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Abstract

Titania-supported cobalt and nickel bimetallic catalysts were investigated for CO2 reforming of methane to synthesis gas at 1023
under ambient pressure. Bimetallic Co–Ni/TiO2 catalysts with an appropriate Co/Ni ratio showed highly stable activities without carb
deposition. Whereas the monometallic Co/TiO2 catalyst deactivated rapidly because of the oxidation of metal, 10 mol% substituti
nickel for cobalt suppressed the oxidation of metal, providing a high catalytic stability. However, the catalysts with excess nicke
(>80 mol%) underwent carbon formation. X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) analyses reveal
homogeneous alloy of cobalt and nickel was formed from bulk to the surface by the H2 reduction, and the alloy was stable during reformi
The advantages of the bimetallic catalysts are high resistance to undesirable metal oxidation and coking, through the control o
between CH4 and CO2.
 2005 Elsevier Inc. All rights reserved.
Keywords: Cobalt; Nickel; Bimetal; Alloy; Titania; Methane; COreforming; Strong resistance to coking
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1. Introduction

Carbon dioxide reforming of methane to synthesis
(CH4+CO2 � 2CO+2H2) has been of great interest for th
technology of natural gas conversion, since the reaction
optimize the H2/CO ratio when combined with, for instanc
steam reforming of methane. In general, carbon forma
on catalysts is a serious issue for the reaction. Suppo
noble metals, such as Rh, Ru, Pd, Pt, and Ir, can pro
operations with lower carbon deposition in the CH4/CO2
reaction[1]. However, from a practical point of view, no
ble metals are unsuitable for industrial use, considering t
high cost and restricted availability. Hence, supported Ni
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alysts are commonly applied because of their low cost[2].
The nickel catalysts are known to show high catalytic
tivity; however, nickel catalysts easily induce formation
graphitic carbon, causing catalyst deactivation and plug
of a reactor tube[1,2].

There have been a number of discussions on how to a
carbon formation[3,4]. A number of contributions hav
claimed that the nature of the supports strongly affects
catalytic behavior and carbon deposition for the CH4/CO2

reaction[5–10]. Among oxides titania is reported to be
excellent support for suppressing carbon deposition[5–7,
10–16]. It is proposed that during H2 reduction, the partially
reduced TiOx species would migrate on the metal parti
(so-called strong metal support interaction (SMSI)[17,18]),
destroy large ensembles of the metal species, and crea

highly active sites for the reforming at the boundary between
metal and support, resulting in reduction of the amount of
carbon deposits[7,11].
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Another idea for minimizing carbon deposits is preve
ing carbide formation on the metal particles, because car
formation is suggested to be the essential intermediate
carbon formation[4]. It has been reported that doping Ni ca
alysts with other metal, such as tin[19], chromium[20,21],
or manganese[22,23], has a significant effect on the su
pression of carbide formation. Some detailed studies[24,25]
have shown that additives like potassium, sulfur, and g
preferentially bind to the step sites working as the cok
sites and, hence, suppress graphite formation, without
nificantly influencing the catalytic activity for the reformin

It has also been reported that the addition of cobal
nickel catalysts reduces coke formation during reactio
such as CO methanation[26], partial oxidation of methan
to synthesis gas[27,28], and steam or CO2 reforming of
methane[29]. Bartholomew et al. suggested that suppr
sion of coke formation by the addition of cobalt to nick
catalyst for CO methanation would be due to enhancem
of the hydrogenation of atomic carbon and/or inhibition
the formation of carbide species in the metal crystal[26].
However, the beneficial effects and the nature/state of
bimetallic catalysts remain unclear and needed to be inv
gated.

Cobalt has attracted interest as an active metal
the CO2 reforming of methane[13–16,30]. The authors
have studied the CO2 reforming of methane over 0.5 wt%
Co/TiO2 at 2.0 MPa, where carbon formation is highly f
vored, as predicted by thermodynamic equilibrium[13,14].
The Co/TiO2 catalyst showed a high tolerance to carbon
position but gradually deactivated because of the oxida
of the metallic cobalt. In fact, a partial substitution of nick
for cobalt (typically Co/Ni = 90/10) enhanced catalytic sta
bility dramatically[15]. It is speculated that, by accelerati
methane decomposition, the nickel provides reductive
drogen to the cobalt via spillover phenomena[31,32], thus
inhibiting oxidation of the cobalt. However, it is difficult i
practice to clarify the state of the bimetals because of
necessity for low metal loading (0.5 wt%) for high-press
operations.

At atmospheric pressure, higher loading of the me
can also be applied for stable operations[13], and 10 wt%
Co/TiO2 was investigated thoroughly[16]. It is proposed
that, during CH4/CO2 reforming, the reactions betwee
CH4 and CO2 should be balanced appropriately[16,30]. The
coke species formed by decomposition of CH4 on the metal
has to be removed by the activated oxygen species de
from CO2. The cobalt catalysts tended to be deactivated
oxidation of the metal, implying that the oxygen spec
derived from CO2 reacts more preferentially than the co
species derived from CH4.

This contribution pertains to the carbon dioxide refor
ing of methane over the bimetallic Co–Ni/TiO2 catalysts
(metal loading 10 wt% in total) at atmospheric pressu

The purpose of this work is to combine the nature of cobalt
(stronger affinity for oxygen species) and with that of nickel
(stronger affinity for carbon species) and to suppress both
talysis 232 (2005) 268–275 269

metal oxidation and carbon formation. Catalysts with v
ious Co/Ni ratios have been prepared and tested for C2
reforming of CH4. To clarify the beneficial effects of th
bimetallic catalysts, the state and nature of the Co–Ni/T2
catalysts have been extensively characterized.

2. Methods

2.1. Catalyst preparation

Co–Ni/TiO2 catalysts were prepared by incipient wetn
co-impregnation of an aqueous solution of Co(NO3)2 ·6H2O
and Ni(NO3)2 · 6H2O (Wako Pure Chemical Industries Ltd
with TiO2 (Ishihara Sangyo; A-100, anatase phase), wh
is pre-calcined at 773 K for 15 h. The metal loading w
set at 10 wt% for Co/TiO2, and cobalt was replaced wit
the same moles of nickel. The catalysts were dried at ro
temperature and then at 373 K overnight, followed by c
cination at 673 K for 4 h in flowing air to remove ligand
from the cobalt and nickel precursors. The powder-form
alysts were pressed into pellets, crushed, and sieved to o
grains with diameters between 600 and 900 µm. Cata
with the ratio Co/Ni = m:n are denoted CoNi(m:n)/TiO2.

2.2. Catalyst characterization

Temperature-programmed reduction (TPR) measurem
were carried out over 0.1 g of the calcined catalysts fr
room temperature to 1223 K, at a rate of 10 K min−1 in
flowing H2/Ar gas (5:95 vol/vol mixture with a total flow
of 30 ml min−1). The hydrogen consumption was monitor
with a TCD.

The specific surface area of the catalysts after H2 reduc-
tion was determined by the BET method. The amount
chemisorbed CO were determined by a pulse method.
ically 0.1 g of catalyst was reduced in situ at 1123 K
1 h in a H2 flow and flushed with He (>99.999% purity) at
each temperature for 15 min. Pulses (pulse volume 1.08
of 1% CO in He gas were injected through the catalyst
room temperature until no further adsorption of CO was
tected with a TCD.

XRD analysis was performed with a Rigaku Multifle
X-ray diffractometer with monochromatized Cu-Kα. Metal
crystallite sizes were calculated from line broadening w
the Scherrer equation[33].

X-ray photoelectron spectroscopy (XPS) was perform
with an ULVAC-PHI model 3057 ESCA system with
monochromatized Al-Kα (1486.7 eV, 200 W) under a pre
sure of approximately 10−9 Torr. After the reduction, the
catalysts were flushed with helium gas and kept in a clo
vial, then transferred into the spectrometer without expos

to the ambient air. The measurements were carried out under
approximately 1.0×10−6 Pa, and the C 1s peak at 284.8 eV
was used as a reference. To compensate for lost electrons
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during the measurements, a pass energy of 23.5 eV was
for all samples.

Deposited carbon was quantified by a temperature-
grammed oxidation (TPO) method. After the reaction,
catalyst was heated to 1273 K at a rate of 10 K min−1

in an O2/He mixture (5:95 vol/vol with a total flow of
50 ml min−1). COx gases derived from deposited carb
were passed through a methanator and then monitored
a flame ionization detector (FID).

TPO in CO2 measurement was carried out to investig
the oxidation behavior of the reduced catalysts. The incr
in the catalyst weight during oxidation of the reduced ca
lyst in flowing CO2 was monitored by differential thermo
gravimetry (TG), performed with SSC/5200, SII. The te
perature was increased from room temperature to 1223
a rate of 10 K min−1.

CH4 pulse reaction was carried out to investigate the
activity of the catalysts to CH4. After in situ reduction, high-
purity CH4 pulses (99.999%, pulse size 44.1 µmol) w
injected at 1023 K in Ar carrier (flow rate 30 ml min−1)
over 100 mg of the catalyst. The reactant and product g
were separated by an active carbon column and dete
with a TCD. In addition to the expected product (H2 and
C remaining on the catalyst surface), CO was observed
small quantity, which was probably derived from the re
tion between CH4 and impurities in the Ar carrier. Howeve
the amount produced was small (<2 µmol), and therefore
the total amount of converted CH4 was used to determin
the catalytic activity.

2.3. CH4/CO2 reaction

All catalysts were tested at atmospheric pressure. T
cally 0.5 g of the catalyst was loaded into a fixed-bed tub
inconel reactor (i.d. 6 mm). The axial temperature pro
was measured for the furnace without the catalyst bed.
sequently, the catalyst was placed in the isothermal zon
the furnace. The catalysts were reduced in situ in a H2 flow at
1123 K for 1 h. The reaction temperature was set at 102
CH4/CO2 gases were introduced into the catalyst bed
total flow rate of 50 N ml min−1 (space velocity (SV) 6000
ml g−1

cat h
−1). During the reaction, temperature at the inlet

the catalyst bed was measured (where the reaction wa
pected to occur to the largest extent). Throughout the s
of experiments, the temperature decrease in the catalys
due to the reaction was very small (1–2 K). Further det
of the procedure and apparatus have been described
where[16].

3. Results

3.1. The state of the reduced Co–Ni/TiO2 catalysts
For the CoNi(50:50)/TiO2 calcined at 673 K (before re-
duction) Co3O4 and NiO were observed in separate phases,
talysis 232 (2005) 268–275
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Fig. 1. TPR profiles for (A) Ni/TiO2, (B) CoNi(50:50)/TiO2, and (C) Co/
TiO2.

which was confirmed by XRD analysis (not shown).Fig. 1
shows TPR profiles for the Ni/TiO2, CoNi(50:50)/TiO2, and
Co/TiO2 catalysts calcined at 673 K. For Ni/TiO2 one peak
was observed, from around 600 K to around 800 K with
maximum at 690 K, corresponding to the reduction of N
to Ni0. For Co/TiO2 two continuous peaks were observe
one was observed at 490–650 K and the other ended b
850 K. These results indicate that the reduction of Co3O4 to
CoO occurred first, followed by reaction to metallic Co[34].
For the bimetallic catalyst the peaks were observed to
at a lower temperature of 460 K and end at 700 K. T
or more overlapped peaks were observed, which can b
signed to simultaneous reduction of Co3O4 and NiO. Note
that all nickel and cobalt oxides were reduced complete
the reduction temperature of 1123 K in this study.

In Table 1, the amounts of CO chemisorbed on redu
Co–Ni/TiO2 with different Co/Ni ratios are shown. The
amounts of chemisorbed CO increased with increasing
content (Co/TiO2, 1.08 µmol g−1; Ni/TiO2, 2.20 µmol g−1).
It should be noted that the values were fairly small for all c
alysts (0.06–0.13% dispersion, assuming CO/metal= 1 sto-
ichiometry). This may be partly ascribed to the strong m
support interaction phenomena of TiO2 [17,18] taking place
during high-temperature reduction (1123 K), which is d
cussed in the earlier report[16]. Alternatively, the specific
surface area of the catalysts did not vary among the cata
(for Co/TiO2 it was 5 m2 g−1

cat, and for Ni/TiO2, 3 m2 g−1
cat),

strongly depending on the structure of support TiO2 after the
reduction at 1123 K (rutile phase).

Fig. 2(I) shows the XRD patterns for Co/TiO2, CoNi
(50:50)/TiO2, and Ni/TiO2 after the reduction at 1123 K. Af
ter the reduction, the metallic phase of cobalt and nickel
observed. A phase transfer of TiO2 from anatase to rutile
was also observed. There is hardly any difference in T2

structure among these three catalysts after reduction. To in-
vestigate the metallic cobalt and nickel more intensely, nar-
row scanning on the metallic phase was carried out.Fig. 3(I)
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Table 1
CO chemisorption capacity, metal crystallite size, turn over frequency and the amount of deposited carbon for Co–Ni/TiO2 with different Co/Ni ratio

Co:Ni The amount of CO

chemisorbed (µmol g−1
cat)

Metal crystallite sizea (nm) Turn over frequency

for CH4 at 1 h (s−1)

Carbon amount
(wt%)Before reactiona After reaction

0:100 2.20 34 36 4.7 0.93
10:90 1.91 37 33 4.9 1.05
20:80 1.79 37 36 4.1 0.25
50:50 1.83 33 34 4.0 0.07
80:20 1.44 37 38 4.2 n.d.c

90:10 1.48 34 37 4.2 n.d.c

100:0 1.08 33 41b 1.0 n.d.c
a Calculated from line broadening using the Scherrer’s equation[33].

he
al

/or

ls
b CoTiO3 phase was formed after the CH4/CO2 reaction.
c n.d. (not detected) represents below 0.01 wt%.

Fig. 2. XRD patterns for (A) Ni/TiO2, (B) CoNi(50:50)/TiO2, and (C)
Co/TiO2 (I) before and (II) after the reaction. (!) Co0 or Ni0; (F)
TiO2–anatase; (2) TiO2–rutile; (P) CoTiO3.

shows XRD diffraction lines for the reduced catalysts. T
line assigned to TiO2 rutile (44.05◦) was used as the intern

standard to obtain reliable shifts of the peaks of the met-
als. The XRD pattern in a physically mixed sample of the
reduced catalysts (shown at the top ofFig. 3(I)) showed two
Fig. 3. (I) XRD patterns for the reduced Co–Ni/TiO2 with different Co/Ni
ratio and (II) Co/Ni ratio vs. peak maximum for the facet (111) of Co and
Ni.

separate peaks for the metals assigned to cobalt (44.22◦) and
nickel (44.51◦). In contrast, only one peak for the meta
was observed for all of the Co–Ni/TiO2 catalysts.Fig. 3(II)
shows the Ni content (in mol%) versus the 2θ value of the
peak. It can clearly be seen fromFig. 3(II) that the maxima
of the metallic peak were shifted in proportion to the Co/Ni

ratio. This reveals the formation of a homogeneous alloy of
Co and Ni during the reduction for all of the bimetallic cat-
alysts. Based on the assumption that all of the cobalt and
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Fig. 4. XP spectra for reduced Ni/TiO2, CoNi(50:50)/TiO2, and Co/TiO2.
(I) Ni 2p. (II) Co 2p.

nickel formed alloy by the reduction, the crystallite sizes of
the metal were estimated from XRD line broadening; these
are listed inTable 1. The crystallite sizes were comparable
for all of the reduced catalysts (33–37 nm).

The XRD results indicated the formation of alloy
Co and Ni in the bulk of the catalysts. XPS analysis w
used to obtain information on the surface state of the
loy. Fig. 4(I) shows XP spectra for Ni 2p. For the Ni/TiO2
catalyst the spectrum exhibited a peak at 852.7 eV,
for CoNi(50:50)/TiO2 the peak was observed at 852.8
and assigned to metallic nickel.Fig. 4(II) for Co 2p

shows the peak at 777.5 eV for Co/TiO2 and 777.4 eV for
CoNi(50:50)/TiO2, assigned to metallic cobalt. It is co
firmed that all of the metal oxides were reduced on all of
catalysts. In addition, the Co/Ni ratio for CoNi(50:50)/TiO2
was 45:55, indicating that the nearly stoichiometric surf
composition of cobalt and nickel was also obtained as
bulk composition of the metals for CoNi(50:50)/TiO2. No
evidence of electronic effects due to alloying of cobalt a
nickel, such as transfer ofd-electrons between metals[35],
was observed for CoNi(50:50)/TiO2.

3.2. Catalytic performance over Co–Ni/TiO2 and the state
of the used catalysts

Fig. 5 shows CH4 conversion versus time on strea
over Co–Ni/TiO2 with different Co/Ni ratios. The turnover
frequency (TOF) was calculated from the CO chemiso
tion capacity, assuming that the surface state remained
changed during the reaction; this is given inTable 1. It
can be seen fromFig. 5 that, whereas the Co/TiO2 cata-
lyst lost its activity during the initial stage of the reactio
CoNi(90:10)/TiO2 showed much higher and more stab
activity (CH4 conversion 34%). The catalytic activity in
creased gradually with increasing Ni content (CH4 conver-
sion 50.6% for Ni/TiO2). Remarkably, the deactivation wa
not observed for 24 h for all of the Co–Ni/TiO2 and Ni/TiO2
catalysts. In terms of TOF, CoNi(90:10)/TiO2 improved dra-
matically. Among the catalysts with a Co/Ni ratio of 90:10
to 20:80, the values were very similar (4.0–4.2 s−1). It can
be inferred that the cobalt and nickel catalyze the reac
Fig. 5. Time on stream vs. CH4 conversion for Co–Ni/TiO2 with different
SV= 6000 ml g−1

cat h
−1.)
Co/Ni ratio. (Reaction conditions: CH4/CO2 = 1; 1023 K; 0.1 MPa;
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Fig. 6. dTG profiles of TPO in CO2 for (A) Ni/TiO2, (B) CoNi(50:50)/
TiO2, (C) Co/TiO2.

equivalently over these catalysts. The CoNi(10:90)/TiO2 and
Ni/TiO2 catalysts showed slightly higher TOFs (4.9 a
4.7 s−1, respectively). Thermodynamic equilibrium for CH4
conversion at 1023 K is 83.4%, which is far above the
served values. To determine whether mass transfer lim
tions existed, the following measurements were also car
out. First, changing the catalyst weight and reactant sp
velocity simultaneously, to keep the contact time the sa
did not affect conversion values. Subsequently, the sam
periment conducted with a smaller catalyst grain size did
show a significant difference in conversions. It was there
concluded that external and internal mass transfer limitat
can be neglected, and the measurements were carried o
der the kinetic domain.

Table 1 also lists the amounts of carbon deposited
the catalysts after the reaction for 24 h. The Co/TiO2 cat-
alyst, which showed fairly low activity, did not experien
any carbon formation. The amounts of carbon increa
slightly with increasing Ni content in the catalyst. In pa
ticular, more carbon was formed over the catalysts with h
nickel content, CoNi(90:10)/TiO2 (1.05 wt%) and Ni/TiO2
(0.93 wt%). It should be noted that the yield of carbon w
still negligible compared with the yield of CO; for examp
for Ni/TiO2 the yield of carbon was approximately 0.01
whereas the yield of CO was 56.6%.

The XRD patterns for the catalysts after 24 h of cataly
tests are shown inFig. 2(II). It can be seen for all of the ca
alysts that the TiO2 rutile phase remained nearly the sam
For Co/TiO2, the CoTiO3 phase was observed and the
tensity of the metallic cobalt phase decreased during
reaction, indicating that the oxidation of cobalt had tak
place[16]. The metallic phases in XRD patterns after the

action for all of the bimetallic catalysts and nickel catalyst
were still observed, and the 2θ values of peak maxima re-
mained unchanged before and after the reaction (not shown)
talysis 232 (2005) 268–275 273
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-

Table 2
CH4 decompositiona over Co/TiO2, CoNi(50:50)/TiO2 and Ni/TiO2

Catalyst
(metal)

The amount of CH4
converted (µmol)

TONCH4
b

Ni 19.37 88.1
CoNi(50:50) 12.87 70.3
Co 4.68 43.3

a 44.1 µmol of CH4 was pulsed.
b Turn over number (TON) was calculated from the mole of the rea

CH4 divided by the mole of the chemisorbed CO.

suggesting that the state of the alloy was sustained durin
reaction. The crystallite sizes remained constant during
reaction regardless of the Co/Ni ratio (seeTable 1), suggest-
ing that the degree of sintering was not significant for an
the catalysts.

Oxidation of the metal can be a cause of deactivat
as observed in the case of Co/TiO2 [16]. To investigate
the oxidation behavior of the reduced catalysts, TPO
carried out with CO2; the profiles are shown inFig. 6.
CoNi(50:50)/TiO2 showed a peak at around 1060 K, and
peak ended below 1180 K. Compared with Co/TiO2 catalyst
(the peak at 1030 K), the temperature of the oxidation p
was 30 K higher, indicating higher tolerance to oxidat
of metal. For Ni/TiO2, the oxidation temperature of nick
is much higher than that of Co/TiO2 and CoNi(50:50)/TiO2
(the peak at 1180 K). After the measurements, it was c
firmed by XRD analysis that titanate phases were forme
all of the catalysts, that is, CoTiO3 and NiTiO3 (not shown).

Activation of CH4 is considered to be the initial and
very important step for reforming[1]. Hence, CH4 pulse re-
action (in the absence of CO2) was carried out over Ni/TiO2,
CoNi(50:50)/TiO2, and Co/TiO2; the results are compiled i
Table 2. It can be seen that the activity for CH4 decomposi-
tion (both net conversion and TON) is in the order Ni/TiO2 >

CoNi(50:50)/TiO2 > Co/TiO2, indicating that CH4 decom-
position is more facile over the catalysts with higher Ni co
tent.

4. Discussion

4.1. The state and catalytic behavior of the bimetallic
Co–Ni/TiO2 catalysts

First of all, the state of the metal in the bimetallic c
alysts will be discussed. The XRD analysis showed o
one peak for the metallic phase for the Co–Ni/TiO2 cat-
alysts (Fig. 3(I)). As seen inFig. 3(II), the shift of the
metallic peak from cobalt to nickel was observed in prop
tion to the Co/Ni ratio, indicating the formation of alloy in
the bulk of the catalysts. The surface Co/Ni composition
for CoNi(50:50)/TiO2 had an almost stoichiometric valu
,

(Co/Ni = 45:55), which was confirmed by XPS analysis.
The formation of uniform alloy from bulk to surface can be
achieved during the reduction starting from the separate NiO
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Fig. 7. Co/Ni ratio vs. CH4 conversion and coke amount for Co–N
TiO2. (Reaction conditions: CH4/CO2 = 1; 1023 K; 0.1 MPa; SV=
6000 mlg−1

cat h
−1.)

and Co3O4 phases. It was also confirmed that the state of
alloy remained unchanged during the CH4/CO2 reforming.

The Co–Ni alloy catalysts showed highly stable ac
ities for CH4/CO2 reforming. It can be seen fromFig. 5
that the monometallic Co/TiO2 catalyst deactivated rapidl
Since no carbon formation was observed (Table 1) and the
XRD analysis indicated the formation of the titanate ph
after the reaction (Fig. 2(II)(C)), the low activity and deac
tivation of Co/TiO2 are attributed to the oxidation of meta
which was discussed thoroughly in the earlier report[16].
The small amount of substitution (10 mol%) of nickel f
cobalt improved the catalytic activity and stability drama
cally, suppressing the oxidation of metallic cobalt. The C4
conversion increased gradually with increasing Ni con
(seeFig. 5). The carbon amount increased drastically w
the introduction of higher Ni content (>80%). Although the
carbon formed during the reaction did not cause the d
tivation in this study, the accumulation of deposited carb
on the catalyst may cause an undesirable pressure dr
blockage of the reactor[1,2]. The correlation between con
versions and coke amounts as a function of Ni conten
shown inFig. 7. It can be seen that an inhibition of oxid
tion observed over monometallic Co/TiO2 is achieved by the
addition of small amounts of Ni in the catalyst, and the s
pression of carbon formation that occurred over the cata
with high Ni content is achieved by the addition of app
priate amounts of Co in the catalyst; that is, there seem
be an ideal Co/Ni ratio that can provide the ideal operatio
without metal oxidation and carbon formation.

4.2. Nature of the Co–Ni/TiO2 catalysts for CH4/CO2
reforming

Now the parameters/nature of the catalyst that affect
catalytic activity, stability, and the carbon deposition will
discussed. From TPR spectra for Co–Ni/TiO2 (Fig. 1), the
reduction of metal oxide would be complete below 800
The crystallite sizes of the metal before and after the re

tion (Table 1) and BET surface areas were similar among all
of the catalysts. CO chemisorption capacity is the only para-
meter that varied for the reduced catalysts, which increased
talysis 232 (2005) 268–275

r

with increasing Ni content. Hence, the TOF was calcula
from the amounts of CO chemisorbed and compared am
the catalysts. In fact, 10 mol% nickel substitution in t
cobalt catalyst improved the TOF (4.2 s−1), and the val-
ues remained constant, even when more nickel was ad
up to 80 mol%. The excess of nickel in the catalyst (9
100 mol%) led to a higher TOF (4.7–4.9 s−1) but also to
carbon formation. As can be seen inFig. 7, there is no pro-
portional relationship between the catalytic activity and
Co/Ni ratio. It is more likely that the metal property wa
changed by the formation of alloy with a different Co/Ni ra-
tio, to exhibit the synergistic effects of cobalt and nickel
terms of the reactivity for the reforming.

It is generally known that CH4 can decompose only o
the metal surface, not on the support, whereas CO2 can
also be activated on the support[7,8,36]. In the current
study, all Co–Ni/TiO2 catalysts consisted of the same su
port and same treatment, implying that the support eff
should be comparable among the catalysts. Therefore, th
action with only methane was investigated because it sh
reflect the metal properties directly. CH4 pulse reaction re
sults (Table 2) indicate that the CoNi(50:50)/TiO2 catalyst
showed moderate activity between the Ni catalyst and
Co catalyst. The turnover number (TON) of CH4 converted
over the CoNi(50:50)/TiO2 catalyst was much higher tha
that over the Co catalyst. It is assumed that the decomp
tion of methane provides hydrogen to the catalyst (CH4 →
C + 2H2). Therefore, it is concluded that the improveme
of CH4 decomposition activity observed for the bimetal
catalyst suppresses the oxidation of metal during the refo
ing. On the other hand, the Ni/TiO2 catalyst showed eve
higher activity for CH4 than CoNi(50:50)/TiO2. Higher ac-
tivity for CH4 decomposition leaves a larger amount of co
species on the metal surface, which becomes inactive ca
and therefore has to be removed to proceed with reform
This control of CH4 decomposition activity explains why th
Co–Ni/TiO2 catalyst showed higher tolerance to carbon f
mation than did Ni/TiO2. To conclude, the catalyst with th
appropriate Co/Ni ratio could inhibit both metal oxidation
and carbon formationkinetically during CH4/CO2 reform-
ing.

Furthermore, the oxidation of the Co–Ni metal alloy
CoNi(50:50)/TiO2 took place at a higher temperature th
the oxidation of monometallic Co catalyst (seeFig. 6). It
is suggested that the Co–Ni alloy on TiO2 was more resis
tant to oxidation to the titanate phase than was monomet
cobalt. The formation of alloy enhances the resistance to
unfavorable oxidation of the metal, giving more stable ac
ity for the reforming.

It is possible to control the rate of reactions betwe
oxidative (CO2, H2O) and the reductive (CH4, CO, H2)
species on the catalyst surface[15,16,30]. Our results sug
gest that, together with the strong interaction of TiO2 with

metal[16], the metal surface on the catalysts with appropri-
ate activity can be designed by adjustment of the appropriate
composite of cobalt and nickel to avoid any deactivation of



of Ca

for
c-
d

etal
can
for

l-

v-
eous

iO
etal
alt

nd
st,
tion

ver
el
or
sed
the
an

ut
de-

S

sis,
.

a-

34.
.

.

.
75.
978)

211

d.

66

45

,

209

.M.
3.
lsen,

.
om-

7)

l 77

73

) 1.

w

.

K. Takanabe et al. / Journal

the catalyst. The beneficial effects of alloying Ni to Co
CH4/CO2 reforming are (1) promotion of the catalytic rea
tivity, especially CH4 activation on the metallic surface, an
(2) improvement of the tolerance to the undesirable m
oxidation. The knowledge obtained through this study
be applied further to develop highly efficient catalysts
CH4/CO2 reforming.

5. Conclusions

CO2 reforming of CH4 was carried out over bimeta
lic Co–Ni/TiO2 catalysts with different Co/Ni ratios. The
bimetallic Co–Ni/TiO2 catalysts showed highly stable acti
ities. XRD and XPS analyses revealed that a homogen
alloy of cobalt and nickel was formed after the H2 reduction
and remained after the reaction. The monometallic Co/T2
catalyst deactivated rapidly because of the oxidation of m
during the reaction. The small nickel substitution of cob
(10 mol%) dramatically improved the catalytic activity a
stability. Compared with the monometallic cobalt cataly
the bimetallic catalysts improved the resistance to oxida
to form titanate and the reactivity toward CH4 decomposi-
tion on the metal, giving a more reductive atmosphere o
the catalyst (e.g., H2 as a product). With the excess of nick
content (>80 mol%), the catalyst showed higher activity f
the CH4 decomposition and the reforming, but also cau
more carbon formation. With appropriate adjustment of
ratio of cobalt and nickel loading, the catalyst provides
optimum balance between the reactions of CH4 and CO2.
Long-lived Co–Ni/TiO2 catalysts that can be used witho
inducing carbon formation or metal oxidation have been
veloped for CH4/CO2 reforming.
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