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Abstract

Ni-based catalysts supported on Al2O3–ZrO2 (Ni/Al 2O3–ZrO2) were prepared by a direct sol–gel process with citric acid as the gelling
agent. The evaluation of the catalyst prepared for methane reforming with CO2 was carried out with thermal gravimetric analysis (TGA),
infrared spectroscopy (IR), X-ray diffraction (XRD), microscopy analyses (SEM and TEM), temperature-programmed reduction (TPR) and
in a micro-reactor system. The catalytic performance for CO2 reforming of methane to synthesis gas in a continuous-flow micro-reactor
under atmospheric pressure was investigated. TGA, IR, XRD and microscopy analyses show that the Ni particles have a nanostructure of
around 5 nm and are uniformly dispersed on the Al2O3–ZrO2 support, which exists as an amorphous phase. Catalytic tests using CO2
reforming of methane to synthesis gas show that the catalytic activity increases with increasing metal loading, and the 20Ni/Al2O3–ZrO2
(0.2 Ni/Al molar ratio) catalyst has excellent activity and stability, compared with that of the Al2O3 supported Ni catalyst, with 91.9%
conversion of CO2 and 82.9% conversion of CH4 over 50 h at 1073 K, atmospheric pressure, hourly space velocity of 11, 200 ml gcat−1 h−1

and CH4:CO2:N2 of 2:2:1. The excellent catalytic activity and stability is attributed to the very highly and uniformly dispersed small
metallic Ni particles, the reducibility of the Ni oxides and an interaction between metallic Ni particles and the support Al2O3–ZrO2.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

For environment protection, the conversion of methane
and carbon dioxide, which are well-known “greenhouse
gases”, as well as the most abundant carbon-containing ma-
terials, into a valuable chemical feedstock is very important
and has become the focus of much current catalysis research
(Inui, 1996; Li and Zhong, 2002; Tsang et al., 1995). The
conversion of these two gases into a valuable synthesis gas
would reduce atmospheric emissions of CO2 and CH4 and
also satisfy the requirement of many synthesis processes in
the chemical industry.

In recent years, CO2 reforming of methane has become
an attractive alternative for the production of synthesis gas
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(Chen and Ren, 1994; Kim et al., 2000; Tang et al., 2000;
Lercher et al., 1996; Wei et al., 2000, 2002). An advan-
tage of producing synthesis gas by this process, instead of
steam reforming or partial oxidation, is the low H2:CO ra-
tio of 1 obtained, which is of particular interest for the syn-
thesis of valuable oxygenated chemicals such as dimethyl
ether (Wang et al., 2001; Peng et al., 1999) and liquid hy-
drocarbon fuels (by the Fischer–Tropsch reaction) (Mills,
1994). This process potential thermo-chemical heat-pipe ap-
plications for the recovery, storage, and transmission of so-
lar and other renewable energy sources by the use of the
large heat of reaction and the reversibility of this reaction
system.

One of the greatest challenges in reforming CH4 with CO2
is catalyst stability when water is replaced by CO2. Due to
its endothermic nature, the major drawback of this reaction
is the high temperature required to reach high conversions.
These drastic operating conditions cause deactivation of the
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catalyst by coke formation and/or sintering of the metallic
phase and support.

Numerous supported catalysts have been tested, especially
nickel- and noble metal-based catalysts, and found to ex-
hibit promising catalytic performance (Ashcroft et al., 1991;
Ruckenstein and Hu, 1995; Zhang et al., 1996; Li et al.,
2003). The catalysts based on noble metals are more ac-
tive and less sensitive to coking than Ni-based catalysts, but
considering the high cost and limited availability of noble
metals, it is more practical from the industrial standpoint to
develop Ni-based catalysts that are resistant to carbon depo-
sition and that exhibit high activity for the reaction.

Recent studies show that the support and methods of cat-
alyst preparation influence the activity of Ni-based cata-
lysts for carbon dioxide reforming, and the catalyst struc-
ture affects carbon deposition (Chen and Ren, 1994; Kim
et al., 2000; Tang et al., 2000). This suggests a possibil-
ity for improving catalyst performance by the proper choice
of the catalyst support and by control of the nickel-support
interaction.

ZrO2 is a unique support for a number of catalyst sys-
tems in various catalytic reactions (Mattos et al., 2003) and
was recently employed in the CO2 reforming of CH4, where
ZrO2 was crucial for nickel catalysts to minimize coke depo-
sition (Lercher et al., 1996). Wei et al. (2000, 2002)pointed
out that catalytic stability depends greatly on the preparation
method of the ZrO2 support precursor.

In the present work, we report research on the activ-
ity, selectivity and carbon formation during the reaction
of methane reforming with CO2 of Al2O3–ZrO2 supported
nickel catalysts (denoted as Ni/Al2O3–ZrO2) prepared by
the sol–gel method. The catalysts were characterized after
calcination and after the reaction in order to explain the ef-
fect of ZrO2 addition on catalyst activity.

2. Experimental

2.1. Catalyst preparation and characterization

The Al2O3–ZrO2 supported nickel catalysts (Ni/Al2O3–
ZrO2) were prepared by a direct sol–gel method. The
procedure applied for the preparation of the catalysts
was as follows: appropriate amounts of Al(NO3)3·9H2O,
ZrO(NO3)2·2H2O, Ni(NO3)2·6H2O and citric acid (Beijing
Chemical Co.) with Ni:Zr:Al ofx : 10 : 100 (mol/mol/mol)
were dissolved in distilled water. After thorough mixing,
the blend was concentrated in a water bath at 75◦C to form
the wet gel, then dried in an oven at 110◦C overnight to
form the xerogel, and calcined in air at 600◦C for 6 h. The
samples are designated asxNi/Al 2O3–ZrO2, wherex is the
molar ratio of Ni to Al multiplied by 100. The reference
samples, NiO and 10Ni/Al2O3, were also prepared by the
above procedure.

Thermogravimetric analyses of Ni/Al2O3–ZrO2 xerogels
before calcination were measured by a WCT-2A model

gravimetric analyzer (Beijing optical instrument factory)
with a heating rate of 10◦C/min from ambient tempera-
ture to 800◦C. The xerogel sample (ca. 15 mg) was loaded
on a sample pan, which was placed in the gravimetric
chamber for thermogravimetric analysis. Coke deposit on
Ni/Al 2O3–ZrO2 after the reaction at 800◦C was also mea-
sured by the WCT-2A model gravimetric analyzer, based
on the gravimetric change between 150 and 800◦C with a
heating rate of 10◦C/min.

Infrared analysis of the samples were carried out by a
Nicolet FTIR spectroscopy. Drying gel (ca. 10 mg) diluted
with KBr was loaded on a sample pan, which was fixed in a
gravimetric chamber for diffused reflection infrared analysis
with the temperature controlled by a temperature controller.
The sample was kept under an oxygen (5% O2/N2) flow
of 20 ml/min at a set temperature for 0.5 h and then the
spectra were recorded at a resolution of 4 cm−1. The crystal
phases of the catalysts were identified by X-ray diffraction
(XRD) analysis using a D/max-RB (Japan, Rigaku) X-Ray
Diffractometer with Cu K� (40 kV, 80 mA) radiation and
a scanning speed of 6◦/min from 5◦ to 80◦.

Microscopy analysis was performed using a scanning
electron microscope (SEM) and a JEOL FSM-6700F field
emission scanning electron microscope. Before SEM obser-
vation, the samples were coated with platina. Samples for
TEM analysis were prepared by the deposition of an ultra-
sonic suspension of catalyst particles in ethanol on copper
grids with a carbon film.

The reducibility of the catalysts was studied by temper-
ature programmed reduction (TPR) under a hydrogen (5%
H2/N2) flow of 40 ml/min with a heating rate of 5◦C/min
from 80 to 820◦C. Before TPR, a sample with a charge
of about 0.2 g loaded in a quartz tube (i.d. 6 mm; length
200 mm) was kept under a nitrogen flow of 40 ml/min at
120◦C for 0.5 h. These experiments were carried out us-
ing a catalyst characterization system equipped with a TC
detector.

2.2. Catalyst testing

Activity measurements were conducted at atmospheric
pressure in a conventional flow apparatus using a quartz
fixed-bed reactor. The reactor (i.d. 8 mm) was electrically
heated in a furnace. The axial temperature profile was
measured using a chromel–alumel thermocouple placed in
a thermowell centered in the catalyst bed. The products
were analyzed on-line by an Angel 1790 gas chromatograph
equipped with a TC detector. A TDX-01 column was used
in a series/bypass arrangement for the complete separation
of H2, O2, CH4, CO and CO2. The atomic balances were
satisfied with a deviation of less than 5%.

Methane and carbon dioxide in the equimolar ratio (1/1)
with 20% N2 as a diluent were used as feed with a total flow
rate of 50 ml/min. The catalyst charged was reduced in situ
at 800◦C for 2 h. Runs were conducted at 800◦C for 50 h
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under atmospheric pressure and an hourly space velocity of
11, 200 ml g−1

cat h
−1.

3. Results and discussion

3.1. TG-DTA of the xerogels

TG-DTA spectra of the Ni/Al2O3–ZrO2 xerogels are
shown in Fig. 1, where obvious weight losses appeared
around 190–210 and 430–490◦C with increasing tem-
perature, corresponding to an endothermic peak(T1) and
an exothermic peak(Td) with a shoulder in the DTA
spectra. In the DTA spectra, there was also a smaller
endothermic peak around 300◦C (T2). From the peak
temperatures listed inFig. 2, it can be found thatT1
and T2 showed no obvious change, whileTd decreased
with increasing Ni content in the Ni/Al2O3–ZrO2 xero-
gels. These results indicate that the components in the
drying gels formed with citric acid are uniform and the
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Fig. 1. TG-DTA spectra of 10Ni/Al2O3–ZrO2 drying gel.
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Fig. 3. Diffuse reflection infrared spectra of 10Ni/Al2O3–ZrO2 drying
gel in 5% O2/N2 flow at (a) 30◦C, (b) 200◦C, (c) 300◦C, (d) 400◦C,
(e) 500◦C and (f) 600◦C.

introduction of Ni2+ is beneficial to decreasingTd of the
drying gels.

Fig. 3 presents diffuse reflection infrared spectra of
10Ni/Al2O3–ZrO2 xerogels in 5% O2/N2 flow at differ-
ent temperatures. The spectrum of the xerogels at 30◦C
showed peaks of the stretching vibrations of O–H at 3236
and 3135 cm−1, the stretching vibrations at 1600, 1531,
1454 and 1402 cm−1 and the bending vibrations 1198 and
1075 cm−1 of COO−, and the stretching vibrations at 902,
863 and 732 cm−1 of M–O in the citrates. These indicate
that the gel consists of metallic citrates. On increasing the
temperature to 300◦C, the characteristic peaks of the cit-
rates remained unchanged, and new peaks around 2921 and
1762 cm−1 appeared, which are assigned to the vibration
of combination modes of O–H and COO− due to the loss
of water, which was proved by the decrease in the intensity
of the peaks around 3000–3750 cm−1. No peaks assignable
to nitrate ions were found. In this stage, nitrate ions were
substituted by carboxylic ions to form metal carboxylate in
the formation of the gels (Tascon et al., 1981). These results
suggest that the weight loss at 150–300◦C in the TG anal-
ysis and the corresponding peaks aroundT1 andT2 in the
DTA spectra represent the loss of water. When the temper-
ature is higher than 300◦C, the intensities of the peaks of
citrates around 1000–1800 cm−1 showed a decreasing trend
and a peak around 3532 cm−1, assigned to the hydroxyl
groups on the surface oxides, and a broad peak below
1000 cm−1 appeared, which indicates that the citrates in
the gels decomposed to metal oxides with increasing tem-
perature. From these results, it can be concluded that the
weight loss around 300◦C in the TG analysis, correspond-
ing to the peak aroundTd in the DTA spectra, represents
the decomposition of citrate.
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Fig. 4. X-ray diffraction spectra of Ni/Al2O3–ZrO2 prepared via the sol–gel method. (a) Unreduced and (b) reduced at 800◦C for 1 h.

3.2. Crystal phase analysis

Fig. 4shows X-ray diffraction spectra of calcined and re-
duced samples of Ni/Al2O3–ZrO2 and 10Ni/Al2O3 prepared
by the sol–gel method, as well as that of Al2O3–ZrO2. For
the calcined samples as shown inFig. 4(a), there was no ob-
vious peak in the spectrum of the Al2O3–ZrO2 support, indi-
cating the formation of the composite oxide Al2O3–ZrO2 as
an amorphous phase. When the molar ratio of nickel to alu-
minum (Ni/Al) increased to 0.15, peaks at 37.2◦, 43.62◦ and
63.02◦ appeared, as in the XRD spectrum of NiO prepared
by the sol–gel method, which indicates the formation of the
NiO phase while no other phase was detected. This is due
to the existence of the composite oxides Al2O3–ZrO2 as
an amorphous phase in the prepared Ni/Al2O3–ZrO2 cata-
lyst, which inhibits the formation of Al2O3 and ZrO2 crystal
phases.Montoya et al. (2000)found that thet-ZrO2 phase
existed in Ni/ZrO2 catalysts prepared by the sol–gel method.
At the low ratio of Ni to Al in our samples, NiO disperses
uniformly in the Al2O3–ZrO2 composite oxides, while a
high ratio of Ni to Al results in the formation of the NiO
phase. When the samples were reduced at 800◦C, the metal
phase of Ni (44.48◦ and 51.72◦) formed which is supported
on Al2O3–ZrO2. The diffraction intensities of the Ni crys-
tals become stronger with increasing loading of Ni in the

samples. When the ratio of Ni to Al was higher than 0.15, a
peak with low intensity around 66.98◦ appeared, which was
assigned to a�-Al2O3 phase. The�-Al2O3 phase was present
with a higher intensity in the XRD spectra at the ratio of
Ni to Al of 10 for the Ni supported on Al2O3. This proved
that the introduction of ZrO2 in the catalysts can inhibit the
formation of�-Al2O3, which supplies the stable support for
metallic Ni particles. In the Ni oxides supported on Al2O3 or
Al2O3–ZrO2 prepared by the mentioned sol–gel method in
our lab, no NiAl2O4 phase was found in the X-ray spectra.

3.3. Microscopy analysis

The microstructures of the catalysts were analyzed by
scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). The bulk structure of the catalysts
consists of 20–30 nm particles and micropores, as shown in
the SEM spectrum of 10Ni/Al2O3–ZrO2 (seeFig. 5). The
size of the metal particles of about 5 nm and uniformly dis-
persed on the support observed in the TEM spectra (not il-
lustrated here) basically agrees with that calculated from the
XRD spectra, though there are some measurement impreci-
sion of the half-maximum peak width in the XRD spectra.
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Fig. 5. Scanning electron microscopy (SEM) spectrum of
10Ni/Al2O3–ZrO2 reduced at 800◦C for 1 h (magnification× 50, 000).

Fig. 6. Temperature-programmed reduction profiles of Ni/Al2O3–ZrO2.

3.4. Reducibility of catalysts

Fig. 6 shows temperature-programmed reduction profiles
of Ni/Al 2O3–ZrO2 and 20Ni/Al2O3 after calcination. The
Al2O3–ZrO2 support shows little reducibility. With the in-
troduction of Ni into the catalysts, a broad peak around
640◦C and a shoulder peak around 750◦C appeared. Com-
pared with NiO and NiO supported on Al2O3, it can be seen
that the reduction temperature of NiO/Al2O3–ZrO2 is lower
than that of NiO supported on Al2O3 (796.4◦C) prepared
by the same method, but higher than that of NiO (381.1◦C).
These indicate that metallic Ni has a strong interaction with
the Al2O3–ZrO2 support, but which is weaker than that with
Al2O3, which plays an important role in methane reform-
ing with CO2. From the reduction degree based on the H2
consumption in TPR as listedTable 1, it can be observed
that the reduction degree of NiO supported on Al2O3–ZrO2
is above 0.9, which is higher than that of NiO supported on
Al2O3. It proves that the introduction of ZrO2 makes the

Table 1
Reducibility of Ni/Al2O3 and Ni/Al2O3–ZrO2

Catalysts Ni/Al Reduction degree Peak atT (◦C)

05Ni/Al2O3–ZrO2 0.05 1.056 642.3
10Ni/Al2O3–ZrO2 0.10 0.906 632.3
15Ni/Al2O3–ZrO2 0.15 0.956 626.1
20Ni/Al2O3–ZrO2 0.20 0.900 629.3
20Ni/Al2O3 0.20 0.716 796.4
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Fig. 7. Effect of temperature on the initial catalytic activity of 10Ni/

Al2O3–ZrO2 for CO2 reforming of methane with feed gas of CH4 : CO2 :
N2 = 2 : 2 : 1 at an hourly space velocity of 11, 200 ml g(cat)−1 h−1.

catalysts more reducible and meanwhile it avoids the for-
mation of spinel NiAl2O4. Gadalla and Bower (1988)have
pointed out that the formation of NiAl2O4 spinel can lead
to the disintegration of the catalyst structure. The reforming
activity of alumina-supported Ni catalysts can be suppressed
by the presence of NiAl2O4 spinel because this tends to sta-
bilize the nickel in the divalent oxidation state and makes it
very hard to reduce. Therefore, for the reforming reaction
it is desirable to develop a catalyst that has a superior coke
resistance and also to minimize the formation of NiAl2O4
spinel.

3.5. Catalytic tests

The catalytic activity and stability of Ni supported on
Al2O3–ZrO2 for CO2 reforming of CH4 were investigated.
The results are shown inFig. 7 andTable 1. FromFig. 7, it
can be found thatXCH4, XCO2 andXC show an obvious rise,
and the ratio of the CH4 consumption rate to that of CO2
increases from 0.6 to 0.9, with increasing temperature from
500 to 800◦C. These indicated that high temperature benefits
CO2 reforming of CH4. The ratio of the CH4 consumption
rate to that of CO2, which is lower than 1, suggests that the
reverse water gas shift reaction takes place in the process.
Furthermore, the catalytic activity of the Al2O3–ZrO2 sup-
ported Ni catalysts increased with increasing metal loading,
as listed inTable 2. Eventually, the 20Ni/Al2O3–ZrO2 (0.2
in Ni/Al molar ratio) catalyst exhibited excellent activity and
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Table 2
Average catalytic activity and coke resistance of Ni/Al2O3–ZrO2 for CO2 reforming of methane with feed gas of CH4: CO2: N2 = 2: 2: 1 at 800◦C and
an hourly space velocity of 11, 160 ml g(cat)−1 h−1 for 50 h

Catalysts rCH4/rCO2 XCH4 XCO2 XC SCO Coking rate(gC g−1
cat h−1)

Initiala Averageb

05Ni/Al2O3–ZrO2 0.903 0.757 0.877 0.816 0.950 0.00695 0.00078
10Ni/Al2O3–ZrO2 0.901 0.770 0.894 0.830 0.953 0.00724 0.00066
15Ni/Al2O3–ZrO2 0.934 0.811 0.907 0.858 0.953 0.00705 0.00063
20Ni/Al2O3–ZrO2 0.944 0.829 0.919 0.873 0.950 0.00431 0.00070
10Ni/Al2O3 0.907 0.779 0.899 0.838 0.891 0.01191 0.00078
10Ni/�-Al2O3

c 0.09500

aBased on reaction for 2 h.
bBased on reaction for 50 h.
cFrom Tang et al. (2000), in which the coking rate of 10Ni/�-Al2O3 prepared by the impregnating method was based on the reaction for 80 h.

stability, compared with that of the Al2O3 supported Ni cat-
alyst, with 91.9% average conversion of CO2 and 82.9% av-
erage conversion of CH4 over 50 h obtained under the con-
ditions of 1073 K, atmospheric pressure and an hourly space
velocity of 11, 200 ml g−1

cat h
−1 with a ratio of CH4:CO2:N2

of 2:2:1.Tang et al. (2000)investigated the effect of prepa-
ration methods on Ni-based catalysts with the same nickel
content(10 wt%) and found that a little coke was deposited
during direct sol–gel processing from organometallic com-
pounds, which was observed even after 80 h of reaction on
stream under thermodynamically severe conditions, while
fast and heavy coke deposition occurred on the convention-
ally impregnated commercial�-Al2O3-supported catalyst.
These suggested that the small size of the metallic Ni parti-
cles is a key factor to prevent coke formation.

In this work, we propose that the size of the metallic
Ni particles and also the presence of ZrO2 play an impor-
tant role in the stability and catalytic activity of the cat-
alysts. The ZrO2 ensures that the small metallic Ni parti-
cles are uniformly dispersed on the composite support due
to the interactions between the metal Ni particles and the
Al2O3–ZrO2 composite support. Meanwhile, it reduced the
amount of spinel NiAl2O4 in the prepared catalysts, which
is a key factor in coke formation in methane reforming
with CO2.

4. Conclusions

Direct sol–gel processing with citric acid as a gelling
agent was applied to prepare Ni/Al2O3–ZrO2 for methane
reforming with CO2. TGA, IR, XRD and microscopy analy-
ses show that metallic Ni particles of about 5 nm in diameter
are uniformly dispersed on the Al2O3–ZrO2 support, which
exists as an amorphous phase. TPR results show that Ni
oxides supported on Al2O3–ZrO2 are more reducible than
those on Al2O3 where the formation of spinel NiAl2O4
takes place. The introduction of ZrO2 avoids the formation
of spinel NiAl2O4, and is a key factor of coking preven-
tion in the CO2 reforming process. Catalytic tests for CO2

reforming of methane to synthesis gas over the prepared
catalysts show that the catalytic activity of Al2O3–ZrO2
supported Ni catalysts increases with increasing metal load-
ing, and eventually, the 20Ni/Al2O3–ZrO2 (0.2 in Ni/Al
molar ratio) catalyst exhibits excellent activity and sta-
bility, with 91.9% average conversion of CO2 and 82.9%
of average conversion of CH4 over 50 h at 1073 K, atmo-
spheric pressure and a space velocity of 11, 200 ml g−1

cat h
−1

with CH4:CO2:N2 of 2:2:1, as compared with that of a
10Ni/Al2O3 catalyst prepared by the direct sol–gel pro-
cessing and a 10Ni/�-Al2O3 catalyst prepared by the im-
pregnation method. This is ascribed to the very highly and
uniformly dispersed small metallic Ni particles, the re-
ducibility of the Ni oxides on the prepared catalysts and the
interaction between metal Ni particles and the Al2O3–ZrO2
composite oxide support.
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