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Abstract

Using a coprecipitation method to form Ni-Me—Al-Mg—O composite, Ni-Me (Me = Co, Fe, Cu, or Mn) bimetallic catalysts were prepared
for carbon dioxide reforming of methane. Catalyst screening with the reforming reaction showed that Ni—-Co bimetallic catalyst had superior
performance in terms of activity and stability to other Ni-Me combinations. In a 2000 h stability test under the conditions of 750 °C, 1 atm,
and GHSV of 110,000 mL/gcat-h (0.05 g of catalyst and 5.5 L/h gas flow rate), Ni-Co catalyst showed very stable performance with very low
carbon formation. Reducing Ni and Co content from 6.1 and 9.3 to 3.6 and 4.9 mol% (metal base), respectively, rendered to completely eliminate
carbon deposition for up to 250 h. Catalyst characterization was conducted using ICP-MS, BET, XRD, H,-TPR, CO,-TPD, CO-chemisorption,
TEM, and TG. It is believed that the synergy between Ni and Co can significantly improve catalyst performance and reduce carbon formation.
A high metal dispersion or small ensemble size can be enhanced by reducing the Ni—Co content. The high activity and excellent stability of Ni-Co

catalyst was closely related to its high metal dispersion, strong metal-support interaction, and formation of stable solid solutions.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Carbon dioxide reforming of methane (also known as dry
reforming) to produce synthesis gas is becoming more research-
attractive due to the increasing interest in reduction of carbon
dioxide emissions and more efficient utilization of natural gas.
As shown in Eq. (1), the major greenhouse gas, CO,, can be
converted into valuable synthesis gas through the reforming re-
action of methane,

CH4 4 COy =2CO +2Hy, AHjog i = 247 kJ/mol. (1)

With a H,/CO ratio of unity, the synthesis gas such produced
is a desired feedstock for synthesis of oxygenates [1,2]. The
combination of dry reforming and steam reforming can produce
synthesis gas with the ideal ratio of Hy/CO for the Fischer—
Tropsch synthesis [3],

CHs +H,0=CO +3Hy, AHjgg « = 206 kJ/mol. )
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Due to its highly endothermic property, CO, reforming of
CHy also has desirable thermodynamic characteristics of a
chemical energy transmission system (CETS) [4-8].

Carbon dioxide reforming of methane was first studied by
Fischer and Tropsch over a number of base metal catalysts [3].
It is well known that this reaction can be catalyzed by all VIII
transition metals except osmium. Noble metals, such as ruthe-
nium (Ru) and rhodium (Rh), and the nonnoble metal nickel
(Ni) have been studied extensively for this reaction [9-12]. It
has been found that supported Rh, Ru, Pd, Pt, and Ir catalysts
can provide stable operations for carbon dioxide reforming of
methane with low carbon formation or deposition on the cat-
alysts during the reaction [13]. However, from an industrial
standpoint, it is more practical to develop nonnoble metal-based
catalysts to avoid the high cost and restricted availability of no-
ble metals. Ni has drawn significant research attention due to its
high activity and wide availability [14]. The great challenge for
Ni catalysts is that they suffer severe catalyst deactivation due
to sintering, metal oxidation [15], and especially significant car-
bon formation [13,14,16].
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Consequently, many attempts have been made to suppress
carbon formation over Ni-based catalysts when studying car-
bon dioxide reforming of methane. Ruckenstein and Hu [17,
18] reported that NiO/MgO has excellent stability and good
resistance to carbon formation because of the formation of a
solid solution between NiO and MgO, which is believed to sup-
press CO disproportionation. Tomishige et al. [19] investigated
the effect of Sn, Ge, and Ga to a NiO-MgO solid solution and
found that the addition of Sn can effectively decrease the car-
bon formation, resulting mainly from methane decomposition.
The addition of Cr [20,21] and Mn [22] reportedly had sig-
nificant effects on the inhibition of carbide formation, which
is believed to be the intermediate for carbon formation [23].
Choudhary and Mamman [24] reported that catalyst perfor-
mance can be improved when partial NiO is replaced with
CoO in the NiO-MgO solid solution. Takanabe et al. [25] re-
ported that a homogeneous alloy of Co and Ni and low Ni
substitution of Co dramatically improved catalyst activity and
stability. They ascribed the enhanced performance to the im-
proved catalyst resistance to metal oxidation. In summary, it is
clear that bimetallic catalysts may exhibit superior performance
for carbon dioxide reforming of methane compared with the
corresponding monometallic catalysts [26,27]. Considerable re-
search also has been conducted on the modification of catalyst
supports using promoters [28—33] to overcome the deactivation
associated with nickel-based catalysts. It was reported that the
addition of K and Ca can significantly inhibit carbon formation
due to the favorable adsorption of acidic CO; on the basic sur-
face sites [34,35]. Catalyst surface basicity is believed to help
suppress carbon deposition by promoting the activation of CO;
[36,37] on the surface of catalysts. However, catalyst deactiva-
tion remains a serious problem for carbon dioxide reforming of
methane.

This work applies a new approach of incorporating differ-
ent properties that are believed to improve performance and
stability into one system aiming at solving the deactivation
problem of Ni-based catalyst for CO;, reforming of CHy. In
the designed catalyst reported in this paper, the sintering was
supposed to be inhibited or eliminated through improved cat-
alyst thermal stability by using a material with a high melting
point, MgO. The catalyst activity was supposed to be improved
by providing high contact area using a material with high sur-
face area, Al;O3. The synergy of metal-metal was assumed to
improve performance by reducing the possibility of metal ox-
idation. A high-temperature calcination pretreatment process
was proposed to improve the metal-support interaction to re-
duce carbon formation. Thus, it was assumed that high metal

Table 1

dispersion, high surface area, and SMSI could be incorporated
into a Ni-Me bimetallic catalyst. Catalyst screening showed
that the Ni—Co bimetallic catalysts had high activity and sta-
bility for carbon dioxide reforming of methane. Carbon-free
operation was achieved in a 250-h stability experiment.

2. Experimental
2.1. Catalyst preparation

Ni—Co bimetallic catalyst was prepared by coprecipitating a
common aqueous solution of nickel nitrate (98% purity; Lan-
caster Synthesis), cobalt nitrate (99% purity; Aldrich), magne-
sium nitrate (EMD Chemicals), and aluminum nitrate (EMD
Chemicals). Other bimetallic catalysts were prepared by re-
placing cobalt nitrate with Fe(NO3)3-9H>0 (99% purity, Lan-
caster Synthesis), Mn(NO3)>-xH20 (99.98% purity; Lancaster
Synthesis), and Cu(NO3)2-6H,0 (99% purity; Aldrich), respec-
tively. The precipitate was washed using deionized water 2 or 3
times, dried overnight in the air at 120 °C, and then calcined in
the air at 900 °C for 6 h. The prepared catalysts were designated
Ni-Me-Al-Mg—O (where Me = Co, Fe, Cu, or Mn). Here we
designate these catalysts as Ni-Co, Ni—Fe, Ni—Cu, and Ni-Mn,
respectively.

2.2. Catalyst characterization

The metal composition of the catalysts was analyzed at the
Saskatchewan Research Council Analytical Laboratory using
inductively coupled plasma mass spectrometry (ICP-MS). The
results are given in Tables 1 and 2. Metal compositions are used
because they were measured directly and they do not change
after catalyst reduction. Oxygen in the catalyst composite is sto-
ichiometrically balanced.

The surface composition of same samples was analyzed us-
ing X-ray photoelectron spectroscopy (XPS) in the Department
of Chemical and Materials Engineering at the University of Al-
berta. The results are shown in Table 2.

The BET surface area, porous volume, and average pore di-
ameter of the catalysts were measured by N> adsorption at the
temperature of —196 °C using a Micromeritics ASAP 2000.
Approximately 0.2 g of catalyst was used for each analysis. The
degassing temperature was 200 °C, to remove the moisture and
other adsorbed gases from the catalyst surface. Some of the re-
sults are given in Tables 1 and 3.

The metal dispersion and metal surface area were deter-
mined by CO chemisorption. The sample was first reduced us-

Elemental composition, BET surface area, average pore diameter of different bimetallic catalysts

Catalyst Metal elemental composition (MEC)? (mol%) BET surface Pore volume Average pore
Ni Fe Cu Mn Co Al Mg (m?/g) (ml/g) diameter (nm)

Ni-Fe 6.5 7.9 - - - 29.0 56.6 18 0.0565 12.0

Ni—Cu 6.8 - 6.9 - - 28.6 57.7 15 0.0881 19.6

Ni-Mn 6.0 - - 9.0 - 27.8 57.1 17 0.0734 16.9

Ni—Co 6.1 - - - 9.3 28.2 56.4 54 0.160 10.4

4 MEC was measured by inductively coupled plasma mass spectrometry. O should be stoichiometrically balanced in the catalyst composites.
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Table 2

Elemental composition of Ni and Co monometallic and Ni-Co bimetallic catalysts

Catalyst Bulk metal composition (mol%) Surface metal composition (mol%)

Ni Co Al Mg Ni Co Al Mg
Ni 6.8 - 27.8 65.4 7.1 - 28.9 64.0
Co - 9.7 27.6 62.8 - 7.8 31.2 61.0
Ni—Co (L)? 3.6 4.9 30.0 61.5 43 6.2 29.3 60.2

4 L denotes the low Ni—Co content in comparison with the Ni—Co catalyst in Table 1.

Table 3
BET surface area, average pore diameter, metallic surface area, and metal dis-
persion of Ni and Co monometallic and Ni—Co (L) bimetallic catalysts

Catalyst  BET surface Pore diameter Metallic surface Metal dispersion
m’/g) () (m*/g) (%)

Ni 45 9.0 1.2 2.9

Co 24 10.5 1.5 2.1

Ni—Co (L) 56 8.5 2.9 8.8

Ni—Co 54 10.4 4.1 7.5

ing hydrogen at 850-900 °C for 4 h. The reduced sample was
moved to a sample holder under the protection of the inert gas
(He). Three steps were carried out before CO chemisorption
using a Micromeritics ASAP 2000: (1) evacuating the sample
for 30 min at 120 °C, (2) reducing the sample again at 450 °C
for 30 min using Hy, and (3) evacuating the sample for another
30 min at 120 °C. Finally, CO chemisorption was conducted at
35°C. The results of some samples are listed in Table 3.

X-ray powder diffraction (XRD) analysis was conducted us-
ing a Rigaku/Rotaflex Cu rotating anode X-ray diffraction in-
strument. The catalyst was powdered and mixed with methanol
to form a mud, which was loaded to the coarse side of a glass
plate and placed under the ambient drying conditions. The dried
sample plate was then loaded in the analysis chamber. Each
sample was scanned at a rate of 4°/min with 2-Theta varying
from 20 to 80°.

The reducibility of catalysts was studied in a quartz tube by
temperature-programmed reduction (TPR) in Chembet-3000.
A sample of about 0.1 g of was heated from room tempera-
ture to 1000 °C using 3% Hy/N» at a flow rate of 30 mL/min
and a ramp rate of 5 °C/min.

The carbon deposition was analyzed using a Perkin—Elmer
Pyris Diamond TG/DTA instrument. The spent catalyst was
heated in a platinum sample holder in the air from room tem-
perature to 850°C at a ramp rate of 5°C/min. Transmission
electron microscopy (TEM) was used to investigate the mor-
phology of carbon deposits on the spent catalysts.

2.3. Catalyst testing

The evaluation of catalysts was carried out in a benchtop
fixed-bed quartz microreactor (Autoclave) with an i.d. of 6 mm.
In screening of different bimetallic combinations and 2000 h
stability test for Ni—Co catalyst, 0.05 g of catalyst was diluted
with 0.450 g of quartz sand. To compare the selected catalysts
at lower conversions, less catalyst and the same gas flow rate
were used so as to maintain the comparison in the same mass
transfer regime. To investigate the effects of Ni and Co con-

tent, 0.03 g of catalyst was mixed with 0.470 g of quartz sand.
0.025 g of catalyst mixed with 0.475 g of quartz sand was ap-
plied in the comparison between bimetallic and monometallic
catalysts. The average catalyst particle size is 0.165 mm. All ex-
periments were carried out at 750 °C and 1 atm, and feed flow
rate F = 5.5 L/h. No temperature gradient was observed cross
the catalyst bed. Based on literature [38,39], mass transfer was
mostly eliminated at such conditions of high flow rate and small
amount of catalyst with small particle sizes. However, to make
valid comparison on the same basis, exactly the same reaction
conditions were applied in each comparison. Reactant gas con-
sisting of an equimolar mixture of Ny (99.9% purity, Praxair
Canada Inc.), CH4 (99.2% purity, Praxair Canada Inc.) and CO,
(99.9% purity, Praxair Canada Inc.) was introduced at the at-
mospheric pressure. Before testing, the catalyst was reduced by
a Hy (99.9% purity, Praxair Canada Inc.) and N, mixture with
a molar ratio of 1:4 at 850-900 °C for 4 h. The product gas was
analyzed by an on-line Agilent 6890N GC, equipped with TCD
and a GS-GasPro capillary column (J&W Scientific) of 60 m in
length and 0.32 mm in inner diameter. Helium (ultra high pu-
rity 5.0, Praxair Canada Inc.) was used as the carrier gas. The
GC oven temperature in analysis was initially held at —60°C
for 3 min and then was increased to 30 °C at a 25 °C/min ramp
rate.

3. Results and discussion
3.1. Catalyst design and screening

3.1.1. Thermodynamics of carbon dioxide reforming of
methane

Carbon dioxide reforming of methane is a highly endother-
mic reaction (Eq. (1)). Thermodynamic calculation indicates
that the reforming reaction (Eq. (1)) at 1 atm pressure is not
spontaneous (i.e., AG > 0) below 633 °C. However, at high
temperatures where the reforming reaction is spontaneous, the
other four side reactions (Egs. (3)—(6)) may occur, which will
have a significant impact on the target reaction (Eq. (1)) [40].

CHy=C+2Hy, AHNg =75kI/mol, (3)
2C0=C+CO,;, AHY  =—171kJ/mol, 4)
CO+Hy=C+Hy0, AHYgy =—131kI/mol, (5)
COy +Hy =CO +Hy0, AHjg « =41 kJ/mol. (6)

Fig. 1 shows the variation of equilibrium constants of the
reactions involved as a function of temperature. For a strong
endothermic reaction, the equilibrium constant of Eq. (1)
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Fig. 1. Equilibrium constants of reactions (Egs. 1, (3)-(6)) as a function of
temperature.

increases dramatically with increasing reaction temperature.
Thus, high conversion is favored at high temperatures. The
equilibrium constants of the moderate endothermic reactions,
methane decomposition (Eq. (3)), and the reverse water-gas
shift reaction (RWGS; Eq. (6)), also increase with temper-
ature. The two carbon deposition reactions, the Boudouard
reaction (Eq. (4)) and the reverse carbon gasification reaction
(Eq. (5)), are exothermic and thermodynamically unfavorable at
high temperatures. Therefore, high reaction temperatures (i.e.,
750 °C and above) are more favorable to increasing the equilib-
rium conversion of the target reaction (Eq. (1)) than that of the
side reactions (Egs. (3)—(5)).

3.1.2. Selection of catalyst component

Ni catalysts are prone to carbon formation, especially at
high reaction temperature, which is the major cause of cata-
lyst deactivation during carbon dioxide reforming of methane
[15,41,42]. Catalyst sintering is another cause of catalyst de-
activation [15]. From the thermodynamic standpoint, as dis-
cussed earlier, a high reaction temperature must be chosen to
achieve high reactant conversion. However, at high tempera-
tures, the active metal crystallites in the catalysts contact each
other through thermal motion. Even at the Hutting tempera-
ture (0.3 times the melting point of the substance), the surface
atoms would have sufficient energy to overcome the weak sur-
face crystal forces, then diffuse and form necks to decrease the
surface energy [43]. In this work, the catalysts were designed
so as to overcome the catalyst deactivation problems. A sec-
ond metal active component was applied to improve carbon
resistance. The second metal was selected from Co, Fe, or Cu
because Ni, Co, Fe, and Cu have similar electronic configura-
tions. Mn was also selected because it is a proven promoter
able to suppress carbon formation [29,44]. As for the frame-

work material of the catalyst, MgO was selected because of
its high melting point (3073 °C) that is able to pose resistance
to sintering. However, MgO has the drawback of low specific
surface area. To compensate, Al,O3 was added, thus, a mixed
framework of AIMgO, was to be formed which would simulta-
neously has the high thermal stability of MgO and high specific
surface area of Al;O3.

Based on the aforementioned consideration, a series of Ni-
based bimetallic catalysts with different combinations of Ni—
Co, Ni-Mn, Ni—Fe, and Ni—Cu in the framework of AIMgO,
were prepared by the coprecipitation method. The level of metal
content was first determined based on the relevant literature
[45]. For convenience, the catalysts were denoted as Ni—Co,
Ni—Mn, Ni-Fe, and Ni—Cu, respectively. The elemental com-
position (metal base), surface area, porous volume, and aver-
age pore diameter are shown in Table 1. The Ni—Fe, Ni—Cu,
and Ni—Mn catalysts had the same level of BET surface area
at 14-18 m?/g. Meanwhile, the Ni—Co catalyst had a signifi-
cantly higher surface area, 53 m?/g. The porous volume fol-
lowed the order Ni-Co > Ni—Cu > Ni-Mn > Ni-Fe, and
the average pore diameter followed the order Ni-Co < Ni-Fe
< Ni-Mn < Ni—Cu. The BET analysis indicated a significant
difference between the Ni-Co combination and the other com-
binations.

3.1.3. Screening of catalysts for carbon dioxide reforming of
methane

The activity and stability within a 28-h period was investi-
gated over 0.05 g of catalyst at 750°C, 1 atm, F = 5.5 L/h,
and CH4/CO,/N, = 1/1/1. At this reaction condition, the equi-
librium conversion of CHs was 91.5%. The catalyst activity
in terms of CH4 conversion is shown in Fig. 2a. Ni—Co cat-
alyst had a high initial activity (91.4% CH4 conversion) and
remained at this level throughout the 28 h of time on stream
(TOS). Ni-Mn and Ni-Fe catalysts also had high initial activ-
ities, with CH4 conversion of 85 and 53%, respectively; how-
ever, the conversion dropped to 63 and 18%, respectively, at the
end of the 28-h testing period. Ni—-Cu showed low but relative
stable activity, with a CHy4 conversion <16%. The initial ac-
tivity follows the order Ni-Co > Ni-Mn > Ni-Fe > Ni—Cu.
This order is in agreement with the order of the BET surface
area, porous volume, and average pore diameter (Table 1). The
selectivity results in terms of H»/CO ratio, shown in Fig. 2b,
reflect no obvious difference among the different bimetallic cat-
alysts.

After reaction, the amount of carbon formed on the catalysts
was analyzed using TG/DTA. The average rate of carbon de-
position is shown in Fig. 3. Clearly, the Ni-Fe catalyst had a
high carbon deposition rate of 0.02104 g./gca-h. Correspond-
ingly, it had a 67% activity decay (calculated on the basis of
initial and final CH4 conversion). Ni-Mn catalyst also had a
relatively high carbon formation rate of 0.00543 g./gcat-h and
an activity decay of 26%. However, Ni—Cu catalyst had a lower
carbon formation rate of 0.00222 g./gc.-h and a relatively sta-
ble performance, with an activity decay of 22%. Ni—Co cata-
lyst had the lowest carbon formation rate, 0.00204 g./gca-h.
Meanwhile, it had a very stable performance in the 28-h period
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with no activity decay. The activity decay followed the same
order as the carbon formation rate: Ni-Fe > Ni-Mn > Ni-
Cu > Ni—Co (Fig. 3). This indicates that carbon formation is
the main cause of catalyst deactivation in carbon dioxide re-
forming of methane. Ni—-Co and Ni—Cu catalysts both exhibited
good carbon resistance, but the former had much higher activ-

ity.
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Fig. 2. Stability of different bimetallic catalysts at reaction conditions:
T =750°C, P =1 atm, F =5.5 L/h, CH4/CO,/N, = 1/1/1, 0.05 g catalyst.
(a) CHy4 conversion as a function of time-on-stream; (b) Hp/CO as a function
of time-on-stream.

0.00042

3.1.4. Long-term stability and carbon formation of Ni-Co
bimetallic catalyst

Catalyst screening shows that Ni-Co did not lose its activ-
ity during the 28-h test, but the carbon deposition observed may
affect its long-term performance. Therefore, the long-term sta-
bility and carbon formation behavior of Ni—Co catalyst were
investigated to gain insight into the relationship between the
carbon formation and the catalyst deactivation. At the con-
ditions of 750°C, 1 atm, F = 5.5 L/h, and CH4/CO,/N, =
1/1/1, Ni—Co catalyst was tested for 20, 200, and 2000 h, re-
spectively. The results of the reaction rate of CHs and the
amount of carbon deposition are shown in Fig. 4. The use of a
common logarithm of time (h) shows more detail for the first
200 h. In the 20-h test, the reaction rate of CH4 was main-
tained at around 0.000415 mol/gc4¢-s, but the amount of carbon
formed was 0.0408 g./gca. In the 200-h test, the CH4 reac-
tion rate was maintained at 0.000416 mol/gc,-s for 100 h but
dropped to 0.000409 mol/gc,-s at 200 h. Over the 200-h test
period, 0.2374 g./gcar of carbon was formed. In the 2000-h
test, the CHy reaction rate began to drop at 100 h from the ini-
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Fig. 3. Average carbon formation rate of different bimetallic catalysts within
28 h time-on-stream at reaction conditions: 7 = 750°C, P =1 atm, F =
5.5 L/h, CH4/CO,/N, = 1/1/1, 0.05 g catalyst.
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tial 0.000415 to 0.000398 mol/gca-s at about 300 h, fluctuated
between 0.000395 and 0.000407 mol/gca-s until 700 h, and
stayed stable at 0.000404 mol/gcy-s for the last 1300 h. The
amount of carbon formed was 0.435 g./gcat Over the 2000-h
period. It can be seen that the carbon formation over Ni—Co cat-
alyst has a very clear relationship with TOS; regression shows
that this relationship is as follows:

carbon formation amount:
gc/gcat = 0.0856 log(TOS, h) — 0.216. 7

Carbon accumulation becomes significantly slower with in-
creasing TOS. The average carbon formation rate is 0.00204,
0.00119, and 0.000218 g./gcar-h for the 20, 200, and 2000 h
runs, respectively. Further treatment produced average carbon
formation rates of 0.00204 g./gca-h for the first 20 h of TOS,
0.00109 g/gcar-h for the next 180 h, and 0.000109 g./gca-h
for the last 1800 h. It is speculated that the rapid carbon forma-
tion during the first 100 h leads to the obvious catalytic activity
decline in the subsequent 200-h period. The later slowed car-
bon formation results in stable performance. Overall, catalytic
activity for the Ni—Co bimetallic catalyst decreased by <3%
over the 2000-h period. This catalyst can be claimed to be the
most stable that has ever been developed for CO, reforming of
CHy.

The ratio of Ho/CO as a function of TOS is shown in Fig. 5.
RWSR is the major side reaction in the methane dry-reforming
system [13]. Its existence will reduce the H»/CO ratio. The aver-
age ratio of Hy to CO over this catalyst was about 0.965, which
may indicate the occurrence of RWSR but of less significance.
It is also interesting to note that the molar ratio of Hy to CO
oscillates between 0.9 and 1.1 during the reaction period. Wei
et al. [46] ascribed this phenomenon to a periodic cycle of car-
bon deposition and elimination. An efficient periodic cycle of
carbon deposition and elimination on the catalyst surface may
be one of the contributions leading to stable catalytic perfor-
mance [43].

3.1.5. Effects of the Ni—Co content in bimetallic catalysts
Although Ni—Co bimetallic catalyst showed good stability

for carbon dioxide reforming of methane and good carbon re-

sistance, further attempts to adjust the metal loading were made
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Fig. 6. Activity and stability of different Ni-Co content bimetallic catalysts at
reaction conditions: T = 750°C, P =1 atm, F = 5.5 L/h, CH4/CO,/N, =
1/1/1, 0.03 g catalyst.

to eliminate carbon formation over catalyst. The work was in-
spired by Ruckenstein et al. [47], who reported that the lower
metal loading catalyst had better carbon resistance. Based on
this consideration, a Ni-Co bimetallic catalyst of nearly half of
the Ni and Co loading, namely Ni—Co (L), was prepared. Its
composition is shown in Table 2. The stability experiments for
both Ni—Co (L) and Ni—Co were carried out over 0.03 g of cat-
alystat 750°C, 1 atm, F = 5.5 L/h, and CH4/CO7/N> = 1/1/1.
Because the catalyst activity was high, less catalyst was used
for an effective comparison. Fig. 6 shows that the Ni—Co (L)
catalyst had obviously better stability than the Ni—Co catalyst.
The initial CH4 reaction rate over the Ni—Co (L) catalyst was
slightly lower than that over the Ni-Co catalyst. However, the
CHy4 reaction rate over the Ni—Co (L) catalyst increased with
TOS and remained at the same level even after 250 h. Simi-
lar findings also were reported by Ruckenstein et al. [45] and
Zhang et al. [48,49]. This behavior was ascribed to the forma-
tion of new active sites when the catalyst was exposed to the
reaction mixture [48—50]. TG/DTG analysis on the two spent
catalysts with different Ni-Co contents indicated that no de-
tectable carbon was formed on Ni—Co (L) catalyst but carbon
was detected on the Ni—Co catalyst (Figs. 7a and 7b). The TEM
analysis (Fig. 8a) further confirmed that no carbon was formed
on the spent Ni-Co (L) catalyst. Fig. 7b shows that two kinds
of carbon were formed on the Ni—Co catalyst, which has the
higher metal content; one kind of carbon can be oxidized in
air at 500 °C, and another kind can be oxidized at 600 °C. Cor-
respondingly, Fig. 8d shows filamentous carbons of nanotubes
with two very different diameters. However, there was no clear
evidence that the nanotubes of different diameters were respon-
sible for two TPO peaks.

Osaki et al. [51] related the carbon inhibition to the metal
ensemble in catalysts and concluded that smaller ensembles are
able to suppress carbon formation. On the other hand, Rostrup-
Nielsen [41] observed that large nickel clusters are susceptible
to carbon formation. From TEM pictures (Figs. 8a and 8b), it
can be seen that the particle size is smaller on Ni—Co (L) than on
Ni—Co. CO chemisorption was then carried out to measure the
metal dispersion of Ni—-Co bimetallic catalysts. For the bimetal-
lic catalyst with the higher Ni—Co content, the metallic surface
area was 4.1 m? /g, and metal dispersion was 7.5%. The Ni—Co
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Fig. 7. Carbon formation on the different Ni—Co content bimetallic catalysts after 250 h reaction at: T = 750°C, P =1 atm, F = 5.5 L/h, CH4/CO,/N, = 1/1/1,

0.03 g catalyst. (a) TG profiles; (b) DTG profiles.

(L) catalyst had a lower metallic surface area (2.9 m? /g) but
a higher metal dispersion (8.8%) (Table 3). The higher metal-
lic surface of the catalyst with the higher Ni—Co content led to
the higher initial activity (Fig. 6); however, its lower metal dis-
persion and larger ensembles possibly resulted in rapid carbon
formation and activity decay (Figs. 6 and 7). The excellent car-
bon resistance of Ni-Co (L) catalyst might be attributed to its
higher metal dispersion and smaller metal ensembles.

3.2. Characterization of catalysts

3.2.1. Active metal composition

To gain insight into the relationship between catalyst prop-
erties and performance, comparative investigations were car-
ried out over Ni or Co monometallic catalysts and Ni—Co (L)
bimetallic catalyst. In the monometallic catalysts, Ni content
or Co content was at the same level as the overall Ni and Co
content in the bimetallic Ni-Co (L) catalyst, so that the compar-
ison of catalytic performance could be made on the similar total
active metal loading base. Bulk elemental composition was an-
alyzed using ICP-MS, and surface elemental composition was
determined by XPS. The results are given in Table 2. Com-
parison between surface composition and bulk composition in-
dicated that Nigyrface/Nipgik Was 1.10 in the Ni monometallic
catalyst and 1.19 in the bimetallic catalyst. Cogyrface/COpulk Was
0.80 in the Co monometallic catalyst and 1.27 in the Ni—Co

bimetallic catalyst. The coexistence of Ni—Co in the bimetallic
catalyst made Co an apparent surface enrichment.

3.2.2. Reducibility

Hydrogen temperature-programmed reduction (H,-TPR)
experiments were conducted to investigate the reducibility
of the catalysts. The TPR profiles are shown in Fig. 9. Ac-
cordingly, the reduction peaks in the ranges of 750-950 and
700-950°C for the Ni and Co monometallic catalysts, re-
spectively, corresponded to the reduction of Ni in a mixed
spinel-phase Ni,Mg;_,AloO4 [52] and Co in a mixed spinel-
phase Co,Mgi_,Al,O4 [53]. The reduction peak in Ni—Co
(L) bimetallic catalyst between 700 and 940 °C probably re-
sulted from the reduction of Ni and Co in a very complex
quaternary spinel-like phase [54]. In the high-temperature cal-
cination process, Ni and Co also can form a continuous row of
Ni,Co3_,O4 spinels, x > 0 [55]. The reduction peak maximum
of Ni-Co (L) bimetallic catalyst occurred at a lower tempera-
ture (850 °C) than those for Ni monometallic catalyst (868 °C)
and Co monometallic catalyst (896 °C). This can be attributed
in part to the surface enrichment of Ni and Co in the Ni—Co (L)
catalyst, because Ni and Co atoms on the catalyst surface are
more readily accessible than those in the bulk structures. In ad-
dition, the reduction of Ni—Co (L) bimetallic catalyst appeared
to be a single reduction peak, which might indicate formation
of the Ni—Co alloy during reduction. Rinkowski et al. [56] re-
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Fig. 8. TEM micrographs of catalysts before and after 250 h reaction at conditions: T = 750°C, P =1 atm, F = 5.5 L/h, CH4/CO,/N, = 1/1/1, 0.03 g catalyst.
(a) Ni—Co (L) before reaction; (b) Ni—Co before reaction; (c¢) Ni—Co (L) after 250 h reaction; (d) Ni—Co after 250 h reaction.

ported that one-stage reduction of bimetallic catalysts illustrates
the alloying of metals in the reduction process.

3.2.3. Bulk phases

XRD analysis was used to identify the bulk phase prop-
erty of the catalysts. As shown in Fig. 10, spinel phases and
MgO-type phases were observed in all the three samples. No
apparent difference was revealed between the XRD patterns of
Ni—Co (L) bimetallic catalyst and Ni or Co monometallic cata-
lyst. According to Tichit et al. [52-54], Ni%t, Co>t, Mg?*, and
AT belong to the same lattice in the Ni/Co/Al/Mg composite
catalysts. A high calcination temperature favors the formation
of Ni?t—AT, Co>—AP*, and MgZt—AI** solid solutions of
spinel type and of the stoichiometric NiAl,O4, CoAlyO4, and
MgAl,Oy spinel phases [52-54]. The Ni**—Co>* spinel-type
solid solution and NiCo,04 spinel also can be formed at high
calcination temperatures [55]. These spinel-type solid solution

phases and spinel phases in the catalysts are indistinguishable
by XRD (Fig. 10) due to their similarity. This result is under-
standable, because the major components of the catalysts are Al
and Mg, which could form similar solid structures from identi-
cal preparation processes.

3.2.4. Oxidation states of Ni and Co

Fig. 11 shows that, based on XPS analysis, NiZt (854 and
860 eV) [57] was predominant in the Ni monometallic cata-
lyst, and Co3t (777 eV) [58] was present in large amounts in
the Co monometallic catalyst. However, other oxidation states
for both metals, such as Ni3T and Co?*, increased in the Ni—-Co
(L) bimetallic catalyst. It is interesting to note that part of the Ni
shifted from a lower oxidation state to a higher oxidation state,
and part of the Co shifted from a higher to a lower oxidation
state. This indicates an electron transfer between Ni and Co in
the bimetallic catalyst, which is believed to protect metal from
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oxidation during the reaction [25]. This further confirms the
near-distance interaction between the two metal atoms, which
may easily form Ni—Co alloy on the catalyst surface during re-
duction.

Ni catalyst
s
s |
> Co catalyst :
B i
c |
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E :
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Fig. 9. TPR profiles of Ni and Co monometallic and Ni—Co (L) bimetallic cat-
alysts calcined at 900 °C.
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Fig. 10. XRD analysis of Ni and Co monometallic and Ni—Co (L) bimetallic
catalysts calcined at 900 °C.
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3.3. Catalyst activity, stability, and carbon resistance

Initial catalyst activity has a direct correlation with active
metal content. This is why the Ni—Co bimetallic catalyst with
higher Ni-Co content had higher initial activity than the Ni—
Co (L) catalyst (Fig. 6). However, comparing the activity for
monometallic and bimetallic catalysts showed that the synergy
between Ni and Co made a significant difference. Table 4 and
Fig. 12 show the test results of the Ni and Co monometallic cat-
alysts and the Ni—Co (L) bimetallic catalyst at 750°C, 1 atm,
F =5.5 L/h, CH4/CO2/N> = 1/1/1, and 0.025 g of catalyst.
The Ni and Co monometallic catalysts seemed to have similar
performance, with no significant differences in either activity or
carbon formation over the two monometallic catalysts. Ni-Co
(L) bimetallic catalyst, on the other hand, had higher activity
and no detectable carbon formation. This synergistic phenom-
enon of the two active metals has been reported by others as
well. Becerra et al. [59] reported that the combination of Ru and
Ni significantly improved the catalyst activity for carbon diox-
ide reforming of methane as a result of the increased number
of metal surface atoms. Rinkowski et al. [56] observed that the
surface metal atoms are enriched in the Ni—Pt bimetallic sys-
tem due to Ni surface enrichment. Along with the active metal
content on the catalyst surface, metal dispersion and degree of
catalyst reduction are important factors affecting catalyst ac-
tivity [60]. The metal dispersion had been enhanced by the
synergy of Ni—Co in bimetallic catalyst (Table 3). The degree
of catalyst reduction was likely increased, as confirmed by the
lower temperature of the reduction peak maximum and larger
peak area of Ni—Co (L) (Fig. 9).

Compared with the Ni and Co monometallic catalysts, the
Ni—Co (L) bimetallic catalyst showed not only higher activ-
ity, but also better stability and carbon resistance (Table 4 and
Fig. 12). Fig. 12 clearly shows that the activity of Ni and Co
monometallic catalysts dropped during the 28-h stability test,
but the activity of Ni—Co (L) bimetallic catalyst stayed the
same as its initial value. TG analysis revealed that Ni and Co
monometallic catalysts had relatively the same carbon forma-
tion rate (0.003186 and 0.003973 g./gca-h, respectively), but

Co 2p3;»

Co catalyst

Ni-Co(L) catalyst

Counts (a.u.)

Binding Energy (eV)

Fig. 11. XPS spectra of Ni 2p3/y and Co 2p3, in Ni and Co monometallic and Ni—Co (L) bimetallic catalysts calcined at 900 °C.
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Table 4

Activity and carbon formation rate of Ni and Co monometallic and Ni—Co (L) bimetallic catalysts

309

Catalyst Initial conversion (%) Final conversion (%) Average carbon formation rate
CHy CO, CH, CO, (8c/gcat-h)
Ni 62.9 73.4 58.0 69.5 0.003186
Co 67.6 77.0 58.3 71.2 0.003973
Ni—Co (L) 83.8 87.0 83.9 87.1 0
0.0008 . . . ..
% ------------------- Ao PANREREREEE é phases also contributed to the high catalytic activity and excel-
1 & & lent carbon resistance.
~ 0.0007 A
» 1 RPN
g O ' S % """""" 8 4. Conclusion
2 0.0006 | l; """" ’
o ]
£ 0.0005 —— Ni—Co bimetallic catalysts composed by coprecipitating
' ' 1 Ni-, Co-, Al-, and Mg-containing precursor solutions demon-
0.0004 ] strate excellent performance for carbon dioxide reforming of
' 0 5 10 15 20 25 30 methane. The synergy of Ni and Co in the bimetallic catalysts

Time-on-stream (h)
——Ni —8—Co —&—Ni-Co ---¢-- Ni ---E--- Co ---A--- Ni-Co

Fig. 12. Comparison of stability of Ni-Co (L) bimetallic catalyst and Ni and Co
monometallic catalysts (solid line: CHy reaction rate; dotted line: CO reaction
rate). Reaction conditions: 7' = 750°C, P = 1 atm, F = 5.5 L/h, CH4/CO,/N,
= 1/1/1, 0.025 g catalyst.

the Ni—Co (L) bimetallic catalyst had no detectable carbon for-
mation (Table 4). Carbon formation appeared to be the major
reason for catalyst deactivation for the monometallic catalysts.
Bradford and Vannice [13] reported that inactive carbon in the
form of filamentous whiskers was primarily responsible for the
catalyst deactivation. TEM analysis showed such filamentous
whiskers were formed on the higher Ni-Co content bimetallic
catalyst. The good stability of the Ni—Co (L) catalyst can be
ascribed to its high carbon resistance.

Different authors attributed carbon resistance to different
properties. Ruckenstein and Hu [17,18] attributed the stability
and carbon resistance of NiO/MgO to the formation of a solid
solution between NiO and MgO. Zhang et al. [34] and Chang
et al. [35] reported that promoting the basicity of catalysts by
adding K and Ca enhanced the adsorption of CO; and thus sup-
pressed carbon formation. Other studies [61-63] have indicated
that high carbon resistance was due to the strong metal-support
interaction (SMSI). In our case, we believe that formation of
solid solutions occurred in both the bimetallic catalyst and the
monometallic catalysts (Fig. 10). The TPR profiles indicate that
the bimetallic catalysts had SMSI, confirming the findings of
previous studies [61-64]. Our monometallic and bimetallic cat-
alysts had no basicity, as demonstrated by CO,-TPD. (TPD
results are not shown, because all CO,-TPD profiles were flat
lines without any CO;-desorption peaks.) Comparing the car-
bon resistance of the Ni—Co (L) bimetallic catalyst and the Ni
and Co monometallic catalysts leads us to believe that the excel-
lent carbon resistance of Ni—Co (L) is resulted from the synergy
of Ni and Co, better metal dispersion, and smaller metal en-
sembles. In addition, the formation of various spinel-type solid
solutions, the SMSI, and the good sintering resistance of MgO

provides not only high activity, but also very good carbon re-
sistance, and thus creates catalysts with outstanding stability.
Comparative studies conducted with Ni and Co monometallic
catalysts and Ni—Co bimetallic catalyst show that the superior
performance of Ni—Co catalysts comes from the synergetic ef-
fect, good metal dispersion, high metallic surface, formation of
different types of solid solutions, and SMSI.
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