Catalysis Letters Vol. 84, Nos. 1-2, November 2002 (©2002)

95

Carbon dioxide reforming of methane over co-precipitated
Ni—Ce—-ZrO, catalysts
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An active and relatively stable Ni—-Ce—ZrO, catalyst has been designed and prepared conveniently by a novel one-step co-precipitation/
digestion method. This catalyst exhibited higher stability compared with a catalyst having the same composition but prepared using the
conventional impregnation method. It was found that 15% Ni (w/w) co-precipitated with Ce—ZrO, making the cubic phase of
CeggZr;,0, gave synthesis gas with CH, conversion more than 97% at 800 °C and that the activity was maintained for 100 h during the
reaction. The higher activity, conversion and stability of these catalysts are mainly related to the nano-crystalline nature of cubic
Ce,_,Zr, O, producing strong interaction with finely dispersed nano-sized NiO, crystallites.
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1. Introduction

During the last decade, the CO, reforming of CH,
(CDR) has received much attention for the production
of synthesis gas as a complementary process over the
well-established steam-reforming process because of
both environmental and commercial reasons [1,2].
Nickel-based catalysts on various support materials
showed high activity in this reaction comparable to
noble metals [3—6]. However, Ni catalysts easily deacti-
vate by coke formation and/or sintering of the metallic
and support phases [4,6,7].

Recently, there has been interest in mixed oxide
catalyst systems containing CeO,—ZrO, [8]. It has been
reported that the addition of ZrO, to CeO, leads to
improvements in the oxygen storage capacity of CeO,,
the redox property, thermal resistance and promotion
of metal dispersion [8—10], resulting in better perfor-
mance in certain reactions such as CO oxidation [11]
and combustion of methane [12]. This was found to be
due to the partial substitution of Ce*" with Zr*" in the
lattice of CeO,, which results in a solid solution forma-
tion [9]. Because of better thermal stability as well as
their enhanced oxygen mobility, the Ce;_,—Zr O,
system has appeared as a promising candidate to be
used as a support material in nickel-based catalyst
systems. Only a limited number of papers have been
concerned with this objective [13—15]. Lercher et al. [6]
have reported that Pt/ZrO, showed excellent perfor-
mance in CDR. However, Ni/ZrO, with a high Ni
loading is not viable for CDR due to coke formation.
Li et al. [16,17] have reported that Ni/ZrO, catalysts
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with more than 10 wt% Ni loading showed high activity
at 750°C for 30h in CDR despite producing a large
amount of carbon. However, its stable activity can be
obtained only under diluted reaction conditions,
namely dilution of reactants with N, and dilution of
catalysts with quartz sand. Previously, Ni catalysts
supported on a tetragonal Ce—ZrO,, prepared by the
molten salt method, were applied to steam reforming
of methane (SRM) [18,19], oxy-reforming of methane
(ORM) [20,21], and oxy-SRM (OSRM) [18,21]. Mon-
toya et al. [22] applied Ni supported on a tetragonal
Ce0,-Zr0O, support for the CDR reaction; however,
the problem of support sintering at 800 °C could not be
avoided completely.

It has been reported that the cubic phase of CeO,—
ZrO, has more oxygen storage capacity and is more
easily reducible than the tetragonal phase [7,23]. It is
also known that Ni dispersion using the co-precipitation
method is higher than that employing the conventional
impregnation method [9]. To the best of our knowledge,
cubic Cej 3Zr,,0, support containing nickel has not yet
been tried in the CDR reaction. In the work described in
this paper, a novel one-step chemical co-precipitation/
digestion method was used to prepare a nickel-based
catalyst on a cubic Ce(gZr,,0, support for evaluation
in CDR.

2. Experimental

Cubic Ce(gZr;,0, catalysts with varying NiO con-
centrations were prepared by a one-step co-precipita-
tion/digestion method. Stoichiometric quantities of
zirconyl nitrate solution (20wt% in ZrO, base, MEL

1011-372X/02/1100-0095/0 © 2002 Plenum Publishing Corporation



96 H.S. Potdar et al. | CO, reforming of CH, over Ni-Ce-ZrO,

Chemicals), cerrous nitrate (99.9%, Aldrich) and nickel
nitrate (97%, Junsei Chemicals) were dissolved in dis-
tilled water, and the resulting solution was transferred
to a round-bottomed flask. To this solution an aqueous
solution of 20% KOH (w/w) was added drop-wise at
80 °C with constant stirring to attain an alkaline pH
(9.5-10.5). During the entire course of co-precipitation
reactions, the pH was maintained in this alkaline
range. The precipitates were digested at 80°C for 72
and 96h. Later, they were thoroughly washed with
distilled water several times to remove any potassium
impurity and then initially air-dried for 48h 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 finally calcined at 500 °C for
6h in an aerobic environment to get the final catalyst
material. Many synthesis parameters such as pH,
digestion time, addition sequence and use of tetrapropyl
ammonium bromide, i.e., TPABr (4.3% by weight), were
systematically varied. This was done to optimize condi-
tions in order to get high surface area in 30% Ni
loaded (w/w) on cubic Ceyg3Zr;,0, material after
calcination at 500 °C for 6 h. Furthermore, Ni content
was gradually varied from 5 to 15% in the CeygZr;,0,
supports in order to optimize the Ni loading.
Simultaneously, for comparison, a CeggZry,0,-sup-
ported Ni catalyst system with optimized Ni loading
(15%, w/w) was prepared by the conventional impregna-
tion method. This was achieved by impregnating appro-
priate amounts of Ni(NO3),-6H,O onto cubic supports
of CeygZry,0, (prepared by the co-precipitation
methodology described previously), followed by drying
at 100 °C and later calcining the material at 800 °C for
6h in air. Similarly, a CegZr,,0,-supported 15% Ni
catalyst system was also prepared by calcining the one-
step co-precipitated material at 800 °C for 6 h in air.

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, 40kV,
50 mA). Pulse chemisorptions were performed in a multi-
function apparatus. About 250 mg of catalyst was placed
in a quartz reactor. Before pulse chemisorption, the
sample was reduced in 5% H,/Ar at 700°C for 3h.
Then the sample was purged in Ar at 720°C for 1h
and cooled to 50°C in flowing Ar. Hydrogen was
pulsed over the catalyst to measure the chemisorption
at 50°C using 5% H,/Ar and continued at 8min
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 assum-
ing the adsorption stoichiometry of one hydrogen atom
per nickel surface atom (H/Ni; = 1).

Activity tests were carried out using a fixed-bed micro-
reactor [18]. The reactant feed comprised a gaseous
mixture of CH4:CO,:N, (1.00:1.04:1.00). N, was

employed as the reference for calculating CH4 and CO,
conversion. Each catalyst was reduced in the reactor
with 5% H,/N, at 700 °C for 2 h prior to each catalytic
measurement. The CDR reaction was tested at 8§00 °C.
Effluent gases from the reactor were analyzed by a
Chrompack CP9001 gas chromatograph (fitted with a
fused silica capillary column (CarboPLOT P7)) equipped
with a thermal conductivity detector (TCD).

3. Results and discussion
3.1. Synthesis and catalyst characterization

An aim of the present study was to optimize the
preparation parameters in a one-step co-precipitation/
digestion methodology toward the co-precipitation of
nickel, cerium and zirconium hydroxides, and thus
obtain a novel NiO dispersed cubic Cej 3Zr;,0, matrix
with high surface area. Another aspect of this work
was to evaluate the performance of the catalyst systems
in the CDR reaction for elevated time periods in order
to test catalyst stability.

Table 1 summarizes characteristics of the supports
and catalysts prepared by the one-step co-precipitation/
digestion after the calcination step at 500 °C for 6h in
static air. The highest surface area (181 m? g) was
obtained at a pH of 10.5. However, if the pH is 9.5,
then the surface area decreases to 62.3 m> g. The increase
in digestion time from 72 to 96 h resulted in lowering the
surface area from 181 to 154m”g. The addition of
TPABr and reverse addition of cationic solution to the
precipitant are not beneficial to improving the surface
area. Hence, the optimized reaction condition to obtain
high surface area materials is achieved by the addition
of 20% precipitant, viz. aqueous KOH, to an aqueous
solution containing stoichiometric concentrations of
cerium, zirconium and nickel nitrates for a digestion
time of 72h at 80 °C.

For a comparison of the surface area of the various
catalytic materials, samples of cubic Ce,gZr;,0, and
CeO, were synthesized by the one step co-precipitation/
digestion methodology described above. It was observed
that the surface area of Ce, 3 Zr ,O, was 115 m?> g, whereas
that of CeO, was 112m? g after calcination at 500 °C for
6h. The surface-area values are quite comparable with
reported data for similar compositions prepared by other
chemical routes such as a sol-gel, hydrothermal, micro-
wave hydrothermal, micro-emulsion and high-energy
ball milling [3,24,25].

In order to understand the phase composition,
crystallinity and size of crystallites in these materials,
XRD patterns of the 30% Ni on cubic Cey3Zr;,0,
samples were obtained (figure 1). All the patterns
showed reflections typical of the cubic fluorite structure
of Ce 3Zr;,0, corresponding to the (111), (200), (311),
(222) and (400) planes. The lines corresponding to
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Table 1
Characteristics of supports and catalysts after calcination in air at 500 °C for 6 h.

Code Ni content Support pH Surf. area Ce—Zr0, size NiO size Lattice parameter:
(%) (m’/g)¢ (nm) (nm) a (A)

1 30 Ce—Z10, 9.5 63 16.8 22.7 5.35
2f 30 Ce-Zr0, 10.5 181 6.2 34 5.35
38 30 Ce—Z10, 10.5 154 6.7 3.4 5.35
4° 30 Ce-ZrO, 10.5 159 6.2 3.4 5.35
5¢ 30 Ce—Z10, 10.5 133 6.2 3.4 5.35
6 0 Ce-Z10, 10.5 115 6.2 - 5.35
7 0 CeO, 10.5 112 6.8 - 5.41
8f 5 Ce-ZrO, 10.5 125 9.5 NA® 5.35
9f 10 Ce—Z10, 10.5 127 55 NA® 5.35

10" 15 Ce-ZrO, 10.5 144 8.2 NA® 5.35

(Conditions: digestion time = 72 h; addition of KOH — cation solution).
* Digestion time =96 h.

" TPABr was added.

¢ Reverse addition (cation solution — KOH).

4 Accuracy = +0.5.

¢ Not available due to very broad and weak XRD peaks.

"These catalysts were examined for CDR.

either ZrO, or CeO, are not observed. This observation
indicates formation of CeygZr,,0, at this temperature
without any unreacted ZrO, or CeO, as an impurity
phase. This is also indicative of the fact that Ce and Zr
ions are homogeneously mixed. Furthermore, the calcu-
lated lattice parameter a, of 5.35 A agrees well with the
reported lattice parameter of CeygZr;,0,, confirming
thereby the formation of the cubic phase in the present
case [5,26,27]. The lattice parameter a, was calculated
from a slow scan using the equation as given below:

sin® Q(hkl) = N (h* + k> + I7) /4ag. (1)

The (200) reflection appearing at 20 = 33.453" was used
for calculation of the lattice parameter. The crystallite
size in the various materials was estimated using the
Debye—Scherrer equation:

Dy = 0.9\/ By cos 0 (2)
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Figure 1. XRD patterns of co-precipitated 30% Ni dispersed on cubic
Cey3Zry,0, catalysts ((a) code 1; (b) code 2; (c) code 3; (d) code 4; and
(e) code 5 in table 1).

where Dy, is the crystallite size, A is the wavelength of
Cu K, radiation, (3, is the peak width at half maximum
and @ is the Bragg diffraction angle. The calculated crys-
tallite sizes of Cej 3Zry,0, were found to be in the range
of 6.2—6.7 nm except for the sample prepared at a pH of
9.5 (16.8 nm). Presumably, this is why the surface area of
this sample is lower (63 m’ g). The other reflections
observed at 26 values equal to 37.21, 43.21, 62.73 and
75.42 degrees are assigned to cubic NiO with
ay = 4.176 A [28]. The crystallite size of NiO in the
code | sample (22.7nm) is higher than that of other
materials prepared at a pH of 10.5, which is nearly
3.4nm. This indicates that pH is an important parameter
for the synthesis of nano-crystalline Ni-Ce—ZrO, using
the co-precipitation method. Thus, XRD and BET sur-
face area measurements confirmed that high surface
area and smaller crystallite sizes are obtained at
pH=10.5, digestion time=72h, and the addition of
20% (w/w) aqueous solution of KOH to the cationic
solution containing Ce, Zr and Ni nitrates.

Because 30% Ni dispersed on Ce(3Zr;,0, (code 2 in
table 1) showed the highest surface area and the lowest
crystallite size, this catalyst was employed for CDR.
However, the catalyst deactivated with time on stream
(as discussed in the next section) due to sintering of Ni
particles and/or coke formation. Therefore, in order to
rectify the sintering problem, the Ni content in materials
was varied from 5 to 15% using the co-precipitation/
digestion method. On doing so, the surface area in these
materials was observed to increase from 125m’g to
144m’g with an increase in Ni content. The XRD
patterns for these are shown in figure 2. The XRD pattern
of co-precipitated CeO, is also included for comparison
sake. The results indicate a shift in the reflections for all
peaks toward higher angles due to the insertion of Zr*"
ions in the lattice of CeO,. The XRD patterns clearly
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Figure 2. XRD patterns of co-precipitated CeO, and cubic Ni-Ce—ZrO,
catalysts with different Ni loadings.

indicate the presence of cubic CejgZry,0, phase having
better dispersion of cubic NiO particles compared with
30% Ni dispersed on Cej gZrg,0, (see figure 1). The esti-
mated Cej 3Zr,,0, sizes of the samples of 5, 10 and 15%
Nicontents are 9.5, 5.5 and 8.2 nm, respectively. However,
the NiO peaks are so broad that NiO crystallite size
cannot be obtained, which indicates that these catalysts
have better dispersion of fine cubic NiO phase in the
Ce(3Zry,0, matrix than the 30% Ni catalyst. Ni-Ce—
Z0, catalysts with various Ni loadings prepared by the
co-precipitation method were tested for CDR, as
described in the next section. However, it was found
that these catalysts also deactivated during the test of
35h due to sintering of Ni particles.

To address this problem, therefore, this catalyst was
made by calcination at 800 °C for 6h in air to improve
its thermal stability by increasing the interaction between
Ni and cubic Ce( 3Zr,,0,. It is expected that Ni sintering
and carbon formation can be prevented due to the strong
Ni-support interactions. As a comparison, 15% Ni cata-
lyst loaded on CejgZr;,0, made by the conventional
impregnation method was also calcined at the same
temperature and for the same duration in air. Table 2
summarizes the characteristics of the co-precipitated

Table 2
Comparison of characteristics between co-precipitated and impregnated
catalysts after calcination at 800 °C for 6 h.

Co-precipitated Impregnated
BET surface area (m>/g)® 80 50
Crystallite size of support (nm) b 13 18
Crystallite size of NiO (nm)® NA¢ 8.5
Lattice parameter of NiO (A)b 4.17 4.17
Ni surface area (m?/g)° 1.71 0.61

* Estimated from N, adsorption at —196 °C.

® Estimated from XRD.

¢ Estimated from H, adsorption at 50 °C for the reduced catalyst.
4 Not available due to very broad and weak XRD peaks.
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Figure 3. XRD patterns of co-precipitated and impregnated Ni-Ce—ZrO,
catalysts (Ni loading = 15%).

and impregnated catalysts. The surface areas of co-
precipitated and impregnated catalysts after calcination
at 800 °C for 6 h were found to be 80 and 50 m?/g, respec-
tively. The XRD patterns for these catalysts are depicted
in figure 3. The crystallite size of the impregnated
support material was found to be higher (18 nm) than
that of co-precipitated support material (13nm). The
lattice parameter (ao) for both materials was found to
be 5.35 A. However, the NiO peaks in the co-precipitated
catalyst are much broader than those in the impregnated
one (8.5nm), indicating thereby better dispersion and
less sintering of fine NiO particles during the calcination
process. The values of H, uptake of the co-precipitated
and impregnated catalysts obtained by calcination at
800 °C for 6h were found to be 20.92 and 7.44 umol/
geat- The Ni surface areas for both samples are also
given in table 2. For the impregnated catalyst, the H,
uptake and Ni surface area were lower than those of
the co-precipitated catalyst. After reduction treatment,
the crystallite sizes for Cej3Zr;,0, of the impregnated
and co-precipitated catalysts were found to be 18.2 and
12.2 nm, respectively.

3.2. Catalytic performance

Because 30% Ni dispersed on Ce,gZr;,0, (code 2 in
table 1) showed the highest surface area and the lowest
crystallite size, this catalyst was employed for CDR.
The reaction data are shown in figure 4. The CH, and
CO, conversion were nearly equal to 96% up to 14h
time on stream and then decreased due to sintering of
Ni particles and/or coke formation.

To find out the optimum Ni loading, Ni-Ce—ZrO,
catalysts with various Ni loadings prepared by the co-
precipitation method were tested for CDR (figure 5).
The 5% and 10% Ni catalysts showed lower CH4 and
CO, conversion (less than 85%). On the other hand,
15% Ni catalyst showed conversions higher than 95%.
This catalyst slowly deactivated during the test of 35h
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Figure 4. CH,4 and CO, conversion with time on stream over co-precipitated
Ni—Ce—ZrO, catalysts with various Niloadings in CDR (reaction conditions:
T =800°C, CH,;:CO,:N,=1.00:1.04:1.00, GHSV=108000ml/h g,
solid symbol: CH,4 conversion; hollow symbol: CO, conversion).

due to sintering of Ni particles. However, it showed
relatively high and stable activity among the catalysts
tested; 15% Ni loading was selected for the next step.
To improve its thermal stability by increasing the
interaction between Ni and cubic CeygZry,0,, this
catalyst was re-calcined at 800 °C for 6h in air because
of the fact that Ni sintering and carbon formation can
be prevented due to the strong Ni-support interactions.
As a comparison, 15% Ni catalyst loaded on
Cep3Zry,0, made by the conventional impregnation
method was also calcined at the same temperature and
for the same duration in air. The CO, reforming reaction
data on both catalysts are presented in figure 5. The
impregnated catalyst showed an initial conversion of
80% (both CH,; and CO, conversion). However, it
decreased to 65% within 2h. The CO, conversion was
slightly higher than CH,; conversion due to reverse
water—gas shift reaction (RWGS). On the other hand,
the co-precipitated catalyst showed conversion (both
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Figure 5. CH4 and CO, conversion with time on stream over co-precipi-
tated and impregnated Ni—-Ce—ZrO, catalysts in CDR (Ni loading = 15%;
reaction  conditions: 7 =800°C, CH4:CO,:N,=1.00:1.04:1.00,
GHSV =108 000 ml/h g.,; solid symbol: CHy4 conversion; hollow symbol:
CO, conversion).
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Figure 6. CH,4 and CO, conversion with time on stream over co-precipitated
Ni—-Ce-ZrO, catalyst in CDR (Ni loading=15%; reaction conditions:
T =800°C, CH, : CO, : N, = 1.00: 1.04: 1.00, GHSV =216 000 ml/h g ).

CH, and CO,) of more than 97% up to 100 h without
significant deactivation. For this catalyst, the CH4 con-
version was slightly higher than CO, conversion due to
the fact that the feed ratio of CO,/CH,; = 1.04 and
possibly experimental error (GC error <2%). Thus, the
co-precipitated/digested catalyst gave a better perfor-
mance than the conventional impregnated one. To the
best of our knowledge, it is a very rare case that sup-
ported Ni catalyst having more than 5% Ni shows
such high activity and stability for 100h under the
condition of GHSV =100800ml/hg., in CDR. Since
the co-precipitated Ni—Ce—ZrO, exhibited almost
equilibrium values of CH, and CO, conversion, GHSV
was doubled (216000ml/hg,,) to avoid equilibrium
limited condition and the results are shown in figure 6.
Even though GHSV was doubled, high CH, conversion
(92%) and CO, conversion (93%) were still obtained and
the stability was maintained for 32 h. Thus, it was con-
firmed that co-precipitated Ni-Ce—ZrO, catalyst shows
high activity and stability even under non-equilibrium
limited condition. It is most likely that the higher cataly-
tic performance is related to the high surface area, the
nano-crystalline nature of the cubic Cey3Zr;,0,
support, the better dispersion of fine NiO particles in
the Ce(gZry,0, support and their interaction with the
support material and high Ni surface area.

4. Discussion

The enhanced conversion and thermal stability in the
co-precipitated Ni—Ce—ZrO, catalyst in CDR are
explained as follows: The high surface area in the co-
precipitated material is maintained due to agglomeration
of primary particles during digestion and strengthening
of the network structure, giving a porous material
which is capable of withstanding thermal treatment
[29]. This allows the high surface area to be retained
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even after calcination at 800 °C in air compared to the
impregnated catalyst. The ability of the cubic Cej gZr;,0,
solid solution is related to its rapid reduction/oxidation
capability by shifting between CeO, under oxidizing
conditions and Ce,O3; under reducing conditions. The
capability of the redox couple Cett—ce*t is reported to
be enhanced in the cubic solid solution of Ce;_,—Zr, O,
[8]. In addition, the cubic solid solution is more reducible
than the tetragonal solid solution [11]. Furthermore,
oxygen storage capacity/mobility is favored in the cubic
structure rather than in the tetragonal structure [8,11].
The novel method of co-precipitation/digestion helps to
produce a nano-sized Ce;gZr;,0, matrix with fine
NiO, crystallites strongly interacting with the support
in a single step. From the various characterization results
discussed in the previous section, the reaction results are
explained using a reported mechanism [3]. The decompo-
sition of methane first occurs on the fine nickel particles,
resulting in the formation of hydrogen and carbon. Simul-
taneously, the reaction of carbon with oxygen occurs to
produce CO. The required oxygen is available from the
cubic CejgZry,0, support with high oxygen mobility
near the metal particles or from the decomposition of
CO, [3]. In this dual path mechanism [30,31], the role of
support is equally important in dissociative adsorption
of CO, [3] near the metal particles, which help in transfer-
ring oxygen to coked metal. In this way the removal of
carbon is accelerated and the stability of the catalyst
during the CDR is maintained.

5. Conclusions

A novel one-step co-precipitation/digestion process
produced 15% Ni loaded on cubic Cej3Zr;,0, catalyst
having better activity and thermal stability than impreg-
nated catalyst having same composition. The higher
activity and stability of this catalyst system in CDR is
mainly related to the high surface area, the nano-sized
nature of the cubic Cey3Zr;,0, support and the better
dispersion of fine NiO particles in the CeygZry,0,
matrix and their strong interaction with support material.
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