks for the NiO
crystal phase are observed in both the fresh C-NiO/SiO; and P-
NiO/SiO; samples (Fig. 3b and c). After reduction at 500 °C for
2 h, peaks for Ni(1 1 1) and Ni(2 0 0) planes appear (Fig. 3d and
e). The average size of Ni particles in the reduced C-Ni/SiOy
and P-Ni/SiO; samples, estimated by Scherrer formula, is 10.2
and 7.6 nm, respectively. In both Fig. 3b and c, a very small
peak is present at about 52°. According to the JCPDS files, only
nickel silicate has an analogous XRD diffraction pattern at this
position. This shows that some nickel silicate forms on both the
fresh C-NiO/SiO; and P-NiO/SiO; samples. However, in the
XRD patterns of the reduced samples, the nickel silicate peaks
are covered by the big Ni peaks.

Ni (111)

' Ni (200)
A €

20

Fig. 3. XRD patterns of (a) SiOy; (b) fresh C-NiO/SiO, sample; (c) fresh P-
NiO/SiO; sample; (d) C-Ni/SiO; sample reduced at 500 °C for 2h and (e) P-
Ni/SiO; sample reduced at 500 °C for 2 h. () SiO;; (A) Ni; (x) NiO; (#) nickel
silicate).
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3.2. TEM and CO chemisorption

The TEM images of the reduced C-Ni/SiO, and P-Ni/SiO,
samples are shown in Fig. 4. From Fig. 4a, it can be clearly
seen that large Ni particles are present in the C-Ni/SiO, sample.
Furthermore, aggregation of metal particles is clearly visible in
C-Ni/SiO;. In contrast, smaller Ni particles are homogeneously
dispersed in the P-Ni/SiO, sample (Fig. 4b). The EDX result
(Fig. 4c) confirms that these small particles appearing in the
P-Ni/SiO, sample are all Ni®. The smaller Ni particles and the
homogeneous dispersion of these particles in the P-Ni/SiO; sam-
ple are ascribed to the enhanced interactions between the Ni
particles and the silica. Fig. 5 shows the particle size distribution
obtained from the TEM images of the C-Ni/SiO, and P-Ni/SiO,
samples reduced at 500 °C for 2 h. In the C-Ni/SiO; sample, the
particle sizes have a broad distribution, with the largest particle
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Fig. 4. TEM images of (a) C-Ni/SiO; and (b) P-Ni/SiO; samples after reduction
at 500 °C for 2 h, and (c) EDX of the Ni particles observed in part (b).
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Fig. 5. Particle size distributions of (a) C-Ni/SiO, and (b) P-Ni/SiO, samples
after reduction at 500 °C for 2 h.

being 34.1 nm. On the other hand, the particle size distribution
in the P-Ni/SiO; sample is much narrower and the sizes are
between 3.4 and 10.1 nm. The number-weighted size of the Ni
particles (d, = >_ n;d;/ > n;; n;: number of particles; d;: size of
particle i) is 13.1 and 5.4 nm for the C-Ni/SiO; and P-Ni/SiO»
samples, respectively.

High-resolution TEM images of the Ni particles in the
reduced C-Ni/SiO; and P-Ni/SiO; samples are shown in Fig. 6.
The crystallinity of the Ni particle in the P-Ni/SiO, sample
is obviously higher than in the C-Ni/SiO; sample, showing
that the plasma treatment can increase the crystallinity of the
metal particles. Well-defined lattice fringes of the Ni(111)
plane are observed in the P-Ni/SiO, sample (Fig. 6b). This
indicates that uniformly crystallized particles with specific crys-
tallographic plane are formed in the P-Ni/SiO, sample. The
stronger metal-support interactions and the smaller Ni par-
ticles with higher dispersion lead to the formation of these
uniformly crystallized particles. In the C-Ni/SiO, sample, the
Ni particle surface appears to be a complicated combination
of many crystallographic planes (Fig. 6a). This combination
leads to high concentrations of distortions and lattice defects
[28]. The low crystallinity of the Ni particles in the C-Ni/SiO»
sample is ascribed to the migration and aggregation of the
particles.

The Ni particles in the C-Ni/SiO; sample appear to have
spherical shapes, but in the P-Ni/SiO, sample the Ni particles
appear to be flattened and spread out on the support. Therefore,
for the P-Ni/SiO; sample there are a larger contact interface and
a smaller contact angle between the Ni particle and the support.
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Fig. 6. High-resolution TEM images of the Ni particles in the (a) C-Ni/SiO,
and (b) P-Ni/SiO; samples after reduction at 500 °C for 2 h.

These effects produce strong interactions between the Ni particle
and the support.

The CO chemisorption results are shown in Table 1. A higher
dispersion of Ni is present in the P-Ni/SiO; sample. The average
crystallite size of Ni particle in the P-Ni/SiO, sample is less than
that in the C-Ni/SiO, sample. The average crystallite sizes of Ni
particle obtained by CO chemisorpion are in good agreement
with those calculated from the XRD and TEM results.

3.3. Catalytic test

Fig. 7 shows the activities of the C-Ni/SiO, and P-Ni/SiO,
samples at 600, 650 and 700 °C. The conversion of carbon diox-
ide is slightly higher than that of methane, indicating that the
reverse water gas shift reaction occurs [21,22]. The activity of
the P-Ni/SiO; sample is comparable to the C-Ni/SiO, sample.

Table 1
CO chemisorption results of the C-Ni/SiO; and P-Ni/SiO, samples after reduc-
tion at 500 °C for 2h
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Fig. 7. Changes of conversions of carbon dioxide and methane over 4h of
reaction for the C-Ni/SiO, and P-Ni/SiO; samples at 600, 650 and 700 °C.

However, significant deactivation is observed for the C-Ni/SiO»
sample, especially at 600 and 650 °C. P-Ni/SiO, sample shows
improved stability and changes of the conversions of carbon
dioxide and methane over this sample are very slight. Coke
formation could be the main reason for the deactivation of the C-
Ni/SiO; sample. The changes of the synthesis gas ratio (H/CO)
for C-Ni/SiO; and P-Ni/SiO, samples at different temperatures
are shown in Table 2. For both of the samples and at all con-
ditions, the ratios are smaller than 1. This is caused by the
consumption of hydrogen by the reverse water gas shift reaction
that occurs under our experimental conditions.

3.4. Coke formation

Figs. 8 and 9 show the TEM images of the C-Ni/SiO, and
P-Ni/SiO, samples after the reaction at 700 °C for 4 h. In the
TEM images of the used C-Ni/SiO; sample, a large amount of

Table 2
Changes of the Hy/CO ratio for the C-Ni/SiO; and P-Ni/SiO, samples at different
temperatures

- - B - Samples 600°C 650°C 700°C
Samples Active metal surface ~ Metal dispersion Average crystallite
area (m? g_l) (%) size (nm) 0.5h 4h 0.5h 4h 0.5h 4h
C-Ni/Si0, 5.7 10.7 9.4 C-Ni/SiO, 0.85 0.68 0.87 0.76 0.99 0.98
P-Ni/SiO, 9.1 17.0 5.9 P-Ni/SiO, 0.87 0.82 0.89 0.83 0.97 0.96
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Fig. 8. TEM images of the C-Ni/SiO;, sample after reaction at 700 °C for 4 h.

Fig. 9. TEM images of the P-Ni/SiO; sample after reaction at 700 °C for 4 h.

graphitic carbon and filamentous carbon can be observed. Some
Ni particles are incorporated into the carbon species (Fig. 8a),
which can lead to the formation of nickel carbide. In addition,
some Ni particles are encapsulated in the graphite sheets, as
shown in Fig. 8d. On the other hand, little filamentous car-
bon and graphitic carbon are observed in the TEM images of
the used P-Ni/SiO, sample, even with careful examination. The
TEM analyses confirm that the plasma-treated catalyst exhibits
improved Ni dispersion and excellent resistance to the formation
of filamentous carbon and encapsulating carbon. The TEM anal-
yses also confirm that different carbon species are formed over
the C-Ni/SiO, and P-Ni/SiO, samples. Further confirmation of
this will be presented below with the TPO results.

The results of the TPO experiments on the used P-Ni/SiO,
and C-Ni/SiO; samples are shown in Fig. 10. For the used C-
Ni/SiO; sample, there are two peaks located at 518 and 732 °C,
whereas for the used P-Ni/SiO; sample the peaks appear at 521
and 707 °C. During the TPO experiment, no carbon monoxide
formation was observed. It has been suggested that Ni-based
catalysts are active for the oxidation of carbon species, and the
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Fig. 10. TPO profiles of the C-Ni/SiO; and P-Ni/SiO, samples after reaction at
700°C for 4 h.

distance between the carbon and the Ni particles can affect the
oxidation temperature of the carbon species [29]. For example,
because the oxygen molecules or atoms cannot attach to the Ni
particles, the oxidation temperature of the carbon encapsulated
Ni particles would be very high. Without a catalyst, the oxida-
tion temperature of graphitic carbon is about 725 °C [29]. For
the used C-Ni/SiO; sample, the peak at 732 °C may be caused
by the oxidation of graphitic carbon covering or encapsulat-
ing the Ni particles. The peak at 518 °C is probably generated
from the oxidation of nickel carbide, filamentous carbon or/and
amorphous carbon. For the used P-Ni/SiO; sample, the peak
at 707 °C is ascribed to the oxidation of the graphitic carbon,
which is far away from the Ni particles or on the support. The
peak at 521 °C for this sample may represent the oxidation of:
(i) carbon adjacent to the Ni particles; (ii) filamentous carbon
and/or (iii) amorphous carbon. The TPO profiles show that the
amount of carbon deposited in the used P-Ni/SiO, sample is
much less than that in the used C-Ni/SiO, sample, indicating
an enhanced resistance of the P-Ni/SiO, sample to coking. The
main reasons for the enhancement in the coke resistance are the
stronger metal—support interactions and the smaller Ni particles
with higher dispersion.

Methane decomposition over the surface of the Ni particles
is the main source of the active carbon atoms. The carbon atoms
can be gasified by carbon dioxide, which is the primary way
to eliminate the carbon. The carbon formation—gasification bal-
ance is closely related to the rate of methane decomposition.
If the gasification of the carbon atoms proceeds more slowly
than the formation of the carbon atoms, these carbon atoms will
precipitate and polymerize. Methane decomposition is structure
sensitive. Particles with close packed planes (such as Ni(1 1 1))
have higher activation energy than those with distortions and
lattice defects [30—32]. Due to the low crystallinity of the Ni
particles in the C-Ni/SiO, sample, the precipitation of the car-
bon atoms readily proceeds in all directions around the particle
[28]. Moreover, due to the weak interactions between the Ni par-
ticle and the silica, the carbon atoms can also easily enter into the
interface between the Ni particle and the support. The precip-
itated carbon atoms gradually polymerize into carbon clusters
[33] or carbon islands [34]. At low temperature, there is not
enough energy to destroy the interactions between the islands

and the Ni particles, so these islands continually increase in size
on the surface of the particle until the particle is completely
encapsulated [34]. Evidently, in the C-Ni/SiO; sample, the Ni
particle is more easily encapsulated by the precipitated carbon.

In addition, the precipitated carbon atoms can diffuse through
the Ni particle or along a given crystallographic plane. The dif-
fusion of the carbon atoms through the Ni particles leads to the
formation of filamentous carbon [35]. The high surface defect
concentration of the Ni particle in the C-Ni/SiO, sample is more
favorable for the diffusion of the carbon through the particles.
Thus it is not surprising to observe so much filamentous carbon
in the C-Ni/SiO, sample (Fig. 8b). It has been suggested that,
usually, there are graphitic carbon caps or graphite steps at the
interface between the filamentous carbon and the Ni particles
[33,34]. The caps or steps can be clearly identified in Fig. 8c.
The diffusion of the carbon atoms through the Ni particles can
also cause the incorporation of Ni metal into the carbon species.
This is seen in Fig. 8a. The diffusion of the carbon along a given
crystallographic plane (e.g., the close packed Ni(1 1 1) plane)
and the spillover of the carbon onto the surface of the support
are the main source for the growth of the graphite layer.

4. Conclusion

A glow discharge plasma treatment technique has been used
to prepare Ni/SiO; catalyst for the CO; reforming of methane.
H>-TPR and XRD results indicate that the plasma treatment
enhances the interactions between the Ni particles and the silica.
CO chemisorption and TEM characterization confirm that the
size of Ni particles is smaller and the dispersion of the particles
is more homogeneous in the plasma-treated Ni/SiO; catalyst. In
addition, uniformly crystallized Ni particles with specific crys-
tallographic plane are observed in the plasma-treated Ni/SiO»
catalyst. The plasma-treated Ni/SiO, catalyst has comparable
activity to the Ni/SiO, catalyst prepared by wetness impregna-
tion method without plasma treatment. TPO and TEM results
demonstrate that the plasma-treated Ni/SiO, catalyst shows
enhanced resistance to coking. This enhancement is attributed
to the stronger metal-support interactions and the smaller Ni
particles with higher dispersion.
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