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Abstract

The influence of reduction temperature on the catalytic behavior of 10 wt% Co/TiO2 catalysts, for CO2 reforming of methane to synthe
sis gas under atmospheric pressure, was investigated. Co/TiO2-anatase catalysts reduced at lower temperatures (� 1073 K) showed stable
activities. On the other hand, the catalyst reduced at higher temperatures (� 1123 K), where the crystal phase of TiO2 is transformed from
anatase to rutile during the reduction, provided almost no activity. In addition, Co/TiO2-rutile also showed very low activity, regardless of t
reduction temperature. No carbon deposition (< 0.01 wt%) was observed for any of the Co/TiO2 catalysts. XPS and XRD analysis reveal
that the main cause of low activity and deactivation of the catalyst was the oxidation of metallic cobalt. Experimental observation
that the large difference in initial activity corresponds to the different crystal structure of TiO2 after reduction.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

CO2 reforming of methane to synthesis gas (CH4 +
CO2 � 2CO+2H2) has been a topic of considerable inter
for natural gas conversion. It is well known that deposit
of carbonaceous species on catalysts is a serious issu
the reaction, causing catalyst deactivation and pressure
due to plugging of the reactor[1]. Carbon originates mainl
from two reactions: CH4 decomposition (CH4 → C + 2H2)
and CO disproportionation (2CO→ C + CO2) [2]. One of
the mechanisms proposed for the reforming of hydrocarb
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suggests that the hydrocarbon is dissociatively adsorbe
metallic sites, whereas CO2 is adsorbed on the support a
the adsorbed oxygen species derived from CO2 on the sup-
port reacts with the adsorbed carbon species derived
hydrocarbon on the metal[3,4]. To minimize the deposition
of carbon on the catalyst, it has been suggested that the
lyst should be designed to avoid large ensembles of the m
species that facilitates carbon formation[2] and to enhance
sorption of oxidants (i.e., CO2 and H2O) on the support tha
can remove the deposited carbon formed on the metal[5,6].

In general, supported noble metals, such as Rh,
Pd, Pt, and Ir, can lead to lower carbon deposition in
CH4/CO2 reaction[2]. However, from a practical point o
view, noble metals are unsuitable for industrial use, con
ering their high cost and restricted availability. Supported
catalysts are commonly studied because of their low c
however, nickel can easily induce carbon deposition.
though cobalt catalysts have not been a focus of atten
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until recently, it has been revealed that Co/MgO[7] and
Co/Al2O3 [8] showed considerable activity for the CH4/CO2
reaction, which suggests that cobalt could be a suit
metal.

In agreement with the mechanism mentioned ab
a number of contributors have suggested that the na
of the support strongly affects the catalytic behavior
carbon deposition in the CH4/CO2 reaction[2]. Among ox-
ide supports, TiO2 [3,9–17]and ZrO2 [4,18–22], which are
known to show strong interaction with the catalytic me
[23–25], effectively suppress carbon deposition. The p
posed mechanism[3,4,21] suggests that, by H2 reduction,
partially reduced oxide species, such as TiOx and ZrOx , mi-
grate onto the metal particles to destroy large ensem
of the metal and enhance the extent of the active inte
cial region between the metal and support. In this resp
pretreatment of TiO2- or ZrO2-supported catalysts with H2
can directly change the nature of the support at the per
ter of the metal, which is assumed to be the active site
CH4/CO2 reforming.

It should also be mentioned that TiO2 has two kinds
of stable crystal structures, anatase and rutile. The an
phase is irreversibly transformed to rutile at high tempe
ture. Studies of adsorption and reaction of CO[26–28]and
alcohol [29,30] on TiO2 suggested that the different bu
crystal structures of TiO2 influence the adsorption prope
ties and catalytic activities for the reactions. However, li
is known about the influence of the structural phase of T2
in the CH4/CO2 reaction.

The authors have studied Co/TiO2 catalysts for high-
pressure CH4/CO2 reforming, where coke formation
highly favorable [15–17]. The catalytic behavior signifi
cantly depended on the H2 reduction temperature, reactio
pressure, and possibly the phase composition of TiO2 (i.e.,
anatase and rutile)[15,16]. The optimized pretreatment pr
vides the catalyst with a strong resistance to coke forma
during the reaction, even at 2.0 MPa. However, becau
low loading of Co is essential for stable operation at h
pressure[15] and because of the practical difficulties
characterizing the catalysts in a high-pressure flow sys
the nature of the Co/TiO2 catalyst has not been well eluc
dated. In this contribution, the catalytic behavior and na
of Co/TiO2 catalysts for CH4/CO2 reforming at atmospheri
pressure will be discussed thoroughly. Prior to kinetic m
surements, catalysts prepared with TiO2, occurring only in
the anatase or rutile phase, have been reduced in H2 at differ-
ent temperatures. To determine the parameters that influ
catalytic behavior and deactivation, extensive characte
tion has been performed.

2. Methods

2.1. Catalyst preparation

Two types of TiO2 were obtained by calcination of TiO2
(Ishihara Sangyo, A-100) at 773 K (anatase phase, den
e

,

e

TiO2(a)) and at 1373 K (rutile phase, denoted TiO2(r)).
The phase compositions were confirmed by X-ray diffr
tion (XRD) analysis. The BET surface areas of TiO2(a) and
TiO2(r) were 11 and 2 m2 g−1, respectively.

Co/TiO2(a) and Co/TiO2(r) were prepared by incipien
wetness impregnation with the use of either TiO2(a) or
TiO2(r) and an aqueous solution of Co(NO3)2 ·6H2O. Cobalt
loading was set to 10 wt%. The catalysts were dried at ro
temperature and then at 373 K overnight, followed by c
cination at 673 K for 4 h to remove ligands from the cob
precursor. The powder-form catalysts were pressed into
lets, crushed, and sieved to obtain grains with diameters
tween 600 and 900 µm.

2.2. CH4/CO2 reaction

All catalysts were tested at atmospheric pressure. T
cally, 0.1–1.0 g of the catalyst was loaded into a fixed-
tubular inconel reactor (ID 6 mm) that was passivated w
alumina. The reactor was operated in an up-flow mode
the catalyst bed held between quartz wool plugs. Before
reaction, the catalysts were reduced in situ with a H2 flow
(25 ml min−1) at various temperatures in the range of 97
1223 K. The required temperature was reached at a ra
10 K min−1 and maintained for 1 h. After reduction, H2 was
purged with a flow of He gas, and the reactor was then
to a reaction temperature of 1023 K. CH4/CO2 gases were
passed through a bypass of the reactor to measure th
act feed composition and subsequently introduced into
catalyst bed at a total flow rate of 20–100 ml min−1 (space
velocity (SV) = 1200–60,000 mlg−1

cat h
−1). An ice-cold trap

was set between the reactor exit and a gas chromatog
(GC), to remove water formed during the reaction. The
actants and products were analyzed with an on-line
(Aera, M-200) equipped with a Porapak Q column, Mole
lar Sieve 5A column, and two thermal conductivity detect
(TCDs). After the reaction, the reactant gas was repla
with He at the reaction temperature, and subsequently
catalysts were cooled to room temperature for characte
tion. A blank test in the absence of the catalyst reveale
yield of CO or H2.

The exit composition of the gases, at the initial stage
the reaction, was continuously monitored by a quadrup
mass spectrometer (Q-MS), M-QA200TS from ANELV
Them/e values of 2 (H2), 16 (CH4), 28 (CO), and 44 (CO2)
were used. The intensities for all gases were calibrated
the GC after stable catalytic activities were obtained.
contribution of CO2 fragmentation to CO(m/e = 28) was
appropriately taken into account.

2.3. Catalyst characterization

X-ray photoelectron spectroscopy (XPS) was perform
with an ULVAC-PHI Model 3057 ESCA system and mon
chromated Al-Kα (1486.7 eV, 200 W) under a pressure
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approximately 10−9 Torr. Samples were pressed into p
lets and treated in the desired gas atmosphere and tem
ture. After each treatment, the pellets were purged in Ar
closed in glass capsules, then transferred into the spectr
ter system without exposure to the ambient air. The meas
ments were carried out under approximately 1.0× 10−6 Pa,
with the C1s peak at 284.8 eV as a reference. To compen
for the loss of electrons during the measurements, a pas
ergy of 23.5 eV was used for all samples.

XRD analysis was performed with a Rigaku Multiflu
X-ray diffractometer with monochromatized Cu-Kα. Metal
crystallite sizes were calculated from line broadening w
the Scherrer equation[31].

Quantification of deposited carbon was achieved b
temperature-programmed oxidation (TPO) method. A
the reaction, the catalyst was heated to 1273 K, at a h
ing 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 carbon were monitored with a methanator a
flame ionization detector (FID).

The specific surface area of the catalysts after H2 re-
duction was determined by the BET method. The amou
of chemisorbed CO were determined by a pulse injec
method. Typically, 0.1 g of catalyst was reduced in situ
the required temperatures for 1 h in a H2 flow and flushed
with He (> 99.999% purity) for 15 min at each temperatu
Pulses of 1.08 ml containing 1% CO in He were injec
over the catalysts at room temperature until no further
sorption of CO was detected with a TCD. Dispersion of
metal was calculated with the assumption of a 1:1 Co:
stoichiometry.

Temperature-programmed reduction (TPR) meas
ments were carried out over 0.1 g of calcined catalyst fr
room temperature to 1223 K, at a rate of 10 K min−1 in
flowing H2/Ar gas mixture (5/95 vol/vol with a total flow
of 30 ml min−1). The hydrogen consumption was monitor
with a TCD. A water-trap column was placed after the re
tor to remove the water formed during the TPR.

TPO of the reduced catalyst was carried out with the
of CO2 to investigate oxidation behavior. The temperat
was increased from room temperature to 1223 K at a ra
10 K min−1. The increase in the catalyst weight during o
dation of the reduced catalyst in flowing CO2 was monitored
by differential thermogravimetry (SSC/5200, SII).

3. Results

3.1. Catalytic behavior of the Co/TiO2 catalysts

Fig. 1shows CH4 conversions versus time on stream o
the Co/TiO2(a) catalysts reduced at different temperature
SV of 6000 ml g−1

cat h
−1. Conversions of CH4 and CO2 for

the Co/TiO2(a) and Co/TiO2(r) are listed inTable 1. From
Fig. 1, it is obvious that the activities of Co/TiO2(a) de-
creased with increasing reduction temperature. The cata
-

-
-

e
-

Fig. 1. CH4 conversion vs. time on stream for Co/TiO2(a) reduced at var
ious temperatures. Reduction temperature: (!) 973 K; (F) 1023 K; (")
1073 K; (1) 1123 K; (×) 1173 K; (+) 1223 K. (Reaction conditions
CH4/CO2 = 1; 1023 K; 0.1 MPa; SV= 6000 ml g−1

cat h
−1.)

reduced at 973–1073 K showed relatively high CH4 conver-
sions and became only slightly deactivated with prolon
usage. On the other hand, the catalysts reduced at 1
1223 K showed fairly low activity from the beginning of th
reaction. The activities for the Co/TiO2(r) catalysts reduce
within the temperature range of 973–1123 K were all v
low from the initial stage of the reaction (Table 1).

Fig. 2 shows the relative gas compositions for exit ga
monitored by Q-MS as a function of time, focusing on t
initial time on stream (< 60 s). For the Co/TiO2(a) cata-
lyst reduced at 1023 K (I), after the reactant gases w
introduced into the reactor, concentrations for all of the
components including reforming products, CO and H2, in-
creased and remained stable during the measurements
cating consistency with the reforming shown inFig. 1. On
the other hand, for the Co/TiO2(a) catalyst reduced at 117
K (II) and the Co/TiO2(r) catalyst reduced at 1023 K (III)
the concentrations of the reforming products, CO and2,
increased only initially and decreased rapidly to a very
level (20–40 s inFig. 2 (II) and (III)). The decreases in CO
and H2 occurred simultaneously with increases in CH4 and
CO2. These phenomena indicate that reforming procee
only slightly at the beginning of the reaction, and alm
all catalytic activity was lost immediately. The concentrat
of CH4 increased more rapidly than that of CO2, indicating
greater consumption of CO2 than of CH4. It should be noted
that CO and H2 were still produced after deactivation of th
catalyst. This suggests that the reaction proceeds, how
only in small quantity.

The Co/TiO2(a) catalysts reduced at 973–1073 K show
relatively stable activities (Fig. 1). Therefore, activity test
for the Co/TiO2(a) catalyst reduced at 1023 K were p
formed over a wide range of SV (1200–60,000 ml g−1

cat h
−1).

Fig. 3 shows CH4 conversions versus time on stream at
of 1200, 6000, and 60,000 ml g−1

cat h
−1. The conversion per

centages are listed inTable 1. The CH4 conversion increase
with decreasing SV as expected. However, the equilibr
values for conversions (83.5% for CH4) and yields were no
obtained even at the lowest SV of 1200 ml g−1

cat h
−1. At this
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Table 1
Conversions, yields and coke amounts for Co/TiO2(a) and Co/TiO2(r) reduced at various temperatures

Catalyst Reduction temperature Space velocity Time Conversion (%) Coke amount

(K) (ml g−1
cat h−1) (h) CH4 CO2 (wt%)

Co/TiO2(a) 973 6000 1 65.5 71.7
24 47.1 58.4 n.d.a

1023 1200 1 80.2 81.9
50 59.8 66.6 n.d.a

6000 1 55.7 64.3
24 43.4 54.7 n.d.a

60,000 1 20.5 33.1
24 n.d. n.d. 0.02

1073 6000 1 39.0 51.2
24 26.5 38.9 n.d.a

1123 6000 1 5.6 9.2
12 n.d. n.d. n.d.a

1173 6000 1 0.1 2.0
12 n.d. n.d. n.d.a

1223 6000 1 n.d. 0.2
12 n.d. n.d. n.d.a

Co/TiO2(r) 973 6000 1 2.4 5.4
12 n.d. n.d. n.d.a

1023 6000 1 0.8 2.0
12 n.d. n.d. n.d.a

1123 6000 1 n.d. n.d.
12 n.d. n.d. n.d.a

a n.d. (not detected) is below 0.01 wt%.
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SV, deactivation was pronounced at the beginning of the
action (within 6 h) but was suppressed with time. At a
of 60,000 ml g−1

cat h
−1, the catalyst initially showed reform

ing activity (CH4 conversion: 20.5%). However, the ca
lyst gradually lost activity with time and completely with
20 h.

3.2. Characterization of the Co/TiO2 catalysts

First, the TPO results revealed that no carbon was
tected (< 0.01 wt%) for any of the Co/TiO2 catalysts afte
the CH4/CO2 reaction (seeTable 1).

The Co 2p XP spectra for the Co/TiO2(a) catalysts re
duced at 1023 and 1123 K, before and after reaction (1
are shown inFig. 4. Peaks located at 777.4 and 777.5
characteristic for metallic cobalt, appeared for the catal
reduced at 1023 and 1123 K, respectively. For the cata
reduced at 1023 K, smaller intensity peaks in the 779
781 eV region, attributed to an oxide phase of cobalt, w
also observed. A peak at 777.2 eV, which can be assign
metallic cobalt, remained after the reaction. However, a la
shift of this peak to 780.1 eV was observed for the cata
reduced at 1123 K. This indicates that metallic cobalt
oxidized during the CH4/CO2 reaction.

Fig. 5 shows the XRD patterns of the Co/TiO2(a) cata-
lysts (I) reduced at 1023–1173 K, before the CH4/CO2 reac-
tion, and (II) after the CH4/CO2 reaction, respectively. Prio
to the CH4/CO2 reaction (seeFig. 5 (I)), the metallic cobalt
phase was observed for all of the catalysts (see the expa
scale on the right ofFig. 5). In addition, a slight phase tran
d

fer of TiO2 from anatase to rutile was observed at 1073
and predominantly so at 1123–1223 K. After the reac
(seeFig. 5 (II)), the metallic cobalt phase remained in t
catalysts reduced at 973–1073 K, with higher intensities
those before the reaction. However, for the catalysts red
at 1123–1223 K, the peak intensities for Co0 decreased
slightly during the reaction, and, instead, a CoTiO3 phase
was formed. Similarly, in the XRD pattern of the Co/TiO2(a)
catalyst after the reaction at a SV of 60,000 ml g−1

cat h
−1, the

CoTiO3 phase was observed with small intensity, as sh
in Fig. 5 (II) (A ′). On the other hand, for the XRD patte
of the catalyst after reaction at a SV of 1200 ml g−1

cat h
−1 (not

shown), the CoTiO3 phase was not observed as it was fo
SV of 6000 ml g−1

cat h
−1 (Fig. 5(II)). The XRD patterns of the

Co/TiO2(a) catalysts reduced at 973 and 1223 K, before
after reaction, were similar to those of the catalysts redu
at 1023 K (A) and 1173 K (D), respectively (hence, th
are excluded from the figures). With respect to Co/TiO2(r),
the XRD results displayed a tendency similar to that of
Co/TiO2(a) catalyst reduced at 1173 K before and after
reaction (not shown).

Physicochemical properties of the catalysts are comp
in Table 2. For Co/TiO2(a), the specific surface area d
creased with increasing reduction temperature. The
cific surface area decreased drastically with the reductio
1123 K, which corresponds to the predominant phase t
sition of TiO2 from anatase to rutile. For Co/TiO2(r), the
specific surface areas were the same for catalysts red
at 973–1123 K, because of the strongly sintered structu
TiO2(r) after calcination at 1373 K.
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Fig. 2. Relative intensity of the exit gases at the initial stage of the r
tion. (I) Co/TiO2(a) reduced at 1023 K; (II) Co/TiO2(a) reduced at 1173 K
(III) Co/TiO2(r) reduced at 1023 K.

Dispersion of cobalt was evaluated by CO pulse che
sorption measurements. For Co/TiO2(a), the dispersion o
cobalt decreased with increasing reduction temperatur
to 1073 K (0.36 to 0.11%) and then remained compara
above 1073 K (between 0.06 and 0.12%). For Co/TiO2(r),
dispersion of cobalt decreased gradually with increasing
duction temperature from 973 to 1123 K. It should be m
tioned that the dispersions for Co/TiO2(r) catalysts reduce
at 973 (0.22%) and 1023 K (0.19%) were lower than th
for the Co/TiO2(a) catalysts reduced at 973 (0.36%) a
1023 K (0.30%), but higher than those for the Co/TiO2(a)
catalyst reduced at 1073–1223 K(� 0.12%).

The cobalt metal crystallite sizes for the reduced c
lysts were evaluated from XRD line broadening. Compa
Fig. 3. CH4 conversion vs. time on stream for Co/TiO2(a) reduced at 1023 K
with different SV: (1) 1200 ml g−1

cat h−1; (F) 6000 ml g−1
cat h−1; (!) 60,000

ml g−1
cat h−1. (Reaction conditions: CH4/CO2 = 1; 1023 K; 0.1 MPa.)

Fig. 4. XP spectra of (A) Co/TiO2(a) reduced at 1023 K before reactio
(B) Co/TiO2(a) reduced at 1023 K after reaction, (C) Co/TiO2(a) reduced
at 1123 K before reaction, and (D) Co/TiO2(a) reduced at 1123 K afte
reaction. (Reaction conditions: CH4/CO2 = 1; 1023 K; 0.1 MPa, 1 h.)

ble values (26–35 nm) were obtained for all of the cataly
regardless of the support phase composition. For all c
lysts, the cobalt crystallite sizes increased slightly dur
the reaction at 6000 ml g−1

cat h
−1, indicating that the cobal

particles experienced moderate sintering. It should be n
that the peak intensities for metallic cobalt, in Co/TiO2(a) re-
duced at 1123–1223 K and Co/TiO2(r), decreased after th
reaction, and formation of CoTiO3 was observed for thes
catalysts. For the Co/TiO2(a) catalysts reduced at 1023
the crystallite size after the reaction (39 nm) at a SV
1200 ml g−1

cat h
−1, was distinguishably larger than before t

reaction (26 nm), indicating that the catalyst had und
gone sintering. For the catalyst after the reaction at a S
60,000 ml g−1

cat h
−1, the formation of the CoTiO3 phase was

accompanied by a decrease in the intensity of the Co m
lic phase.
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canning
Fig. 5. XRD patterns for Co/TiO2(a) reduced at different temperatures. (I) after the reduction, (II) after the reaction. Right box shows narrow s
diffraction peaks for Co(200). Reduction temperature: (A), (A′) 1023 K; (B) 1073 K; (C) 1123 K; (D) 1173 K. (!) Co0; (Q) CoTiO3; (F) TiO2-anatase;

(2) TiO2-rutile. (Reaction conditions: CH4/CO2 = 1; 1023 K; 0.1 MPa. SV= 6000 ml g−1
cat h

−1
, except (A′) 60,000 ml g−1

cat h−1.)

Table 2
Specific surface area, metal surface area, and Co0 crystallite size for Co/TiO2(a) and Co/TiO2(r) reduced at various temperatures

Reduction temperature Specific surface areaa CO adsorptiona Cobalt dispersion Space velocity Co crystallite sizeb (nm)

(K) (m2 g−1
cat) (µmol g−1

cat) (%) (ml g−1
cat h−1) Beforea Afterc

Co/TiO2(a)

973 11 6.07 0.36 6000 30 32
1023 10 5.07 0.30 1200 26 39

6000 26 28
60,000 26 38d

1073 9 1.80 0.11 6000 30 35
1123 5 1.08 0.06 6000 33 41d

1173 5 1.48 0.09 6000 34 37d

1223 3 2.00 0.12 6000 33 43d

Co/TiO2(r)

973 2 3.70 0.22 6000 29 –d

1023 2 3.16 0.19 6000 29 –d

1123 2 1.44 0.08 6000 35 –d

a Before CH4/CO2 reaction (after reduction).
b Calculated from line broadening applying the Scherrer’s equation[31].
c After CH4/CO2 reaction.
d CoTiO3 phase was formed.
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Fig. 6. XRD patterns for Co/TiO2(a) and Co/TiO2(r) after different treat-
ments. (A) Co/TiO2(a) after calcination at 673 K (before reduction); (
Co/TiO2(a) after CO2/He treatment at 1023 K following the reductio
at 1023 K; (C) Co/TiO2(r) after calcination at 673 K (before reduction
(D) Co/TiO2(r) after CO2/He treatment at 1023 K following reduction
1023 K. (") Co3O4; (Q) CoTiO3; (F) TiO2-anatase; (2) TiO2-rutile.

Fig. 7. TPR profiles for (A) Co/TiO2(a) calcined at 673 K, (B) Co/TiO2(r)
calcined at 673 K, (C) Co/TiO2(a) oxidized in CO2/He at 1023 K, and (D)
Co/TiO2(r) oxidized in CO2/He at 1023 K.

To follow the changes in the catalyst structure dur
the reduction, we carried out XRD analyses and TPR m
surements.Figs. 6A and C show the XRD patterns o
Co/TiO2(a) and Co/TiO2(r) calcined at 673 K (before re
duction). These patterns indicate that cobalt was prese
 s

an oxide, Co3O4, after calcination at 673 K for both anata
and rutile phases.Figs. 7A and B show TPR profiles of th
calcined Co/TiO2(a) and Co/TiO2(r). Both catalysts had two
main peaks with maxima at 590–650 K, and the H2 uptake
ended below 850 K. These results indicate that Co3O4 was
first reduced to CoO, and subsequently to metallic Co
discussed in an earlier report[32]. Since cobalt oxide wa
reduced completely below 850 K, the lowest reduction te
perature of 973 K in this study was sufficiently higher th
the temperature required to reduce the cobalt oxides c
pletely.

The XP spectra and the XRD patterns suggested for
tion of an oxidized phase of cobalt in some catalysts inv
tigated during the reaction; therefore, the oxidation beh
ior of the reduced catalyst in CO2 was investigated. Afte
Co/TiO2(a) and Co/TiO2(r) were reduced at 1023 K, the ca
alysts were treated in a CO2/He (1:1) mixture at 1023 K
The XRD patterns after this treatment are shown inFigs. 6B
and D for Co/TiO2(a) and Co/TiO2(r), respectively. It was
found that the metallic cobalt in Co/TiO2 was oxidized at
1023 K by CO2 to form CoTiO3, regardless of the TiO2
phase composition. After this treatment, TPR measurem
were carried out; the profiles are shown inFig. 7C for
Co/TiO2(a) and inFig. 7D for Co/TiO2(r). Each profile had
one peak at approximately 1000 K, indicating that red
tion of CoTiO3 had taken place for both Co/TiO2(a) and
Co/TiO2(r). It should be noted that the reduction temperat
of CoTiO3 was much higher than that of Co3O4 (< 850 K).
This implies that once CoTiO3 is formed it is difficult to re-
duce under the reaction conditions.

4. Discussion

4.1. Catalytic behavior and causes of deactivation for the
Co/TiO2 catalysts

There is general agreement that catalytic deactiva
during the CH4/CO2 reaction is caused by carbon deposit
on active sites, sintering of metal particles, and oxidation
the metal[2]. In the present study, no carbon was detec
(< 0.01 wt%) for any of the Co/TiO2 catalysts. The caus
of the deactivation for the Co/TiO2 catalysts in this study is
therefore, metal oxidation and/or sintering of metal.

The reduction temperature had a strong influence on
catalytic behavior of Co/TiO2(a) (Fig. 1). It was clearly
shown that the Co/TiO2(a) catalysts, reduced at 1123
1223 K, showed low activities for the reforming reacti
(Fig. 1). At the beginning of the CH4/CO2 reaction (Fig. 2),
CO2 consumption for the Co/TiO2(a) catalyst reduced a
1173 K (II) was much larger (complete CO2 consumption
within 10 s) than that for the Co/TiO2(a) catalyst reduced a
1023 K (I). The reforming did not occur significantly ov
the Co/TiO2(a) reduced at 1173 K, as seen by a small p
duction of hydrogen and its complete loss within 1 min
should be noted that the higher concentration of CH4 com-
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pared with CO2 (or higher concentration of CO to H2), for
all of the catalysts, is ascribed to a preferential reverse w
gas shift reaction (CO2 + H2 → CO+ H2O) over reform-
ing. However, in this case, the large CO2 consumption is
not due mainly to reforming, but to oxidation of the ca
lyst surface. It is assumed that the oxidation of the sur
metal and the reforming reaction occur simultaneously.
the Co/TiO2(a) catalyst reduced at 1023 K, reforming w
faster than the oxidation, showing constant activity for
forming, and for the Co/TiO2(a) catalyst reduced at 1173
and Co/TiO2(r) reduced at 1023 K, the oxidation of the me
was faster, resulting in a low activity for reforming.

XPS and XRD results give direct information about
surface state and the bulk state of the catalysts. In the
2p XP spectra (Fig. 4C and D) for Co/TiO2(a) reduced a
1123 K, which showed fairly low activity toward the rea
tion, the metallic cobalt (777.4 eV) was oxidized during
reaction (broad peak at approximately 780.1 eV). It was
ported that CoO, Co3O4, and CoTiO3 have binding energie
of cobalt at 780.0–780.5, 779.5–780.2, and 781.2 eV, res
tively [33–36]. Although the exact species of cobalt can
be clearly identified, the results obviously revealed that
face Co atoms in the catalysts were oxidized to Co2+ and/or
Co3+ during the CH4/CO2 reaction. In addition, XRD pat
terns show the formation of a CoTiO3 phase (Fig. 5(II)). The
XRD patterns still indicate the presence of metallic cob
even if the catalyst had lost all activity. However, sharp pe
of metallic cobalt were not observed, and peak intens
were lowered during the reaction, which confirms that
degree of sintering of metal was not significant. Theref
it was assumed that the oxidation of metallic cobalt wo
occur at the surface of Co particles, as was confirmed
XPS, and that CoTiO3 phase crystallization would procee
in the periphery between the metal and TiO2. It is also as-
sumed that Co in the core of the particles still remains me
lic, as detected by XRD. Similar results for the Co/TiO2(r)
catalysts reduced at 973–1123 K were obtained by X
analysis. Therefore, it was concluded from the kinetic m
surements and the XPS and XRD results that low activ
of Co/TiO2(a) reduced at higher temperatures (� 1123 K)
and Co/TiO2(r) can be attributed to rapid oxidation of th
surface cobalt.

In contrast, the Co/TiO2(a) catalysts reduced at 973
1073 K showed relatively high and stable activities (Fig. 1).
However, a moderate decrease in catalytic activity was
served during the reaction. Metal sintering during the re
tion was not significant compared with the decrease in
tivity (Table 2). Therefore, it is speculated that deactivat
for these catalysts is due to both metal sintering and ox
tion. The surface of metal particles can be oxidized slow
and therefore the catalysts showed mild deactivation.

To confirm this idea, the Co/TiO2(a) catalyst reduced a
1023 K was tested at different space velocities. The C4
conversion of the catalyst at a SV of 1200 ml g−1

cat h
−1 was

higher than that at 6000 ml g−1
cat h

−1, as expected (Fig. 3).
Deactivation was observed especially at the beginnin
-

the reaction and then gradually declined over time. X
patterns of the catalyst after reaction indicate the met
cobalt phase was retained during the reaction, but co
sintering occurred during the reaction, as was seen fro
change in crystallite size from 26 to 38 nm. This degree
sintering and increase in crystallite size was much gre
than that which occurred at a SV of 6000 ml g−1

cat h
−1 (26

to 32 nm). Therefore, the sintering of metal causes de
vation in this case. Although there are no additional dat
reveal the causes and the incidental effects of sintering,
suggested that the gas atmosphere of the latter part o
catalyst bed, where there are more products and fewe
actants, might have some influence on the catalyst, the
accelerating sintering of the metal.

With regard to the reaction at a SV of 60,000 ml g−1
cat h

−1,
Co/TiO2(a) reduced at 1023 K initially showed a 20% C4
conversion but was deactivated with time and comple
lost catalytic activity within 20 h (Fig. 3). Formation of the
CoTiO3 phase after the reaction (Fig. 5 (II) (A ′)) suggested
that the metallic cobalt on TiO2(a) was gradually oxidize
with time. The degree of sintering was not significant (Ta-
ble 2). Therefore, the main cause of complete deactiva
would be oxidation of the metal. It can be assumed
higher SV provides the catalyst with more contact with
reactants (CO2, CH4). In this context, the inlet part of th
catalyst in the reactor could be oxidized more easily bec
of a higher concentration of CO2. On the other hand, metall
Co in the latter part of the catalyst bed is exposed to redu
products and could be sintered (as observed for the cat
after the reaction at a SV of 1200 ml g−1

cat h
−1). From this

point, the cause of deactivation of the catalyst, reduce
973–1073 K during reaction at a SV of 6000 ml g−1

cat h
−1, is

attributed to slow oxidation of metal from the front part
the catalyst bed and sintering of metal at the latter part o
catalyst bed.

4.2. Key parameters for the differences in catalytic
behavior of the Co/TiO2 catalysts

After calcination at 673 K (before reduction), Co3O4 was
the only cobalt phase identified by XRD in the cataly
(Fig. 6A and C). InFig. 7, the TPR spectra of Co/TiO2(a)
and Co/TiO2(r) suggest that the lowest reduction tempe
ture, 973 K, must be high enough to reduce all cobalt
ides in the catalysts. However, the Co 2p XP spectrum for
Co/TiO2(a) reduced at 1023 K showed a rather small p
attributed to an oxide phase of cobalt. Note that the T
gave evidence that CoTiO3 was less reducible than Co3O4
(Fig. 7). These results indicate that trace amounts of CoT3
can be formed by calcination at 673 K and are not redu
by a reduction at 1023 K, although the amounts were
small to be detected by TPR and XRD analysis. This
in agreement with the report by Ho et al.[33] that surface
CoTiO3-like species, relatively less reducible, were form
in Co/TiO2 by calcination at 673 K. However, because
catalyst reduced at lower temperature (< 1123 K) showed
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much higher activity than the catalyst reduced at higher t
perature (� 1123 K), it is concluded that the difference
the reduction degree of cobalt is not a crucial factor reg
ing catalytic behavior.

For the Co/TiO2(a) catalysts reduced at 973–1073
which showed relatively high activity, and only moderate
activation during the reaction, catalytic activities decrea
with increasing reduction temperature (Fig. 1). Among these
catalysts the cobalt crystallite size, phase composition
TiO2, and the specific surface areas were very sim
and therefore the differences in activity are attributed
the amounts of cobalt available on the surface, which
creases with increasing reduction temperature (Table 2). The
Co/TiO2 catalysts have been reported as strong metal
port interaction (SMSI) catalysts[37]. It has been reporte
for TiO2-supported catalysts that the surface oxygen of T2

could be removed in the range of the temperatures inv
gated (� 773 K), and TiOx species would be generated a
cover the metal surface so that less CO chemisorption is
tected. The possibility has also been discussed[3,12] that
TiOx species could block a large ensemble of metal pa
cles that facilitate CH4 decomposition and the resultant co
deposition. In addition, the generation of those TiOx species
would have a number of oxygen defect sites that enha
CO2 dissociation and thus supply oxygen to the metal p
ticles and therefore remove the surface carbon species
synergistic effects of creating new active sites on CH4/CO2
reaction in the metal-support interfacial region will lead
an increase in turnover frequency (TOF) (s−1) [12,13]. In
this study, the dispersion was roughly estimated from
crystallite size from the following equation[37]:

D (%) = 96.2/d,

where D (%) is the dispersion percentage of cobalt, a
d is the particle size of cobalt, assuming an fcc struct
for Co. This calculation resulted in≈ 3% dispersion for
all of the catalysts studied, which is more than 10 tim
larger than the values calculated from CO adsorption m
surements (the highest dispersion is 0.36% for Co/TiO2(a)
reduced at 973 K) (Table 2). Therefore, it is confirmed tha
a higher reduction temperature increased the TiOx coverage
on metallic cobalt for the Co/TiO2 catalysts, without increas
ing the metal crystallite size significantly. Strong resista
to coke deposition would be due to a small exposure of
cobalt surface, which destroys the large ensemble of met
cobalt (coke deposition site) and creates active sites fo
forming, especially CO2 activation in the periphery of meta
particles. In the current work, the TOF increased with
creasing reduction temperature; for example, TOFs for C4
conversions after 1 h were estimated to be 4.0, 4.1,
8.1 s−1 for the Co/TiO2(a) catalysts reduced at 973, 102
and 1073 K, respectively (TOFs were calculated from
molar flow rate of converted CH4 divided by moles of CO
adsorbed to the metal). However, TiOx species may also
block active metallic sites for reforming, and therefore
e

Fig. 8. CH4 conversion at 1 h vs. dispersion of cobalt for the Co/Ti2
catalysts reduced at different temperatures. (F) Co/TiO2(a) reduced at
973–1073 K; (2) Co/TiO2(a) reduced at 1123–1223 K; (!) Co/TiO2(r)
reduced at 973–1123 K.

net value for conversions decreased with increasing re
tion temperature (Fig. 1, Table 1).

Compared with Co/TiO2(a) reduced at 973–1073 K
the Co/TiO2(a) catalyst reduced at 1123–1223 K and
Co/TiO2(r) catalyst reduced at 973–1123 K showed low
tivities from the beginning of the reaction (Figs. 1 and 2).
The metal crystallite sizes of Co/TiO2(a) and Co/TiO2(r) be-
fore the reaction (after reduction) were almost the same
these catalysts (Table 2). According to these results, the d
ferences in the catalytic activity at the initial stage of
reaction werenot attributed to the metal crystallite size. Th
relationship between CH4 conversion and cobalt dispersio
for the Co/TiO2 catalyst is described inFig. 8. As shown
in this figure, low activities observed at the beginning of
reaction arenot related to cobalt dispersion. The phase tra
fer from anatase to rutile was observed for the Co/TiO2(a)
catalyst at a reduction temperature of 1123 K (Fig. 5), and
therefore the catalytic behavior seems to depend on the
TiO2 structures, anatase or rutile. In other words, it is p
sible to say that the Co/TiO2(a) catalyst, which retained th
anatase phase, showed relatively high activity, whereas
Co/TiO2(a), which obtained the rutile phase during red
tion, and Co/TiO2(r), originally supported on rutile phas
showed fairly low activity due to rapid oxidation of metall
Co to CoTiO3.

Interestingly, the large differences in catalytic beh
ior are in accord with different TiO2 phase compositions
that is, formation of CoTiO3 is more favored on rutile
than on anatase phase in a CH4/CO2 reaction. Hence, th
CoTiO3 formation rate under CO2 treatment was compare
for CoTiO2(a) reduced at 1023 K and for Co/TiO2(r) with
the use of TPO with CO2 (Fig. 9). Oxygen uptake was ob
served above 773 K for both catalysts. Co/TiO2(a) gave a
maximum at 1030 K, and Co/TiO2(r), a maximum at 1100 K
The O/Co ratio, calculated from the net amount of oxyg
uptake, was approximately in the range from 1.0 to 1.1
addition, CoTiO3 was the only cobalt species observed w
XRD after these measurements (Figs. 6B and D). Therefore
the oxygen uptake would mainly correspond to the form
tion of CoTiO3 (Co+ TiO2 + CO2 → CoTiO3 + CO). Since



84 K. Takanabe et al. / Journal of Catalysis 230 (2005) 75–85

and

g

in

on
ic
oth
-

een
n th
etal
ded

-
,
re-

face
sur
cies
een
ult,
alt
ac-

f
ing

fect

po-
.
73–
rel-
the
inly

em-
rted
he
and
led

tal-
not
Co

e in
in

of
balt

s
ion

m-
e-
p-

S

ysis,
.

and

92)

a-

.
.

Fig. 9. Differential weight increase of Co/TiO2(a) and Co/TiO2(r) reduced
at 1023 K flowing CO2. Ramping rate: 10 K min−1.

Co/TiO2(a) had a lower temperature onset of the peak
peak maximum compared with Co/TiO2(r), it can be sug-
gested that Co/TiO2(a) was more reactive with CO2 than was
Co/TiO2(r) to form CoTiO3. This tendency toward formin
CoTiO3 in CO2 was different from that in the CH4/CO2 re-
action, because the CoTiO3 phase was formed more easily
Co/TiO2(r) after the CH4/CO2 reaction than in Co/TiO2(a).
In other words, the tendency to form CoTiO3 in CH4/CO2
cannot be predicted from the reactivity of Co supported
TiO2 with only CO2. Therefore, the difference in catalyt
activities would correlate with the state of active sites (b
metal and support participate)[3,4,19,21]on the catalyst sur
face and with the kinetics of the reactions with CH4/CO2
on those sites, where reductive (CH4, H2, CO) and oxida-
tive (CO2, H2O) species coexist. When the reaction betw
these reductive and oxidative species keeps balance o
catalyst surface, no carbon deposition or oxidation of m
occurs, and accordingly the catalyst exhibits an exten
life. For the Co/TiO2 catalysts, the CoTiO3 phase is formed
by oxidative species when the CH4/CO2 reaction is not bal
anced. Once formed, the CoTiO3 phase is difficult to reduce
and the catalyst becomes inactive toward the reforming
action.

Anatase and rutile structures are different in the sur
structures and chemical properties, such as facets of the
face, acid–base properties, the degree of oxygen vacan
etc. Such factors can directly affect the reaction betw
reductive and oxidative species in reforming. As a res
anatase-type TiO2 comparatively keeps the surface cob
in the metal state and gives the catalyst relatively stable
tivity, whereas rutile-type TiO2 induces rapid oxidation o
cobalt and provides very low activities from the beginn
of the reaction.

5. Conclusion

Influence of the reduction temperature on Co/TiO2 cata-
lysts was investigated for the CO2 reforming of CH4. Dif-
ferences in the reduction temperature significantly af
e

-
,

the catalytic behavior of Co/TiO2. Remarkably, all of the
Co/TiO2 catalysts showed strong resistance for coke de
sition (< 0.01 wt%) in the CH4/CO2 reaction at 1023 K
The catalysts reduced at relatively lower temperatures (9
1073 K), where TiO2 retained the anatase phase, had
atively high and stable activities. On the other hand,
Co/TiO2 catalysts, where the anatase phase was ma
transformed to the rutile phase by reduction at higher t
peratures (1123–1223 K) or where the cobalt was suppo
on the rutile phase, showed fairly low activities from t
beginning of the reaction. Both kinetic measurements
characterization with XPS and XRD techniques revea
that low activities are ascribed to rapid oxidation of me
lic cobalt. Since the differences in catalytic activity can
be correlated with the differences in Co dispersion and
crystallite sizes, it is suggested that the large differenc
the initial activities could be ascribed to the differences
the TiO2 bulk crystal structure. As a result, oxidation
cobalt supported on rutile is more favored than that of co
supported on anatase during CH4/CO2 reforming. This in-
dicates that TiO2, together with Co, strongly participate
in the reaction and is of importance to the optimizat
of a balance between CH4 and CO2. Knowledge obtained
from this study, for example, the influence of reduction te
perature and TiO2 phase composition on the catalytic b
havior of TiO2-supported catalysts, can be judiciously a
plied.
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