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Abstract

A co-precipitation method was employed to prepare nickel oxide dispersed on CeO2, ZrO2 and cubic Ce0.8Zr0.2O2 support to obtain catalysts
useful for carbon dioxide reforming of methane reaction. The Ni–CeO2 and Ni–Ce–ZrO2 catalysts showed relatively high activity and stability,
while the Ni–ZrO2 catalyst deactivated in the initial stage of the reaction due to serious carbon formation. The co-precipitated Ni–Ce–ZrO2

catalyst exhibited the highest catalytic activity (CH4 conversion >97% at 800◦C) among the catalysts tested and the activity was maintained
without significant loss during the reaction for 100 h. The enhanced catalytic activity and stability of the co-precipitated Ni–Ce–ZrO2 catalyst
is attributed to the combination of nano-crystalline nature of cubic Ce0.8Zr0.2O2 support and finely dispersed nano-sized NiOx crystallites
resulting in intimate contact between Ni and support, better Ni dispersion, higher Ni surface area and enhanced oxygen transfer during the
reaction.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, much attention has been focused on carbon
dioxide reforming of CH4 (CDR) for the production of
synthesis gas owing to both environmental and commercial
reasons[1–16]. Supported-Ni catalysts have been tried for
this reaction and showed high activity comparable to noble
metals [3–6]. However, supported-Ni catalysts deactivate
due to either coke formation or sintering of the metallic and
support phases[6,7]. The primary difficulty associated with
the application of CDR is finding suitable Ni based catalysts
having stability under severe conditions[7]. It has been re-
ported that the nature of supports affects the catalytic perfor-
mance of Ni catalysts in CDR[7]. The activity and stability
of these catalysts varied greatly with different supports[7,8].

There has been a lot of interest developed in mixed ox-
ide catalyst system like Ce1−xZrxO2 (Ce–ZrO2) because
of certain inherent advantages[17]. The co-precipitation
method was earlier reported to get better dispersion of Ni
in yttrium stabilized zirconia (YSZ) matrix for fuel cell
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anode material[18]. It is known that the addition of ZrO2
to CeO2 leads to improvements in oxygen storage capacity
of CeO2, redox property, thermal resistance and promotion
of metal dispersion[17–19], resulting in better performance
in CO oxidation[20], combustion of methane[21] and NO
reduction[22]. Furthermore, it has been established that the
reducibility of CeO2 is greatly enhanced when it is mixed
with ZrO2 to form solid solution of Ce–ZrO2. The reduc-
tion temperatures as low as 427◦C have been reported for
solid solution of Ce–ZrO2 system during repeated reduc-
tion/oxidation cycles[23,24]. Therefore, Ce–ZrO2 system
has appeared as a promising candidate of a support material
in nickel based catalyst system. Only limited number of
papers are concerned with this objective[25–27]. Lercher
et al. [6] reported that Pt/ZrO2 showed excellent perfor-
mance in CDR. However, Ni/ZrO2 with a high Ni loading is
not suitable for CDR due to coke formation. Li et al.[26,27]
reported that Ni/ZrO2 catalysts with more than 10 wt.% Ni
loading showed high activity at 750◦C for 30 h in CDR in
spite of producing a large amount of carbon. However, its
stable activity can be obtained only under diluted reaction
conditions, namely dilution of reactants with N2 and dilu-
tion of catalysts with quartz sand. Montoya et al.[28] tried
Ni based catalyst on a tetragonal Ce–ZrO2 support mate-
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rial for CDR; however, the problem of support sintering at
800◦C could not be avoided completely. It has been reported
that the cubic phase of Ce–ZrO2 has more oxygen storage
capacity and is more easily reducible than the tetragonal
phase[29]. In addition, the co-precipitation method has
been reported to get better dispersion of Ni than the conven-
tional impregnation method[30]. In this study, we prepared
co-precipitated Ni–CeO2, Ni–ZrO2 and Ni–Ce–ZrO2 cat-
alysts and examined their catalytic activity for CDR. We
report here that the co-precipitated Ni–Ce–ZrO2 catalysts
exhibited remarkably high activity and stability in CDR due
to high dispersion of Ni on Ce–ZrO2.

2. Experimental

2.1. Catalyst preparation

Ni–CeO2, Ni–ZrO2 and Ni–Ce0.8–Zr0.2O2 catalysts were
prepared by a co-precipitation method. Ni content was fixed
at 15 wt.%. In the case of Ni–Ce0.8–Zr0.2O2 (Ni–Ce–ZrO2),
Ce–ZrO2 comprised 80 mol% of CeO2 and 20 mol% of
ZrO2. Stoichiometric quantities of zirconyl nitrate solution
(20 wt.% in ZrO2 base, MEL Chemicals), cerrous nitrate
(99.9%, Aldrich) and nickel nitrate (97%, Junsei Chemicals)
were dissolved in distilled water, and the resulting solution
was transferred to a round bottom flask. To this solution an
aqueous solution of 20% KOH (w/w) was added drop-wise
at 80◦C with constant stirring to attain a pH of 10.5. Dur-
ing the entire course of co-precipitation reactions, the pH
was maintained. The precipitates were digested at 80◦C for
72 h. Later, they were thoroughly washed with distilled wa-
ter several times to remove any potassium impurity and then
initially air-dried for 48 h followed by drying at 120◦C for
6 h. The dried mass thus obtained was then finely ground
to a particle size less than a micron. This material was fi-
nally calcined at 800◦C for 6 h in an aerobic environment
to get the final catalyst. Simultaneously, for comparison,
Ni/CeO2, Ni/ZrO2 and Ni/Ce–ZrO2 catalysts (Ni= 15%,
w/w) were prepared by the conventional impregnation
method. This was achieved by impregnating appropriate
amounts of Ni(NO3)2·6H2O onto supports (CeO2, ZrO2
and Ce–ZrO2) which were prepared by the co-precipitation
methodology described above but with the omission of
the nickel source. The impregnated catalysts were dried
and calcined in the same way as the co-precipitated
ones.

2.2. Characterization

The BET specific surface area was measured by nitrogen
adsorption at−196◦C using a Micromeritics (ASAP-2400)
surface area measurement apparatus. The XRD patterns were
recorded using a Rigaku 2155D6 diffractometer (Ni filtered
Cu-K� radiation, 40 kV, 50 mA). Pulse chemisorptions were
performed in a flow apparatus. About 200 mg of catalyst

was placed in a quartz reactor. Before pulse chemisorption,
the sample was reduced in 5% H2/Ar at 700◦C for 3 h.
Then the sample was purged in Ar at 720◦C for 1 h and
cooled to 50◦C in flowing Ar. Hydrogen was pulsed over
the catalyst to measure the chemisorption at 50◦C using
5% H2/Ar and continued at 8 min intervals until the area
of the hydrogen peak on the chromatograph was identical.
Based on the hydrogen uptake, the surface area of Ni was
calculated by assuming the adsorption stoichiometry of one
hydrogen atom per nickel surface atom (H/Nis = 1).

2.3. Catalytic reaction

Activity tests were carried out using a fixed-bed
micro-reactor [30,31]. The reactant feed comprised a
gaseous mixture of CH4:CO2:N2 (1.00:1.04:1.00). N2 was
employed as the reference for calculating CH4 and CO2
conversions. Each catalyst was reduced in the reactor with
5% H2/N2 at 700◦C for 3 h prior to each catalytic activity
measurement. The catalytic reactions were executed at the
condition of T = 800◦C and GHSV= 108,000 ml/h g un-
less otherwise stated. Effluent gases from the reactor were
analyzed by a gas chromatograph (Chrompack CP9001)
fitted with a fused silica capillary column (CarboPLOT P7)
equipped with a thermal conductivity detector (TCD).

3. Results and discussion

3.1. Characterization

In our previous research, many synthesis parameters such
as pH, digestion time, addition sequence, use of tetrapropyl
ammonium bromide, i.e. TPABr (4.3 wt.%) were system-
atically varied in the co-precipitation method[30]. Hence,
optimized co-precipitation condition to obtain high surface
area materials was achieved by the addition of 20% KOH
to an aqueous solution containing a stoichiometric con-
centrations of cerium, zirconium and nickel nitrates for a
digestion time of 72 h at 80◦C. It was also found that 15%
Ni loading is the optimum Ni loading amount to achieve
high activity and high stability in CDR.

For the screening purpose in CDR, three catalysts with
the same 15% Ni loading on CeO2, ZrO2 and Ce0.8Zr0.2O2
supports were prepared by the co-precipitation method.
Characteristics of supports and catalysts are summarized
in Table 1. All the supports and catalysts were calcined at
800◦C for 6 h. Among the supports, the Ce0.8Zr0.2O2 shows
the highest BET surface area, indicating that the cubic
Ce–ZrO2 has higher BET surface area than CeO2 or ZrO2.
Compared with the supports, the co-precipitated Ni catalysts
show higher BET surface areas. This suggests that Ni incor-
poration results in the development of fine structure. The Ni
surface areas estimated from H2 chemisorption increase in
the order: Ni–CeO2 < Ni–ZrO2 < Ni–Ce0.8Zr0.2O2. Both
BET surface area and Ni surface area indicate that Ni is
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Table 1
Characteristics of supports and catalysts prepared by co-precipitation method

Ni content (wt.%) Support Surface area (m2/g)a Ni surfaace area (m2/g)b Support size (nm)c NiO size (nm)d

0 CeO2 9 – 7.3 –
0 ZrO2 37 – 12.3 –
0 Ce0.8Zr0.2O2 89 – 5.9 –

15 CeO2 40 0.37 9.8 NAe

15 ZrO2 54 0.81 10.3 7.7
15 Ce0.8Zr0.2O2 92 1.93 6.5 NAe

a Estimated from N2 adsorption at−196◦C.
b Estimated from H2 chemisorption at 50◦C.
c Estimated from XRD.
d Estimated from XRD.
e Not available due to very broad and weak XRD peaks.

well dispersed onto Ce0.8Zr0.2O2 resulting in the highest
BET surface area and Ni surface area of the catalyst.

The XRD patterns for Ni–CeO2, Ni–ZrO2 and Ni–Ce0.8
Zr0.2O2 are given inFig. 1. The 15% Ni–CeO2 catalyst gave
all characteristic reflections corresponding to (1 1 1), (2 0 0),
(2 2 0), (3 1 1), (2 2 2) and (4 0 0) planes. The NiO peaks
observed are very broad indicating thereby good dispersion
of NiO crystallites in CeO2 matrix. On the other hand, the
15% Ni–ZrO2 catalyst showed all characteristic reflections
corresponding to reported tetragonal structure of ZrO2. The
NiO crystallite size calculated by Scherrer equation is found
to be 7.7 nm and the support size of ZrO2 is 10.3 nm. In the
case of 15% Ni–Ce0.8Zr0.2O2 catalyst, XRD pattern showed
all reflections corresponding to the cubic Ce–ZrO2 solid so-
lution with the lattice parameter of 5.35 Å. The NiO crystal-
lites are very small as the peaks due to NiO are quite broad.
Therefore, NiO crystallite size could not be estimated in this
catalyst composition. The XRD results thus confirmed good
dispersion of NiO crystallites in the cubic Ce–ZrO2 matrix.
It is noteworthy that high surface area and good dispersion
of NiO crystallites in the 15% Ni–Ce0.8Zr0.2O2 catalyst is
obtained even after calcination at 800◦C. As a consequence,
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Fig. 1. XRD patterns of co-precipitated Ni–CeO2, Ni–ZrO2 and
Ni–Ce–ZrO2 catalysts.

the Ni–Ce0.8Zr0.2O2 catalyst showed higher Ni surface area
after reduction with 5% H2/N2 at 700◦C for 3 h.

The BET surface area of the impregnated Ni/Ce–ZrO2
catalyst after calcination at 800◦C for 6 h was 50 m2/g, in-
dicating significant decrease of surface area after impreg-
nation of Ni onto Ce–ZrO2. Thus, the comparison of BET
surface area between the co-precipitated Ni–Ce–ZrO2 and
impregnated Ni/Ce–ZrO2 catalysts clearly confirms that the
co-precipitation method is more effective to prepare high
surface area catalysts than the conventional impregnation
method.

The XRD patterns for the co-precipitated and impregnated
catalysts before and after reduction treatment are shown for
comparison inFig. 2. All the patterns can be indexed for
cubic fluorite structure of Ce0.8Zr0.2O2 and show reflec-
tions corresponding to (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2)
and (4 0 0) planes. No line corresponding to either ZrO2 or
CeO2 is observed. Thus, the XRD analyses show that a cubic
Ce0.8Zr0.2O2 solid solution is formed by the co-precipitation
method and calcination at 800◦C for 6 h. The similarity of
our measured lattice parameters to those from reference ma-
terials further confirms the formation of solid solution of
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Fig. 2. XRD patterns of Ni–Ce–ZrO2 catalysts: (a) fresh impregnated cat-
alyst, (b) reduced impregnated catalyst, (c) fresh co-precipitated catalyst,
(d) reduced co-precipitated catalyst.
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cubic Ce0.8Zr0.2O2 in the present case[32,33]. The other re-
flections observed at 2θ values equal to 37.21◦, 43.21◦, and
62.73◦ are assigned to cubic NiO witha0 = 4.176 Å [34].
The analysis of these XRD patterns indicated a shift in the
reflections towards higher angles for all the peaks due to in-
sertion of smaller Zr4+ ions in the lattice of CeO2. The XRD
patterns clearly indicated the presence of cubic Ce0.8Zr0.2O2
phase having better dispersion of cubic NiO particles in
the matrix. Thus, higher surface area of the co-precipitated
material is due to the fine nano-sized crystallites of the
Ce0.8Zr0.2O2 particles. Furthermore, the NiO peaks in the
co-precipitated catalyst are much broader than those in im-
pregnated one, indicating thereby better dispersion and less
sintering of fine NiO particles during the calcination pro-
cess. The NiO crystallite size of the co-precipitated cata-
lyst could not be estimated because of very broad and weak
peaks while the size of impregnated one was estimated to be
8.5 nm. It is quite reasonable to assume that the NiO crys-
tallite size of the co-precipitated catalyst is less than 3 nm,
which corresponds to the limitation of X-ray line broaden-
ing analysis.

After a reduction treatment with 5% H2/N2 at 700◦C for
3 h, crystallite sizes of Ni of the co-precipitated and impreg-
nated catalysts were 10.5 and 11.6 nm, respectively. In the
case of the impregnated catalyst, the size change from NiO
to Ni particles is about 3 nm after the reduction process.
On the contrary, the co-precipitated catalyst showed rela-
tively higher difference (from less than 3 to 10.5 nm) after
the reduction treatment. It is likely that some parts of the
agglomerated particles of the co-precipitated catalysts were
detected, while the other parts containing relatively fine
small particles could not be detected in XRD after the reduc-
tion process. This postulation is supported by the Ni surface
area obtained from H2 chemisorption. BET surface areas
and crystallite sizes of Ce0.8Zr0.2O2 in both catalysts were
kept to the same values after the reduction treatment. The
values of H2 uptake of the co-precipitated and impregnated
catalysts were 23.67 and 7.44�mol/gcat, respectively. The
Ni surface areas for both catalysts were 1.93 and 0.61 m2/g,
respectively. This clearly indicates that the co-precipitated
catalyst has better Ni dispersion than impregnated one even
after the reduction process. Besides, the peak appearing
at 2θ = 51.80 corresponding to (2 0 0) reflection withd
= 1.7647 Å for Ni metal in the co-precipitated catalyst
was broader than that observed in impregnated one. This
observation also indicates that better Ni dispersion was
maintained in the co-precipitated catalyst in comparison
to the impregnated one after the reduction treatment. The
calculated lattice parameter of metallic nickel particles is
3.525 Å, which is in agreement with reported lattice param-
eter of face centered cubic phase of nickela0 = 3.523 Å.

3.2. Reaction results

First, CDR was carried out over the impregnated Ni/CeO2,
Ni/ZrO2 and Ni/Ce–ZrO2 catalysts. All the impregnated cat-
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Fig. 3. CH4 and CO2 conversion with time on stream over
co-precipitated Ni–CeO2 and Ni–Ce–ZrO2 catalysts (T = 800◦C, GHSV
= 108,000 ml/h g).

alysts did not show stabilities. The impregnated Ni/CeO2 and
Ni/ZrO2 catalysts gave serious coke formation in the initial
stage of the reaction. Only Ni/Ce–ZrO2 showed an initial
CH4 conversion of 80% and it decreased to 65% within 2 h.
Thus, it was confirmed that the conventional impregnation
method was not effective to prepare catalysts having good
stability in CDR.

The CO2 reforming reaction data over the co-precipitated
Ni–CeO2 and Ni–Ce–ZrO2 catalysts are presented inFig. 3.
Both catalysts exhibited very high activities. On the contrary,
CDR could not be carried out over the Ni–ZrO2 catalyst due
to serious carbon formation resulting in blocking the reactor.
This is probably relevant to the fact that the Ni–ZrO2 catalyst
has negligible oxygen storage capacity[35]. Ni–Ce–ZrO2
showed conversion (both CH4 and CO2) of more than 97%
up to 100 h without significant deactivation. To the best of
our knowledge, it is very rare case that supported-Ni catalyst
having more than 5% Ni shows such high activity and stabil-
ity for 100 h under the condition of GHSV= 100,800 ml/h g
in CDR. In the case of Ni–CeO2, the initial CH4 conver-
sion was 1% lower than that of Ni–Ce–ZrO2. It is notewor-
thy that the catalytic activity of Ni–CeO2 is almost same as
that of Ni–Ce–ZrO2, even though the Ni surface area of the
former is about five times lower than that of the latter. In
terms of turnover frequency, Ni–CeO2 would be more ac-
tive than Ni–Ce–ZrO2. However, CH4 conversion after 95 h
was 4% lower than that of Ni–Ce–ZrO2. It suggests that
Ni–Ce–ZrO2 is more stable than Ni–CeO2, indicating that
the addition of ZrO2 to CeO2 stabilizes the catalyst during
CDR. This is also supported by the high surface area of the
cubic Ce–ZrO2 support compared with CeO2 or ZrO2 alone
even after calcination at 800◦C for 6 h (Table 1). Accord-
ing to the reaction results, it is clear that CeO2 is one of
the promising supports in CDR and the addition of ZrO2 to
CeO2 stabilizes the catalyst further.
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Table 2
Reaction results over co-precipitated Ni–Ce–ZrO2 catalyst with different GHSV

GHSV (ml/h gcat) CH4 conversion (%) CO2 conversion (%) H2 yield (%) CO yield (%) H2/CO ratio

108000 97 97 95 98 0.97
216000 92 93 91 94 0.98

The detailed reaction results of the co-precipitated
Ni–Ce–ZrO2 catalyst are summarized inTable 2. The
co-precipitated Ni–Ce–ZrO2 catalyst showed both CH4 and
CO2 conversion of more than 97% up to 100 h without de-
tectable deactivation. As the co-precipitated Ni–Ce–ZrO2
catalyst exhibited almost the equilibrium values of CH4
and CO2 conversion, GHSV was doubled (216,000 ml/h g)
to avoid equilibrium-limited condition. However, still high
CH4 conversion (92%) and CO2 conversion (93%) were
obtained and the stability was maintained during the reac-
tion time tested. H2 yields were slightly lower than CH4
conversions but CO yields were slightly higher than CO2
conversions. This suggests that RWGS (H2 + CO2 → H2O
+ CO) occurred with CDR. As a result, the H2/CO ratio
was 0.97–0.98, which is very slightly lower than unity. In
the case of the impregnated catalyst, both CH4 and CO2
conversion were initially about 80% but they decreased to
about 65% within 2 h[30].

It is quite probable that the remarkable activity and
stability of the co-precipitated Ni–Ce–ZrO2 catalyst is re-
lated to high surface area, nano-crystalline nature of cubic
Ce0.8Zr0.2O2 support, better dispersion of fine NiO particles
in Ce0.8Zr0.2O2 support resulting in high Ni surface area,
intimate contact between Ni and support, and enhanced
oxygen transfer during the CDR. The high surface area is
maintained due to agglomeration of primary particles dur-
ing digestion and strengthening of network structure giving
a porous matrix, resulting in withstanding thermal treatment
in high temperatures[36]. Consequently, the high surface
area was retained in the co-precipitated Ni–Ce–ZrO2 cat-
alyst after calcination at 800◦C for 6 h. In addition, fine
nano-particles of NiO are dispersed onto cubic Ce0.8Zr0.2O2
support. As a result, there is very close contact between Ni
and support. This would probably enhance oxygen transfer
from cubic Ce0.8Zr0.2O2 support to Ni, which is beneficial
to prevent carbon formation during the CDR. This may
help to increase availability of surface oxygen by release
mechanism during the CDR reaction[37]. The XRD and
SEM studies confirm that fine uniform NiOx crystallites
are dispersed in the cubic Ce0.8Zr0.2O2 support and have
the intimate contact with the support. It is known that the
cubic Ce0.8Zr0.2O2 solid solution is able to shift between
CeO2 under oxidizing conditions and Ce2O3 under reduc-
ing conditions by the rapid reduction/oxidation capability,
and the capability of redox couple Ce4+–Ce3+ is enhanced
in the cubic solid solution of Ce0.8Zr0.2O2 rather than CeO2
[17]. Thus, oxygen ion vacancies in the cubic Ce0.8Zr0.2O2
support have beneficial effects on catalytic activities due to
the increase in oxygen mobility. A higher rate of oxygen

transfer helps to keep the metal surface from carbon accu-
mulation. Thus, a balance between Ce4+ reducibility and
oxygen storage capacity/mobility is attained by employing
ceria rich solid solution.

In summary, the co-precipitation method is one of the
promising methods to prepare highly active and stable
Ni–Ce–ZrO2 catalyst for CDR. CeO2 is one of the best
supports in Ni-based catalysts for CDR and the addition of
ZrO2 to CeO2 stabilizes the catalyst further.

4. Conclusions

The ability to provide mobile oxygen species from the
support to Ni plays an important role in keeping the cata-
lysts from carbon deposition during the CDR. As contrast to
ZrO2, using CeO2 as a support gives the rather stable cata-
lyst. Furthermore, the cubic Ce–ZrO2 support provides more
stable catalysts than CeO2 for Ni-based catalysts because
ZrO2 stabilizes the cubic structure at high temperatures
and enhances oxygen storage capacity. The co-precipitation
method is more effective to prepare highly active and sta-
ble Ni–CeO2 and Ni–Ce–ZrO2 catalysts for CDR than
the conventional impregnation method. The co-precipitated
Ni–Ce–ZrO2 catalyst has higher BET surface area, smaller
nano-crystallite sizes of both Ce0.8Zr0.2O2 support and NiO
compared with the impregnated one. These advantages re-
sult in better dispersion of Ni, higher Ni surface area and
enhanced oxygen transfer. Due to above-mentioned superior
characteristics, the co-precipitated Ni–Ce–ZrO2 catalyst
exhibits high activity and stability in CDR at 800◦C and
GHSV of higher than 100,000 ml/h g.
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