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Abstract — The catalytic performance of silicon carbide supported nickel catalysts modified with or without second
metal (Co, Cu and Zn) for the methanation of CO has been investigated in a fixed-bed reactor using a feed consisting of
25% CO and 75% H, without any diluent gas. It has been found that the introduction of Co species can clearly improve
the catalytic activity of Ni/SiC catalyst, whereas the addition of Cu or Zn can result in a significant decrease in the cat-
alytic activity. The characterizations by means of XRD, TEM, XPS, CO-TPD and H,-TPR indicate that the addition of
Co could decrease the particle size of active metal, increase active sites on the surface of methanation catalyst, improve
the chemisorption of CO and enhance the reducibility of methanation catalysts. Additionally, the special interaction between
Co species and Ni species is likely favorable for the dissociation of adsorbed CO on the surface of catalyst, and this may
also contribute to the high activity of 5Co-Ni/SiC catalyst for CO methanation reaction. For 5Cu-Ni/SiC catalyst and 5Zn-
Ni/SiC catalyst, Cu and Zn species could cover partial nickel particles and decrease the chemisorption amount of CO.
These could be responsible for the low methanation activity. In addition, a 150h stability test under 2 MPa and 300 °C
showed that 5Co-Ni/SiC catalyst was very stable for CO methanation reaction.
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1. Introduction

Natural gas is a clean fossil fuel that has a higher calorific value
compared with petroleum and coal. Due to the exhaustion of natural
gas and the wish for a renewable alternative to natural gas, the pro-
duction of synthetic or substitute natural gas (SNG) from coal or dry-
biomass has attracted more and more attention [1-3]. As a versatile
energy carrier, SNG is inter-changeable with natural gas and there-
fore can be used as a green alternative fuel in transportation, power
stations and heating [2,4]. On the other hand, the high conversion
efficiency and the already existing gas distribution infrastructure
such as pipelines also favor for the development of SNG projects
[2,5-8]. It has been reported that a commercial SNG plant called
Great Plains Synfuel Plant was commissioned in United States in
1984 and has been producing 4.8 Mio m> SNG per day by the coal-
to-SNG technology [2]. Some institutes, such as the Energy Research
Center of the Netherlands, Center for Solar Energy and Hydrogen
Research in Stuttgart and Paul-Scherrer Institute in Switzerland,
have developed different biomass-to-SNG technologies [2,4]. In
China, a number of coal-to-SNG projects have also been proposed:
Datang Hexigten SNG Project, Datang Huayin SNG Project, Shanxi
SNG Project [2]. All of the plants and institutes produce SNG from
coal or dry-biomass by thermo-chemical process, which includes gasifi-
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cation step, gas cleaning/conditioning step and subsequent methana-
tion step. Most researchers focus their attention on the synthesis of
methane from carbon monoxide and hydrogen because it is one of
the most essential steps in the production of SNG.

It is well known that the noble and transition metal-based cata-
lysts can efficiently catalyze the hydrogenation of carbon monoxide.
Although, the supported noble metals such as Rh, Ru, Pd and Pt
show high activity and selectivity toward methane in CO methana-
tion reaction [9-14]. However, the high costs and restricted availabil-
ities greatly limit their applications in industry [15]. Compared with
noble metals, nickel-based catalysts have drawn much attention due
to their low price and good activity for the methanation reaction [2].

Since the hydrogenation of carbon monoxide toward methane was
first reported by Sabatier and Senderens in 1902 [16], the reaction
mechanism of CO methanation reaction has also been investigated
intensively. It is widely accepted that the CO is dissociated into CH,
as intermediate species by assistance of H after CO adsorbed on the
surface of catalysts and then the CH, is hydrogenated to produce
methane [17,18]. Therefore, the introduction of promoters is possi-
ble to improve activity of catalysts by enhancing the adsorption amount
of CO, by facilitating CO dissociation or by stabilizing intermediate
species. It has been reported that the addition of La and Ce could
form a new kind of active sites and promote the dissociation of carbon
monoxide [19-22]. Some researchers found that the addition of Zr, V,
Mo, W and Re had positive effect for the dissociation of CO and
could enhance the formation of intermediate species on the catalyst
surface [23-26]. Co, Cu and Zn were also widely investigated as pro-
moters in the hydrogenation of carbon oxides. It has been reported
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that the activities of Fischer-Tropsch synthesis catalysts could be
improved by introducing Co or Cu to form bimetallic nanoparticles
[27,28]. Zhao et al. [29] reported that the addition of cobalt could
increase the activity of Mn/SiO, catalyst for CO hydrogenation and
enhance the selectivity toward light hydrocarbons. Hu et al. [21]
demonstrated that the addition of Co into Ni/Al,0O; catalyst could
promote the methanation reaction. Boellard ef al. [30] found that the
activity of CO hydrogenation could be enhanced by adding copper to
active iron phase. Tsai et al. [15] investigated the CO hydrogenation
reaction on CoCuZnO catalyst, and found that Cu could decrease the
catalytic activity for CO hydrogenation while the addition of Zn
could highly disperse active metal components and improve the cat-
alytic activity for hydrocarbon synthesis. Fujitani ef al. [31] investi-
gated the effect of Zn in the promotion of methanol synthesis over
Cu surfaces and found that a kind of special site was formed on the
surface of Zn-doped catalyst, which could stabilize intermediate spe-
cies during CO, hydrogenation reaction. Lin et al. [32] reported that
Zn could be an electronic promoter to improve the performance of
Cu-Fe catalyst for CO hydrogenation.

To resolve the highly exothermic problem of total methanation
(methanation reaction with pure syngas as the feedstock [5]), we used
SiC as support and found that the catalysts exhibited high activity
and stability due to the excellent thermal stability and high thermal
conductivity of the SiC support [33]. We modified Ni/SiC catalyst by
a second metal Co, Cu or Zn to study the effect of the second metal
on the performance of Ni/SiC catalysts for CO methanation reaction.
The results were compared with those of pure Ni/SiC catalyst and
Co/SiC catalyst, and the influences of Co, Cu or Zn on the perfor-

mance of Ni/SiC catalyst were discussed.

2. Experimental Section

2-1. Catalyst preparation

Ni(NO;),-6H,0, Co(NO;),-6H,0, Cu(NO3),-6H,0 and Zn(NOs),-6H,O
were used as metal precursor salts. The SiC support was prepared by
a sol-gel and carbothermal reduction route [34], and the catalyst
referred to as Ni/SiC was prepared by the conventional impregna-
tion method. SiC support was added into Ni(NO;), aqueous solution
under stirring, and then the slurry was heated at 80 °C until nearly all
the water was evaporated. After drying at 100 °C overnight, the sample
was calcined in air at 550 °C for 4 h. The loading of Ni in the catalysts
was 13 wt% (Elemental wt% relative to the weight of the catalyst).

The modified-Ni/SiC catalysts with Co, Cu or Zn were prepared by
co-impregnation method. The SiC support was impregnated in Ni(NO5),
aqueous solution mixed with a suitable amount of Co(NO;), 6H,0,
Cu(NOs), 6H,0 or Zn(NO;),-6H,0, and then stirred for 12 h. After
heating at 80 °C to evaporate water, the mixtures were dried at
100 °C overnight. Finally, the samples were calcined at 550 °C in air
for 4 h. The catalysts are denoted as xM-Ni/SiC (M=Co, Cu and Zn,
respectively), where x is the loading of promoters. The loading of Ni
over all these catalysts is 13 wt%.

2-2. Characterization Techniques

The crystalline phases of the catalysts were analyzed by a Rigaku
D-Max/RB X-ray diffractometer (XRD) with Cu Ko radiation and a
scanning rate of 6°%min. The morphology and structure of the cata-
lysts were analyzed by JEOL-2010 transmission electron microscopy
(TEM). X-ray photoelectron spectra (XPS) measurements were per-
formed on a Kratos XSAMS800 spectrometer using Al Ko X-ray
source. The residual pressure inside the analysis chamber was below
2x107 Pa. All binding energies were referred to the C, slineat284.8 eV.

Temperature-programmed reduction of H, (H,-TPR) was carried
out in a continuous flow quartz reactor. About 50 mg (40-60 mesh)
of the catalysts were packed between two layers of quartz wool in the
reactor. Prior to the TPR measurements, the catalysts were pre-
treated in a following Ar gas at 500 °C for 1 h, and then cooled to
room temperature in the Ar flow. After that, the temperature of the
reactor was increased from room temperature to 900 °C at a constant
rate of 5 °C/min and kept at 900 °C for 20 min in a 5% H,/Ar mix-
ture gas at a flow rate of 40 mL/min. The outlet gases were passed
through SA molecular sieve to eliminate water and then were ana-
lyzed by a gas chromatograph equipped with thermal conductivity
detector.

The temperature programmed desorption of CO (CO-TPD) mea-
surements were performed in the similar reactor as the above TPR.
After being pre-reduced in a 5% H,/Ar mixture gas at 400 °C for
1.5 h, the samples (100 mg with 40-60 mesh) were purged with Ar at
the reduction temperature for 0.5 h, and then cooled to 40 °C in Ar
flow. Pluses of CO were injected into the Ar flow through the sam-
ples until the adsorption of CO on the catalyst surface reached to sat-
uration. After purging the samples with He for 1 h at 40 °C, the reactor
was heated from 40 °C to 400 °C at a constant rate of 5 °C/min in He
flow with a follow rate of 40 mL/min. The outlet gases were ana-
lyzed by a gas chromatograph.

2-3. Methanation measurement

The performance of the catalysts was tested in a fixed bed reactor
with an inner diameter of 6mm using the mixed gases of H, and CO
(molar ratio of H,/CO=3, without diluent gas). In a typical experi-
ment, about 0.8 ml of catalyst (40-60 mesh) was placed in the mid-
dle of the reactor, and then the mixed gases were fed into the reactor
with a space velocity of 4,500 h™'. All catalysts were reduced in situ
at 500 °C in H, for 2 h prior to each reaction and all experiments
were performed at 2 MPa. To achieve steady results, the reaction was
kept at each temperature for 1 h. The outlet productions from the
reactor were analyzed by GC-14B gas chromatograph with TDX-01
column and a GDX-104 column using thermal conductivity detector
and flame ionization detector, respectively. The CO conversion
(Xcp) and CHy selectivity (Scy,) were estimated by the following

equations:
X0 (%)= o= Fcoou)  Fom<100% (€]
Sers (70 =F iy ou! € co,in=Feo,ou) % 100% )
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3. Results and Discussion

3-1. Catalytic performance

3-1-1. Effect of Co, Cu and Zn on Ni/SiC catalytic performance

CO methanation reaction was investigated over pure Ni/SiC and
modified Ni/SiC catalysts with Co, Cu and Zn under the same reac-
tion conditions. Fig. 1 shows the CO conversion (X)) results of the
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Fig. 1. Influences of Co, Cu and Zn modification on the catalytic per-
formance of Ni/SiC catalysts for CO methanation reaction.
(A) Conversions of CO (X)), (B) Selectivity of CH, (Sc4)-
Reaction conditions: P=2.0 MPa, H,/CO=3, GSV=4500 nl.

methanation catalysts, which are plotted as functions of reaction
temperature. It can be seen that the CO methanation reaction over
Ni/SiC and 5Co-Ni/SiC started at 200 °C and the X, over the two
catalysts increased with increasing temperature. From the figure, the
X 1s about 98% over 5Co-Ni/SiC at 290 °C, while it is only 68%
over Ni/SiC at the same condition. For 5Cu-Ni/SiC and 5Zn-Ni/SiC,
however, no methanation activity was detected until the reaction
temperature was over 300 °C. The X, over 5Cu-Ni/SiC and 5Zn-
Ni/SiC increased with increasing reaction temperature and then
achieved a maximum of about 85% at 480 °C (Fig. 1A). The turn-
over frequency (TOF) values of CO defined as moles of carbon mon-
oxide converted per surface metallic atom per second are shown in
Table 1. The TOF value for 5Co-Ni/SiC (0.00306 s') is more than
three times as high as that for Ni/SiC (0.00091 s™') at 220 °C. While
for 5Cu-Ni/SiC and 5Zn-Ni/SiC, the TOF values are 0.00133 s and
0.00112 5™, respectively, even at 320 °C. Therefore, the addition of
Co improves the methanation activity, whereas Cu and Zn play opposite
roles for CO methanation reaction. Besides that, an obvious decrease of
Xco over the catalysts can be found when the reaction temperature is
higher than 480 °C (Fig. 1A). This behavior can be explained by the
thermodynamic limitation of CO methanation reaction [33]. Because
the CO methanation reaction is a strongly exothermic reaction, too
high reaction temperature is not favorable for this reaction.

Fig. 1B shows the results of methane selectivity (S.;,) over pure
Ni/SiC and modified Ni/SiC catalysts. S, over Ni/SiC and 5Co-
Ni/SiC increases with increasing the reaction temperature and almost
achieves a maximum above 440 °C. For 5Cu-Ni/SiC and 5Zn-Ni/
SiC, however, the S, is always lower than 80% even at high reac-
tion temperature.

Except methane and water, the by-products of CO hydrogenation
under present reaction condition are carbon dioxide (water-gas-shift
reaction, CO + H,0=CO,+H,) and higher hydrocarbons, e.g.,
C,Hy, C,H,, C;Hg, C3Hg, MeOH, EtOH. The selectivity of products
over pure Ni/SiC and modified Ni/SiC catalysts at 420 °C is shown
in Table 2. The addition of Cu and Zn clearly increases the by-prod-
uct selectivity of CO hydrogenation reaction. Therefore, it is sug-
gested that Cu and Zn have a negative effect on Ni/SiC catalyst for
the methanation reaction in the present conditions.

Table 1. Metallic crystallite size and TOF results of CO over different methanation catalysts

Catalvsts Content of promoters NiO crystallite size Ni crystallite size NiO crystallite size TOF of CO
y (Wt%) (nm)” (nm)” (nm)° at 220 °C (x10* s

Ni/SiC - 20.4 21.2 234 9.1
1Co-Ni/SiC 1 19.1 20.1 20.4 114
3Co-Ni/SiC 3 17.5 18.3 15.6 13.2
5Co-Ni/SiC 5 153 16.2 12.3 30.6
7Co-Ni/SiC 7 16.3 17.4 20.3 309
5Cu-Ni/SiC 5 19.7 20.6 22.1 13.3d
5Zn-Ni/SiC 5 20.0 22.7 219 11.2d

“Calculated from NiO (012) plane by Scherrer’s equation from XRD results.
bCalculated from Ni (111) plane by Scherrer’s equation from XRD results.
“Average size = nd/ nd? from TEM images.

9TOF results of CO at 320 °C.
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Table 2. The selectivity of products over catalysts at 420 °C

CH, C,H, C,H, o, CHO
Ni/SiC 0.981087 0.000326 0.0000329 0.018541 0.000013
5Co-Ni/SiC 0.97546 0.005838 0.000323 0.018308 0.000071
5Cu-Ni/SiC 0.771266 0.027543 0.000953 0.200238 0.001939
5Zn-Ni/SiC 0.771372 0.037007 0.008405 0.183216 0.001743
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Fig. 2. Catalytic performance of Ni/SiC and Co-modified Ni/SiC catalysts
with different Co loadings. (A) Conversions of CO (X)), (B)
Selectivity of CH, (Scy4)- Reaction conditions: P=2.0 MPa,
H,/CO=3, GSV=4500 h..

3-1-2. Effect of Co loading on methanation activity

To further study the influence of Co loading on the catalytic activ-
ity, we investigated Co-modified Ni/SiC catalysts with different Co
contents (1-7 wt%) for CO methanation, and the results are shown in
Fig. 2. The methanation activity is improved significantly when the
Ni/SiC catalyst is modified with Co. In addition, Fig. 2 shows that
the CO conversion curve is progressively shifted toward lower reac-
tion temperature with increasing the loading of Co from 1 wt% to 5
wt%, and 5Co-Ni/SiC shows a similar S, with that of pure Ni/SiC
catalyst. However, when the loading of Co is further increased to 7 wt%,
the methanation activity shows a little decrease. The results obtained
from Table 1 show that the addition of Co can promote the TOF value of
CO at 220°C, and the TOF can significantly increase with increasing

XCO’ SCH4(%)
3
T

0 10 20 30 40 50 60 70 80 90 100
Time(h)

Fig. 3. Long-term stability test of SCo-Ni/SiC catalyst. Reaction condi-
tions: T=280 °C; P=2.0 MPa; H,/CO=3; GSV=4500 h'.

Co loading to 5 wt%. For 7Co-Ni/SiC, however, there is no remark-
able increase of the TOF value compared with 5Co-Ni/SiC. Therefore, 5
wt% is a suitable loading of Co for modifying the Ni/SiC catalyst.

3-1-3. Long-term stability test

Since 5Co-Ni/SiC shows the best performance for methanation
reaction, a long-term stability test of 5Co-Ni/SiC was performed
under 2MPa with H,/CO=3. The reaction temperature was 280 °C
and the space velocity was 4500 h™'. The results are shown in Fig. 3,
where X and Sqyy, are plotted as the function of time-on-stream.
Xco and the Scyy, are kept at about 95% and 85% for 100 h, respec-
tively, indicating that 5Co-Ni/SiC is very stable in the CO methana-
tion reaction.

3-2. Catalyst characterization

3-2.1.XRD

Fig. 4A shows the XRD results of fresh Ni/SiC and modified Ni/
SiC catalysts with Co, Cu and Zn. It is demonstrated that the addi-
tion species have been highly dispersed on the SiC surface since no
diffraction peaks of Co, Cu and Zn species can be found from the
XRD patterns of catalysts. The average crystallite sizes of NiO parti-
cles calculated from NiO (012) plane by Scherrer’s equation [35] are
listed in Table 1. The particle sizes of NiO over 5Cu-Ni/SiC and
5Zn-Ni/SiC are 19.7 nm and 20.0 nm, respectively, almost the same
as that over Ni/SiC (20.4 nm). For 5Co-Ni/SiC, however, the NiO
particle size is about 15.3 nm. Fig. 4B shows the XRD results of used
Ni/SiC catalysts modified with or without second metals. The dif-
fraction peaks at 20 =44.3° and 51.7° over the used catalysts are
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attributed to Ni, indicating the metallic nickel is the active phase for
CO methanation reaction. From Table 1, interestingly, there is only a
slight increment in the size of metallic nickel particles over the used
catalysts. This suggests that no serious sintering occurred during the
methanation reaction due to the excellent thermostability and heat
conductivity of SiC support. Compared with Ni/SiC, 5Cu-Ni/SiC and
5Zn-Ni/SiC, metallic nickel particle on 5Co-Ni/SiC has a smaller size.
Therefore, the addition of Co can enhance the dispersion of active
metal. This is in accordance with the results reported by Zhang et al. [36],
who found that the addition of Co increased the metallic surface and
improved the metal dispersion, and thus resulted in a higher activity.
Fig. 4C and Fig. 4D show the XRD results of Co-modified Ni/SiC
catalysts with the Co loading from 1 wt% to 7 wt% before and after
methanation reaction, respectively. The loading of Co influences the
intensities of NiO and metallic Ni diffraction peaks. The average par-
ticle sizes of NiO and metallic Ni are shown in Table 1. Table 1
shows that the metal particles over fresh and used Co-modified Ni/
SiC catalysts are smaller than that over Ni/SiC. With increasing the
loading of Co from 1 wt% to 5 wt%, the average particle sizes of
NiO and Ni over fresh and used catalysts decrease from 19.1 nm and
20.1 nm to 15.3 nm and 16.2 nm, respectively. When further increas-
ing Co loading, the particle size does not decrease. Therefore, 5 wt%
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is the suitable loading of Co for the dispersion of Ni species over cat-
alysts. In addition, a new diffraction peak attributed to Co;0, is inter-
estingly detected over the 7Co-Ni/SiC (Fig. 4C), indicating that the
Co species are not well dispersed and aggregate on the surface of catalyst
in this case. This may result in the decrease of the amount of active
sites and be responsible for the decreased activity of 7Co-Ni/SiC.

3-2.2. TEM

The average particle sizes of the methanation catalysts obtained
from the TEM images are listed in Table 1, where the particle sizes
are in good agreement with the crystallite sizes calculated from the
XRD analysis.

Fig. 5 shows TEM results of the morphology and size distribution
of metallic particles over pure and modified Ni/SiC catalysts before
the methanation reaction. It is obvious that Ni/SiC has a wide size
distribution ranging from 11 to 35 nm, and the percentage of large
particles (larger than 25 nm) is about 19%. SCu-Ni/SiC and 5Zn-Ni/
SiC have similar particle distribution with that of Ni/SiC. The per-
centage of large particles reaches about 18% and 15% for S5Cu-Ni/
SiC and 5Zn-Ni/SiC, respectively. For 5Co-Ni/SiC, large metal par-
ticles are seldom detected and the portion of metal particles between

5 and 15 nm increases to about 86%. The relatively concentrated dis-
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Fig. 5. TEM images and metal particle size distributions of the fresh catalysts. (a) Ni/SiC; (b) SCo-Ni/SiC; (c¢) 5Cu-Ni/SiC and (d) 5Zn-Ni/SiC.

tribution of small metal particles further indicates that the active
metal is highly dispersed over 5Co-Ni/SiC.

3-2.3.XPS

The relative atom ratios of Ni to Si on the used catalysts obtained
from XPS analysis are given in Table 3. The Ni/Si atom ratio is 0.11
for Ni/SiC and 0.15 for 5Co-Ni/SiC, respectively. Obviously, the lat-
ter has a higher Ni/Si ratio. This illustrates that the introduction of Co
enriches Ni species on the surface of catalyst, which results in the
increase of active sites over 5Co-Ni/SiC. For 5Cu-Ni/SiC and 5Zn-
Ni/SiC, the Ni/Si atom ratio is 0.09 and 0.07, respectively, which are
lower than that of Ni/SiC. Since there is no significant increase of the
metal particle sizes over SCu-Ni/SiC and 5Zn-Ni/SiC (according to

the XRD and TEM results), the lower Ni/Si atom ratio is most likely
because the nickel particles on 5Cu-Ni/SiC and 5Zn-Ni/SiC are par-
tially covered by Cu or Zn species, resulting in the decrease of active
sites over catalysts.

Fig. 6 shows the XPS results of Ni 2ps), for the used catalysts. The
peak at about 853.0 eV should belong to the metallic Ni state [37].
Compared with Ni/SiC, 5Co-Ni/SiC shows a visible negative shift of
Ni 2p;,, binding energy, suggesting that the electron density on Ni
increases. This may be due to the transfer of electrons from cobalt
species to nickel species [36-39]. For used 5Cu-Ni/SiC and 5Zn-Ni/SiC,
however, the shift of Ni 2p;, binding energy is not detected. There-
fore, the addition of Cu and Zn does not influence the electron envi-
ronment of Ni species. As reported in earlier literature, the dissociation
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Fig. 6. XPS spectra of Ni2p;, over the used methanation catalysts.

of C-O bond in adsorbed CO species is the rate-determining step in
the CO methanation reaction [17,40]. When CO is adsorbed on the
metal particles [41], a d-n feedback is formed by means of donation
of the d-electron of nickel atoms to the vacant anti-bonding * orbit
of carbon monoxide molecule [20]. For 5Co-Ni/SiC, the d-electron
density of the surface Ni atoms is increased by the effect of Co spe-
cies, which can improve the proportion of d-r feedback bond and
enhance the electron-feedback capacity of the metal to adsorbed CO.
As a result, the Ni-C bond becomes stronger and then the C-O bond
is more easily cleaved, making CO be activated more easily. There-
fore, the introduction of Co improves the methanation activity of Ni/
SiC catalyst.

3-2.4.CO-TPD

CO-TPD was carried out to study the effect of Co, Cu and Zn on
the behavior of CO adsorption over the methanation catalysts, and
the results are shown in Fig. 7. From the TPD profile of Ni/SiC, there are
three desorption peaks (a, B, y) at 62 °C, 157 °C and 344 °C, respec-
tively. Peak a is generally assigned to the physical adsorption of CO.
Peak B can be attributed to desorption of weakly chemisorbed CO.
Since the CO methanation reaction occurred at a temperature lower
than 200 °C over Ni/SiC (Fig. 2A), this kind of adsorption may play
a role for CO activation of CO. Peak vy is probably attributed to
desorption of CO which has a strong chemical interaction with metal
nickel. This kind of adsorbed CO may be more active because CO
can be completely converted at a temperature around 340 °C. For the
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Fig. 7. CO-TPD profiles of pure Ni/SiC and Co-, Cu-, or Zn-modified
Ni/SiC catalysts.

5Co-Ni/SiC, the CO-TPD profile is similar to that of Ni/SiC, in
which three CO desorption peaks appear. Peaks § and y in 5Co-Ni/
SiC are shifted to higher temperature, compared with those of Ni/
SiC, indicating that the introduction of Co species can enhance the
interaction between adsorbed CO and active metal. The results
obtained from volumetric CO desorption are shown in Table 3. The
total amount of desorbed CO from 5Co-Ni/SiC is more than that
from Ni/SiC, indicating that the addition of Co species increases the
chemisorption amount of CO. On one hand, the introduction of Co
enhances metal dispersion and thus results in the increase of active
sites. On the other hand, the special interaction between Ni and Co
produces a new kind of active site for CO adsorption. For SCu-Ni/
SiC and 5Zn-Ni/SiC, except the physical adsorption of CO, only one
desorption peak ranging from about 290 °C to 380 °C is detected.
This indicates that only one type of chemisorbed CO exists on the
surface of SCu-Ni/SiC and 5Zn-Ni/SiC. This type of CO can produce
methane by reacting with H,, since both S5Cu-Ni/SiC and 5Zn-Ni/
SiC show methanation activity until the temperature is higher than 300 °C
(Fig. 2A). In addition, from Table 3, the amounts of the chemisorp-
tion of CO (peak y) over both 5Cu-Ni/SiC and 5Zn-Ni/SiC are lower
than that over Ni/SiC. This is likely due to the partial coverage of Ni
by Cu and Zn species, which results in a decrease of active sites over
5Cu-Ni/SiC and 5Zn-Ni/SiC. Similar results were reported by Mo et
al. [19], who studied the role of promoters on Rh/SiO, catalyst in CO

Table 3. Surface atom ratio of Ni/Si and CO-TPD results over Ni/SiC and Co-, Cu- or Zn-modified Ni/SiC catalysts

Surface atom ratio Desorption temperature (°C) CO uptake (umol/g)
Catalysts o
(Ni/Si) a B y a B Y
Ni/SiC 0.11 62 157 344 13.95 9.26 79.92
5Co-Ni/SiC 0.15 61 164 363 17.58 12.93 88.63
5Cu-Ni/SiC 0.09 61 - 354 9.96 - 39.83
5Zn-Ni/SiC 0.07 67 - 361 9.18 - 20.17

“Obtained from XPS results.
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Fig. 8. TPR profiles of pure Ni/SiC and Co-, Cu-, or Zn-modified Ni/
SiC catalysts.

hydrogenation reaction using DRIFTS and found that the addition of
Cu and Zn suppressed the adsorption of CO on the catalyst signifi-
cantly. They also investigated the activity of Co/CuZnO catalyst for
CO hydrogenation and found that ZnO and Cu could cover/block a
substantial number of active sites on Co [42].

3-2.5.H,-TPR

H,-TPR was employed to understand the reduction behavior of
the methanation catalysts. Fig. 8 shows the TPR results of Ni/SiC
and modified Ni/SiC catalysts. For Ni/SiC, only one reduction peak
at about 377 °C is detected, indicating that NiO is reduced to metal-
lic Ni. Compared with Ni/SiC, 5Co-Ni/SiC shows a lower reduction
temperature at about 328 °C, indicating the addition of Co enhances
the reducibility of Ni/SiC catalyst. This may be due to the interaction
between Co and Ni species, which decreases the interaction between
metal and SiC support [43-45]. In addition, a shoulder peak at about
269 °C is detected in the TPR profile of 5Co-Ni/SiC. In our earlier
work, we found the reduction temperature of Co/SiC was about 353 °C
[43]. Thus, it is difficult to discriminate the reduction of cobalt oxide
from nickel oxide obviously. In the above XRD and XPS discussion,
it was found that the introduction of Co species could enrich the Ni
species on the surface of catalyst. Hence, the shoulder peak should
be attributed to the reduction of surface NiO [43,46].

For 5Cu-Ni/SiC, three reduction peaks are detected. The two peaks
at about 213 °C and 240 °C can be assigned to the reduction of differ-
ent CuO species [47,48], and the reduction peak at 309 °C can be
assigned to the reduction of NiO. The lower reduction temperature of
NiO can be understood as follows. The reduced copper is able to
activate and dissociate hydrogen, which can spill-over to, and subse-
quently reduce, the adjacent nickel oxide crystallite [49]. A similar
result was also reported in the TPR experiment on Cu-Ni/ZrO, catalyst
by Hernandez et al. [47], who found that the presence of Cu facili-
tated the reduction of NiO. One point should be drawn here that
although the addition of Cu species can decrease the reduction tem-

perature of NiO, the methanation activity of SCu-Ni/SiC is not improved.
This indicates the partial coverage of Ni by Cu, which decreases the
amount of active sites, may be responsible for the decrease of the
methanation activity for 5Cu-Ni/SiC. For 5Zn-Ni/SiC, on the con-
trary, it shows a wide reduction profile (starts at 380 °C and ends at
640 °C), which is much higher than that of Ni/SiC. This is agreement
with the results reported by Zhu et al. [46], who found that the reduc-
tion temperature of Zn-Ni/SiO, catalyst was about 100 °C higher than
that of Ni/SiO, catalyst. Chen ez al. [50] also reported that the intro-
duction of Zn could make reduction peak of Ni/Al,O; catalyst shift
to higher temperature. The higher reduction temperature of 5Zn-Ni/
SiC suggests that the addition of Zn can increase the interaction
between metal and support, and then decrease the reducibility of Ni/
SiC catalyst.

4. Conclusion

Pure Ni/SiC and Co-, Cu- or Zn-modified Ni/SiC catalysts for CO
methanation were prepared by conventional co-impregnation method.
The Co-modified Ni/SiC exhibited higher catalytic activity and good
selectivity towards CH,. On the contrary, the addition of Cu and Zn
could dramatically reduce the activity of Ni/SiC. In addition, a long-
term stability test under 2 MPa and 280 °C showed that 5Co-Ni/SiC
was very stable for CO methanation reaction.

To study the influence of Co, Cu and Zn on the catalytic perfor-
mance of Ni/SiC for CO methanation reaction, XRD, TEM, XPS,
CO-TPD and H,-TPR characterizations were performed. The con-
clusions are as follows.

(1) The introduction of Co species could decrease the nickel crys-
tallite size and enhance the dispersion of active nickel components,
whereas the addition of Cu and Zn could cover partial nickel parti-
cles, resulting in a decrease of the active sites on the catalyst surface.

(2) The addition of Co could promote the chemisorption of CO,
while the introduction of Cu and Zn could decrease the chemisorp-
tion amount of CO on the catalysts.

(3) There might be a special interaction between Co and Ni in
5Co-Ni/SiC and the electron density on nickel is increased. This
could enhance the interaction between Ni and CO and promote the
dissociation of adsorbed CO.
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