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A B S T R A C T

Ni–CeO2, Ni–ZrO2 and Ni–Ce0.8Zr0.2O2 catalysts have been prepared by a co-precipitation method to

develop catalysts suitable for synthesis gas production for gas to liquid (GTL) process. A conventional

impregnation method was also employed to prepare Ni/CeO2, Ni/ZrO2 and Ni/Ce0.8Zr0.2O2 catalysts to

compare the impregnated catalysts with the co-precipitated ones. Ni content was fixed at 15% for both

cases. It has been confirmed that the co-precipitated Ni–CeO2 and Ni–Ce0.8Zr0.2O2 catalysts exhibited

relatively high activity as well as stability, while the impregnated Ni/CeO2 and Ni/Ce0.8Zr0.2O2 catalysts

slowly deactivated with time on stream at 800 8C. At the temperature range from 700 to 750 8C, co-

precipitated Ni–Ce0.8Zr0.2O2 catalyst showed higher CH4 and CO2 conversion than Ni–CeO2 catalyst. The

enhanced catalytic activity and stability of the co-precipitated Ni–Ce0.8Zr0.2O2 catalyst is due to the

combination of nano-crystalline nature of cubic Ce0.8Zr0.2O2 support and finely dispersed nano-sized NiO

crystallites resulting in intimate contact between Ni and support, better Ni dispersion, and enhanced

oxygen transfer during the reaction.
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1. Introduction

Recently, a lot of research interest has been focused on gas to
liquids (GTLs) technology due to high oil price (>$140/bbl). In
general, GTL technology has three unit processes. Three unit
processes are synthesis gas production, Fischer–Tropsch (F–T)
synthesis and product work-up. Economically, the synthesis gas
production unit is the most expensive of the three process sections.
Thus, the design of the synthesis gas production unit is very
important for the economics of a GTL project [1].

Commercially, synthesis gas has been produced from steam
reforming of hydrocarbons [2–6]. However, steam reforming by
itself is not suitable technology to produce synthesis gas for the
GTL applications because the H2/CO ratio from steam reforming of
hydrocarbons deviates from 2, which is suitable for the F–T
synthesis. Catalytic oxy-reforming of methane has also been
considered to produce the synthesis gas with a H2/CO ratio of 2 due
to mild exothermicity, very short residence time, and fast start-up
[7–11]. However, it has not been commercialized because of
explosion danger and difficulty in controlling the operation [3].
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Combined steam and carbon dioxide reforming of methane
(CSCRM) can be considered as an alternative to produce synthesis
gas with flexible H2/CO ratio [12–16]. It is reported that it is easy to
adjust H2/CO ratio in the product synthesis gas to meet the
requirements of downstream chemicals by controlling feed H2O/
CO2/CH4 ratio [13]. As a consequence, expensive air separation unit
(ASU) in the synthesis gas production unit can be omitted by
employing CSCRM, which makes the GTL process economically
feasible process.

The breakthrough of CSCRM is to develop Ni catalysts with high
coke resistance. It is known that supported Ni catalysts easily
deactivate due to carbon formation in CSCRM [13]. Thus, it is an
emerging topic to develop catalysts with high activity and stability
for the target reaction. It has been reported that the Ni catalyst
supported by small nanoparticles of ZrO2, MgO, and Ce–ZrO2 could
be highly active and stable for dry reforming of methane
(CO2 + CH4 = 2H2 + 2CO: CRM) [12,17–19]. Roh et al. [13] also
reported that nano-sized Ni/MgO–Al2O3 catalyst exhibited high
activity with stability in CSCRM. As a consequence, it has been
found that support plays a very important role in catalytic activity
and stability in CSCRM.

It is known that Ce1�x–ZrxO2 solid solution has high oxygen
storage capacity, redox property, and thermal stability due to the
partial substitution of Ce4+ with Zr4+ in the lattice of CeO2 [20–22].
As a result, the Ce1�x–ZrxO2 system has been considered as a
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promising support in methane reforming reactions [23–25].
Lercher et al. [26] reported that Pt/ZrO2 exhibited excellent
performance in CRM. Li et al. [27,28] reported that Ni/ZrO2

catalysts showed high activity in CRM under diluted reaction
conditions. Roh et al. [29,30] applied Ni/Ce0.2–Zr0.8O2 for methane
reforming reactions. Montoya et al. [31] applied Ni supported on a
tetragonal CeO2–ZrO2 support for the CRM reaction. Roh et al. [32–
35] also reported that Rh/Ce–ZrO2 was highly active and selective
in low temperature ethanol steam reforming. Song and co-workers
applied CeO2-supported Ni–Rh bimetallic catalysts for low
temperature reforming of ethanol [36,37]. Jun and co-workers
reported that a co-precipitation method was highly effective
method to prepare Ni–Ce–ZrO2 catalyst for CRM [38,39]. Very
recently, co-precipitated Ni–Ce–ZrO2 catalysts with various CeO2/
ZrO2 ratios have been prepared and applied for CSCRM. The
optimum CeO2/ZrO2 ratio has been found to be 4/1 (mol/mol) in
CSCRM for the GTL process [16].

In this study, co-precipitated Ni–CeO2, Ni–ZrO2 and Ni–
Ce0.8Zr0.2O2 catalysts have been prepared and compared with
the impregnated catalysts having the same composition in CSCRM
to develop the active and stable catalysts for the target reaction.

2. Experimental

Ni–CeO2, Ni–ZrO2 and Ni–Ce0.8Zr0.2O2 catalysts were prepared
by a co-precipitation method (Ni loading = 15 wt.%). Stoichio-
metric quantities of zirconyl nitrate solution (20 wt.% in ZrO2 base,
MEL Chemicals), Ce-nitrate (99.9%, Aldrich) and Ni-nitrate (97%,
Junsei Chemicals) were dissolved in distilled water, and the
resulting solution was transferred to a round bottom flask. 10%
KOH aqueous solution was employed as a precipitation agent. An
aqueous solution of 10% KOH was added drop-wise at 80 8C until
the pH of the solution reached 10.5. The solution was aged at 80 8C
for 3 days. The detailed preparation procedure was described
elsewhere [19]. The prepared catalysts were calcined in air at
800 8C for 6 h. For comparison, Ni/CeO2, Ni/ZrO2 and Ni/
Ce0.8Zr0.2O2 catalysts were prepared by the conventional impreg-
nation method. This was done by impregnating appropriate
amounts of Ni(NO3)2�6H2O onto supports prepared by the co-
precipitation method. The prepared catalysts were also calcined in
air at 800 8C for 6 h.

The BET specific surface area was measured by nitrogen
adsorption at�196 8C using a Micromeritics (ASAP-2000) surface
area measurement apparatus. The XRD patterns were recorded
using a Rigaku D/MAX-IIIC diffractometer (Ni filtered Cu Ka
radiation, 40 kV, 50 mA). Pulse chemisorptions were performed
in a multifunction apparatus. About 50 mg of catalyst was placed
in a quartz reactor. Before pulse chemisorption, the sample was
reduced in 5% H2/Ar at 700 8C for 3 h. Then the sample was
purged in Ar at 720 8C for 1 h and cooled to 50 8C in flowing Ar.
Hydrogen was pulsed over the catalyst to measure the
chemisorption at 50 8C using 5% H2/Ar and continued at 8 min
Table 1
Characteristics of catalysts prepared by co-precipitation and impregnation method.

Catalyst Surf. area (m2/g)a Support size (nm)b

Ni–Ce0.8Zr0.2O2 97 9

Ni–CeO2 67 14

Ni–ZrO2 61 4

Ni/Ce0.8Zr0.2O2 60 11

Ni/CeO2 9 36

Ni/ZrO2 17 24

a Estimated from N2 adsorption at �196 8C (error <0.5).
b Estimated from XRD (error <0.5).
c Estimated from H2 chemisorption at 50 8C considering reduction degree (error <0.
d Not available due to very broad and weak XRD peaks.
intervals until the area of the hydrogen peak on the chromato-
graph was identical.

Activity tests were carried out using a fixed-bed micro-reactor.
Each catalyst was reduced in the reactor with 5% H2/N2 at 700 8C
for 3 h prior to each catalytic activity measurement. The feed H2O/
CO2/CH4 ratio was fixed at 0.8/0.4/1.0 because product H2/CO ratio
of 2 was obtained in this reaction condition. A space velocity of
265,000 cm3 gas fed/gcat-h was employed to screen the catalysts.
Effluent gases from the reactor were analyzed by an on-line gas
chromatograph (HP 6890N) equipped with a thermal conductivity
detector (TCD). The detailed experimental procedure was
described elsewhere [13].

3. Results and discussion

3.1. Characterization

Table 1 summarizes the characteristics of catalysts prepared by
co-precipitation and impregnation method. All the catalysts were
calcined at 800 8C for 6 h. The co-precipitated Ni–Ce0.8Zr0.2O2

catalyst shows the highest BET surface area. It indicates that the
cubic Ni–Ce0.8Zr0.2O2 catalyst has higher BET surface area than Ni–
CeO2 or Ni–ZrO2. Compared with the impregnated catalysts, the
co-precipitated catalysts show higher BET surface areas. This
suggests that Ni incorporation during the synthesis procedure
results in the development of fine nano-crystallites. As a result,
support crystallite size of the co-precipitated catalysts is smaller
than that of the impregnated ones. Especially, NiO crystallite size of
the co-precipitated catalysts is much smaller than that of the
impregnated ones. In the case of co-precipitated Ni–Ce0.8Zr0.2O2

and Ni–CeO2 catalysts, NiO crystallite size cannot be measured due
to very broad and weak XRD peaks. This indicates that Ni is
incorporated into the support lattice during the co-precipitation
procedure, which is in good agreement with the previous result by
Montoya et al. [31]. As a consequence, the reduction degrees of the
co-precipitated catalysts are much lower than those of the
impregnated ones. The Ni dispersion follows in the order: Ni–
Ce0.8Zr0.2O2 > Ni–CeO2 > Ni–ZrO2 > Ni/Ce0.8Zr0.2O2 > Ni/
ZrO2 > Ni–CeO2. Thus, it has been confirmed that the co-
precipitation method is very effective to achieve high surface
area as well as high Ni dispersion. By the way, the characteristics of
the co-precipitated catalysts are different from the previous results
[18]. In general, the surface areas of the co-precipitated catalysts in
this study are higher than those of the literature [18]. This is mainly
due to the fact that 10% KOH solution has been employed as a
precipitation agent instead of 20% KOH solution and 10% KOH was
added drop-wise very slowly to avoid rapid change of the pH of the
solution. As a consequence, the dispersion values of the co-
precipitated catalysts are relatively higher than those of the
literature [18].

Fig. 1 shows XRD patterns of fresh co-precipitated and
impregnated catalysts. Both co-precipitated Ni–Ce0.8Zr0.2O2 and
NiO size (nm)b Reduction degree (%) Ni dispersion (%)c

N.A.d 53.7 6.60

N.A.d 61.8 6.40

4 63.3 2.11

24 74.4 1.73

55 94.4 0.39

21 99.0 0.50

005).



Fig. 1. XRD patterns of fresh co-precipitated and impregnated catalysts. Fig. 3. TPR patterns of co-precipitated and impregnated catalysts.
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Ni–CeO2 catalysts give all characteristic reflections corresponding
to cubic phase [19]. In both cases, the NiO peaks are too broad to
calculate NiO crystallite size, indicating fine nano-dispersion of
NiO on support. On the other hand, the Ni–ZrO2 catalyst shows all
characteristic reflections corresponding to tetragonal phase [4].
The crystallite size of NiO is the same as that of support (4 nm). The
patterns of the impregnated Ni/Ce0.8Zr0.2O2 catalyst are close to
those of the co-precipitated Ni–Ce0.8Zr0.2O2 catalyst. However, the
NiO crystallite size of the impregnated Ni/Ce0.8Zr0.2O2 catalyst is
found to be 24 nm, which is much bigger than that of the co-
precipitated one. For the Ni/CeO2 catalyst, the patterns are
corresponding to cubic structure of CeO2 and NiO. On the other
hand, the Ni/ZrO2 catalyst shows characteristic peaks correspond-
ing to monoclinic phase [4].

Fig. 2 shows XRD patterns of reduced catalysts. Both co-
precipitated Ni–Ce0.8Zr0.2O2 and Ni–CeO2 catalysts do not show Ni
peaks. This indicates that Ni is finely dispersed after the reduction
process. This is in good agreement with the Ni dispersion data in
Table 1. On the contrary, the Ni–ZrO2 catalyst shows relatively
sharp Ni peaks. Compared with the co-precipitated catalysts, Ni
peaks of the impregnated catalysts are sharper than those of co-
precipitated catalysts. This is also in good agreement with the
dispersion data in Table 1.

Fig. 3 describes TPR patterns of co-precipitated and impreg-
nated catalysts. It is known that the lower temperature peaks are
Fig. 2. XRD patterns of reduced co-precipitated and impregnated catalysts.
assigned to the reduction of relatively free NiO species, while the
higher temperature peaks are attributed to the reduction of
complex NiO species, which have strong metal to support
interaction (SMSI) [4,5]. Ni/CeO2 shows sharp reduction peak at
about 400 8C followed by a small tail. The first peak can be assigned
to free NiO species. There is another peak at 830 8C due to partial
reduction of CeO2, which is consistent with the TPR curve of only
CeO2 support [10]. For Ni/ZrO2, reduction peaks with maxima at
about 420 and 490 8C are observed. The former can be assigned to
relatively free NiO species and the latter to complex NiO species. In
the case of Ni/Ce0.8Zr0.2O2 catalyst, there are three peaks. The first
peak is attributed to free NiO species. The second peak with
maxima at 570 8C is assigned to complex NiO species. Ni to support
interaction of this catalyst is stronger than that of Ni/ZrO2 because
the reduction peak is 80 8C higher than that of Ni/ZrO2. The last
peak is assigned to the reduction of segregated CeO2 [19].

Compared with the impregnated catalysts, the co-precipitated
catalysts show different patterns. For the Ni–ZrO2 catalyst, one
peak appears at 420 8C and the other peak is very broad. The first is
from the reduction of free NiO species, the second peak from the
reduction of complex NiO species, which have relatively strong
interaction with the support. This indicates that the co-precipi-
tated Ni–ZrO2 catalyst has SMSI, compared with the impregnated
Ni/ZrO2 catalyst. In the case of Ni–CeO2 catalyst, the first peak
appears at 370 8C. It is known that NiO can be reduced easily in the
presence of CeO2 [29]. The second broad peak can be attributed to
the reduction of complex NiO species. For the Ni–Ce0.8Zr0.2O2

catalyst, it also shows complex peaks with peak maxima at 450,
630, 810, and 960 8C. The first peak originates from the reduction of
relatively free NiO species. The second peak is from the reduction
of complex NiO species. The third peak is assigned to the reduction
of segregated CeO2 and the last peak is due to the presence of
carbonate-type species [19]. According to the above results, it has
been confirmed that the co-precipitated catalysts have stronger
metal to support interaction than the impregnated ones.

3.2. Reaction results

The reaction results for CH4 conversion with time on stream are
illustrated in Fig. 4. Both co-precipitated Ni–Ce0.8Zr0.2O2 and Ni–
CeO2 catalysts exhibited the highest CH4 conversion with stability.
On the contrary, impregnated Ni/Ce0.8Zr0.2O2 and Ni/CeO2 catalysts
slowly deactivated with time on stream. It is most likely that Ni
dispersion is very important for the catalyst to have high activity.
According to the dispersion data in Table 1, co-precipitated Ni–



Fig. 4. CH4 conversion with time on stream over co-precipitated and impregnated

catalysts (T = 800 8C, GHSV = 265,000 cm3/h gcat).

Fig. 5. CH4 conversion with reaction temperature over co-precipitated Ni–Ce0.8–

Zr0.2O2 and Ni–CeO2 catalysts (GHSV = 265,000 cm3/h gcat).

Table 2
CH4 and CO2 conversion with reaction temperature over co-precipitated Ni–Ce0.8–

Zr0.2O2 and Ni–CeO2 catalysts.

Catalyst 800 8C 750 8C 700 8C

XCH4
XCO2

XCH4
XCO2

XCH4
XCO2

Ni–Ce0.8Zr0.2O2 96 80 92 73 86 54

Ni–CeO2 97 79 90 71 70 42

Equilibrium 97 79 92 72 86 52

Unit: % (error <0.5).

Table 3
H2/CO ratio with reaction temperature over co-precipitated Ni–Ce0.8–Zr0.2O2 and

Ni–CeO2 catalysts.

Catalyst 800 8C 750 8C 700 8C

Ni–Ce0.8Zr0.2O2 1.9 1.9 2.0

Ni–CeO2 1.9 1.9 2.1

Equilibrium 2.0 2.0 2.4

Error <0.05.
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Ce0.8Zr0.2O2 and Ni–CeO2 catalysts have higher Ni dispersion than
the other catalysts. Another significant factor is SMSI. According to
the TPR curves, the co-precipitated catalysts have stronger metal to
support interaction than the impregnated ones. In another word,
the impregnated catalysts have larger portion of relatively free NiO
species, compared with the co-precipitated catalysts. It is possible
that free NiO species agglomerate during reduction and reaction
owing to sintering at high temperatures. In reality, reduced co-
precipitated Ni–Ce0.8Zr0.2O2 and Ni–CeO2 catalysts do not show
distinct Ni peaks, as shown in Fig. 2. On the contrary, the other
catalysts show Ni peaks in XRD patterns. As a result, both co-
precipitated Ni–Ce0.8Zr0.2O2 and Ni–CeO2 catalysts showed rela-
tively stable activity with time on stream.

In the case of co-precipitated Ni–ZrO2, it deactivated with time
on stream. For impregnated Ni/ZrO2 catalyst, it did not show high
activity. Thus, it has been confirmed that the conventional
impregnation method is not effective to prepare catalysts having
good activity and stability in CSCRM. It is also concluded that CeO2

plays an important role in having high activity as well as stability in
CSCRM. This is due to high oxygen storage capacity of CeO2, which
stores and releases reversibly active oxygen species depending on
the reaction condition. CeO2 can be partially reduced under
reductive environment, giving active oxygen species, which react
with surface carbon, resulting in preventing coke formation in
CSCRM [39]. The partially reduced ceria can be re-oxidized by
receiving active oxygen species from water and/or CO2 molecules.

Both co-precipitated Ni–Ce0.8Zr0.2O2 and Ni–CeO2 catalysts
exhibited almost equilibrium CH4 conversion (97%) at 800 8C and
265,000 cm3/h gcat GHSV. Both catalysts showed stable activity for
more than 20 h without significant catalyst deactivation. To our
knowledge, it is very rare that supported Ni catalysts show such a
high activity and stability under the condition of GHSV =
265,000 cm3/h gcat in CSCRM. According to the above reaction
results, it is obvious that Ce0.8Zr0.2O2 and CeO2 are the promising
supports in CSCRM.

To compare co-precipitated Ni–Ce0.8Zr0.2O2 and Ni–CeO2

catalysts precisely, the reaction temperature was changed from
800 to 700 8C at the same GHSV. Fig. 5 shows CH4 conversion with
reaction temperature over co-precipitated Ni–Ce0.8–Zr0.2O2 and
Ni–CeO2 catalysts. The detailed reaction results of the co-
precipitated Ni–Ce0.8–Zr0.2O2 and Ni–CeO2 catalysts are summar-
ized in Table 2. Both catalysts exhibited almost equilibrium CH4

and CO2 conversion at 800 8C. The Ni–Ce0.8–Zr0.2O2 catalyst still
showed equilibrium CH4 and CO2 conversion at 750 8C, while the
Ni–CeO2 catalyst showed slightly low CH4 and CO2 conversion. At
700 8C, the activity of the Ni–Ce0.8–Zr0.2O2 catalyst is higher than
that of the Ni–CeO2 catalyst. Thus, it has been confirmed that the
co-precipitated Ni–Ce0.8–Zr0.2O2 catalyst is the best candidate
catalyst in CSCRM among the catalysts tested in this study.
According to the above results, it is concluded that Ni–Ce0.8Zr0.2O2

solid solution prepared by the co-precipitation method is highly
effective in CSCRM.

For the F–T synthesis in GTL, the H2/CO ratio in the product
should be 2. Table 3 summarizes H2/CO ratio with reaction
temperature over co-precipitated Ni–Ce0.8–Zr0.2O2 and Ni–CeO2

catalysts. It is obvious that the H2/CO ratio in the product synthesis
gas has been controlled to be around 2 from 800 to 700 8C. Thus, it
has been confirmed that the desirable H2/CO ratio for the F–T
synthesis was achieved in this reaction conditions (feed H2O/CO2/
CH4 = 0.8/0.4/1.0).

It is likely that the outstanding activity and stability of the co-
precipitated Ni–Ce0.8Zr0.2O2 catalyst is related to high surface area,
nano-crystalline size of both Ce0.8Zr0.2O2 support and NiO, better
dispersion of nano-sized NiO crystallites in Ce0.8Zr0.2O2 support
resulting in strong metal to support interaction, and enhanced
oxygen transfer during CSCRM. The intimate contact between Ni
and Ce0.8Zr0.2O2 would enhance oxygen transfer from cubic
Ce0.8Zr0.2O2 support to Ni, which is beneficial to prevent carbon
formation during CSCRM. It is known that the cubic Ce0.8Zr0.2O2
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solid solution has the redox ability [39]. The redox ability of
Ce0.8Zr0.2O2 solid solution is higher than that of CeO2 alone [39]. A
higher rate of oxygen transfer effectively prevents carbon
formation in severe conditions.

4. Conclusions

The co-precipitation method is a promising method to prepare
highly active and stable catalysts with high surface area, better
dispersion of metal, and intimate contact between metal and
support for CSCRM compared with the conventional impregnation
method. Co-precipitated Ni–Ce0.8Zr0.2O2 exhibited the highest
activity as well as stability due to nano-sized crystallite of both
Ce0.8Zr0.2O2 and NiO resulting in intimate contact between Ni and
support, better Ni dispersion, and enhanced oxygen transfer during
the reaction.
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