
Catalysis Letters Vol. 78, Nos. 1–4, March 2002 (© 2002) 215

Comparative study on partial oxidation of methane over Ni/ZrO2,
Ni/CeO2 and Ni/Ce–ZrO2 catalysts
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The partial oxidation of methane has been studied by sequential pulse experiments with CH4→ O2→ CH4 and simultaneous pulse
reaction of CH4/O2 (2/1) over Ni/CeO2, Ni/ZrO2 and Ni/Ce–ZrO2 catalysts. Over Ni/CeO2, CH4 dissociates on Ni and the resultant
carbon species quickly migrate to the interface of Ni–CeO2, and then react with lattice oxygen of CeO2 to form CO. A synergistic effect
between Ni and CeO2 support contributes to CH4 conversion. Over Ni/ZrO2, CH4 and O2 are activated on the surface of metallic Ni, and
then adsorbed carbon reacts with adsorbed oxygen to produce CO, which is composed of the main path for the partial oxidation of methane.
The addition of ceria to zirconia enhances CH4 dissociation and improves the carbon storage capacity. Moreover, it increases the storage
capacity and mobility of oxygen in the catalyst, thus promoting carbon elimination.
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1. Introduction

The catalytic partial oxidation of methane (POM) to CO
and H2 is of great practical importance in utilization of nat-
ural gas. In the past decades, extensive investigations have
been made in POM since the reaction is mildly exothermic,
highly efficient and can produce synthesis gas with a H2/CO
mole ratio of 2, which is well suitable for the methanol syn-
thesis and the Fischer–Tropsch reaction [1]. It provides a
great promise to replace the conventional steam reforming
of methane, which is an energy intensive process, for the
production of synthesis gas.

It has been reported that high methane conversion, H2

and CO selectivities can be obtained over a number of metal
catalysts such as Rh, Pt, Ru, Ir, Co and Ni [2–7]. The cat-
alysts based on noble metals are known to be more active
and less sensitive to coke formation than Ni-based catalysts.
However, because of the very high cost of noble-metal-based
catalysts, supported Ni catalysts are more promising for in-
dustrial utilization.

To develop a high performance catalyst, it is essential
to elucidate the reaction mechanism. So far, two mecha-
nisms have been proposed for POM to synthesis gas: (i) The
combustion-reforming mechanism, which involves an ini-
tially strongly exothermic methane combustion to CO2 and
H2O, followed by the strongly endothermic reforming re-
action of the rest of CH4 with CO2 and H2O to produce
synthesis gas [8–10]. (ii) The direct partial oxidation mech-
anism, in which CO is produced directly without the pre-
formation of CO2 [3,11–15]. This mechanism involves two
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steps, namely the pyrolysis CH4→C+ 4H, followed by the
oxidation of C to CO. Some recent investigations brought
support to this mechanism. Hickman and Schmidt [3] inves-
tigated Rh- and Pt-impregnated foam monoliths as catalysts
for POM. They proposed that the mechanism involved direct
formation of H2 initiated by CH4 pyrolysis on the surface to
give surface C and H species. The H atoms dimerize and
desorb as H2, while the surface C atoms react with adsorbed
O atoms and desorb as CO. Auet al. [11] compared the re-
action behavior of CH4 and CH4/O2 over SiO2-supported Ni
and Cu catalysts using pulse techniques, and suggested that
the conversion of CH4/O2 to synthesis gas followed the py-
rolysis mechanism. According to Hu and Ruckenstein [12],
transient response analysis indicated that over Ni/SiO2 cat-
alyst CH4 and O2 react in the adsorbed statesvia the pyrol-
ysis mechanism. They concluded that the reaction between
the surface carbon species and the surface oxygen species
constitutes the rate-controlling step. Based on the results of
pulse reaction of CH4, CH4/O2 and CH4/CO2 over Ni/Al2O3
catalyst, Luet al. [13] suggested that the primary surface re-
action of POM proceedsvia a CH4 pyrolysis followed by the
reduction of NiOx by the surface C atoms. Very recently, Jin
et al. [15] claimed that both CH4 and O2 are activated on Ni0

sites, generating surface Ni· · ·C and Niδ+ · · ·Oδ− species.
The reaction between these two kinds of intermediates gen-
erates the primary product of CO.

In our previous studies [16,21], Ni/Ce–ZrO2 exhibited
high catalytic performances in POM, SRM and OSRM
(combination of POM and SRM). A mechanistic scheme
was proposed to explain the excellent performance of
Ni/Ce–ZrO2 catalyst.

In this work, we conducted pulse reaction of CH4, O2

and CH4/O2 to investigate further the reaction performance
of Ni/ZrO2, Ni/CeO2 and Ni/Ce–ZrO2 catalysts. The results
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allowed us to identify the reaction intermediates and to ex-
amine the reaction mechanism.

2. Experimental

2.1. Preparation of the catalysts

Support materials employed in this study were mono-
clinic ZrO2 (99%, Strem Chemicals), CeO2 (99%, Aldrich
Chemicals), and Ce-doped ZrO2. The BET surface areas for
ZrO2 and CeO2 are 18.4 and 2.0 m2/g, respectively. Ce-
doped zirconia support was prepared by a sol–gel method
with ZrO2 to CeO2 weight ratio of 4 [21]. The modified
support was calcined at 800◦C for 6 h. The BET analysis
showed that the surface area of the support is 55.0 m2/g. The
support has a tetragonal phase structure as indicated by XRD
patterns. Supported Ni (15 wt%) catalysts were prepared by
the molten-salt method as described elsewhere [17].

2.2. Pulse reaction

Pulse experiments using CH4, O2 and CH4/O2 mixed gas
were performed in a quartz flow microreactor with an in-
ner diameter of 4 mm. Prior to the reaction, each catalyst
(15 mg) was loaded in the reactor and reducedin situ in 5%
H2/N2 at 700◦C for 3 h. After that, the sample was heated
to 800◦C in He (30 ml/min), and held at 800◦C for 90 min
to remove any residual gases in the system, then exposed to
pulses of CH4, O2 or CH4/O2 (1 ml pulse, 10–15 min inter-
val). During each pulse, the exit gas was analyzed on-line
by a Shimadzu GC-8A gas chromatograph equipped with
TCD (carbosphere column, 80◦C; helium as carrier gas).
The conversion and selectivity were calculated on the ba-
sis of carbon contents in the products and 100% carbon and
oxygen balances.

In the present study, CO, CO2, CO* and CO∗2 selectivities
were defined according to the following equations:

CO selectivity (%)= moles of CO formed

moles of CH4 conversion
× 100%,

CO2 selectivity (%)= moles of CO2 formed

moles of CH4 conversion
× 100%,

CO∗ selectivity (%)= 0.5× moles of CO formed

moles of O2 conversion
× 100%,

CO∗2 selectivity (%)= moles of CO2 formed

moles of O2 conversion
× 100%.

3. Results

3.1. Sequential pulse reaction of CH4 and O2

In this experiment, five pulses of each gas were injected
in a sequence of CH4→ O2→ CH4. The blank runs in an
empty tube and CH4 pulses over ZrO2, CeO2 and Ce–ZrO2
supports showed no CH4 conversion at 800◦C.

Sequential pulse experiments (CH4→ O2→ CH4) were
performed over Ni/ZrO2, Ni/CeO2 and Ni/Ce–ZrO2 cata-
lysts at 800◦C to investigate the CH4 dehydrogenation activ-
ity and carbon elimination by O2. Figure 1 shows CH4 (O2)
conversion, CO (CO*) and CO2 (CO∗2) selectivities during
three sets of pulses. For the methane ordinal pulses, the con-
version of methane was the highest in the first pulse, and then
decreased with increasing pulse number in different rates
over different catalysts. Since the activities of all the cat-
alysts for methane decomposition could be restored to their
initial values after removing the carbon species deposited on
the catalysts and replenishing the lattice oxygen in the fol-
lowing oxygen pulses, it can be concluded that the decrease
of methane conversion over these catalysts can be ascribed
to both the deposition of carbon species on the active sites
for methane decomposition and the consumption of the re-
active oxygen species present on the catalyst. Over Ni/CeO2
catalyst, the first CH4 pulse generated a large amount of CO
and H2, but no CO2 was detected. Since there is no gas-
phase oxygen species present in the system, it suggests that
the oxygen is from the support. The initial CH4 conversion
was 61.1%, and then declined rapidly to 4% for the third
pulse, while the CO selectivity decreased from 55.5 to 0%,
indicating that mobile oxygen species in the CeO2 support
were exhausted. In this case, it is plausible to suggest that
the decrease of methane conversion over Ni/CeO2 catalyst
mainly resulted from the decrease of the mobile oxygen in
the support with methane pulses.

Considering Ni/ZrO2 and Ni/Ce–ZrO2 catalysts, in the
first CH4 pulse, a large amount of H2 and a very small
amount of CO were detected. The CO selectivities for the
first pulse were 1.6 and 3.7%, respectively, implying that the
reducible oxygen species in both Ni/ZrO2 and Ni/Ce–ZrO2
catalysts are much less than that in Ni/CeO2 after the re-
duction at 700◦C for 3 h. CH4 conversion was 65.2% over
Ni/ZrO2 and 74.5% over Ni/Ce–ZrO2 for the first pulse. The
results indicate that CH4 is effectively dissociated to form
carbon species, which is confirmed by the effluents, CO and
CO2 when O2 was pulsed after the 5th CH4 pulses. With
increasing CH4 pulse, CH4 conversion decreased gradually
over Ni/ZrO2 catalysts mainly due to the carbon deposited
on the catalyst surface since the reactive oxygen species
over the catalyst were very scarce. However, the decrease
of CH4 conversion over Ni/Ce–ZrO2 was the lowest, indi-
cating that Ni/Ce–ZrO2 catalyst has the best ability to resist
deactivation caused by coke formation which is confirmed
by the following results (table 1). In the case of Ni/CeO2,
increasing CH4 pulse number resulted in a sharp decrease
of CH4 conversion along with the decrease of CO selec-
tivity. Once the reducible oxygen species in the catalyst
are exhausted, the CH4 dissociation activity becomes very
low. This phenomenon is obviously different from that over
Ni/ZrO2 and Ni/Ce–ZrO2. Although the reducible oxygen
species in Ni/ZrO2 and Ni/Ce–ZrO2 at the present condi-
tions were very scarce, these catalysts still showed higher
CH4 dissociation activity. It strongly suggests that CH4 dis-
sociation occurs on the metallic Ni active sites for Ni/ZrO2
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Figure 1. Sequential pulse reaction (CH4→ O2→ CH4) over Ni/CeO2, Ni/CeO2–H2, Ni/ZrO2 and Ni/Ce–ZrO2 catalysts at 800◦C (Ni/CeO2–H2: the
sample was treated with H2 pulse before CH4 pulses).

Table 1
The results of sequential pulse reaction of CH4 and O2 over supported Ni

catalysts

Catalyst C deposition Removed C C residue Adsorbed O
(mmol) (mmol) (mmol) (mmol)

Ni/ZrO2 0.0958 0.0904 0.0054 0.0483
Ni/CeO2 0.0202 0.0027 0.0175 0.0729
Ni/Ce–ZrO2 0.1400 0.1390 0.0010 0.0627

and Ni/Ce–ZrO2 catalysts and the carbon deposition over
the catalysts is responsible for the decrease of methane con-
version. However, in the case of Ni/CeO2, it seems that
a synergistic effect between Ni and mobile oxygen species
in the CeO2 support exists for CH4 conversion. In order
to verify this point of view, after reduced Ni/CeO2 catalyst
was purged with He at 800◦C for 90 min, pure H2 pulses
were injected to remove parts of mobile oxygen species in
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Ni/CeO2, and then CH4 pulses were introduced. The initial
CH4 conversion and CO selectivity were 40.4 and 29.9%,
respectively. These values are obviously lower than those
over the Ni/CeO2 which was untreated with pure H2 pulses.
It indicates that the mobile oxygen species in the CeO2 sup-
port play a very important role in CH4 conversion and CO
production over Ni/CeO2. It also shows that Ni active sites
over Ni/CeO2 have a very weak ability to dissociate CH4

once the mobile oxygen is exhausted, which is consistent
with H2 uptake of 0.0µmol/g-cat in our previous H2 pulse
chemisorption experiment [18].

On the basis of 100% carbon and oxygen balances, after
each set of reactions in three sets of sequential pulse reaction
(CH4 → O2 → CH4), we can calculate the amount of C
deposited on the catalysts, the amount of C removed from
the catalysts and the amount of O adsorbed on the catalysts.
The results are shown in table 1.

After five CH4 pulses, the amount of carbon deposited
over the catalysts decreased in the order Ni/Ce–ZrO2 >

Ni/ZrO2 > Ni/CeO2 as shown in table 1, indicating that
Ni/Ce–ZrO2 has the strongest ability to dissociate CH4.
Meanwhile, during CH4 pulses, Ni/Ce–ZrO2 showed the
lowest deactivation rate. Thus we can reasonably speculate
that some carbon species may migrate to the interface be-
tween metallic Ni and Ce–ZrO2 support, resulting in slow
deactivation. A similar result has been reported by Stagg-
Williams et al. [19] in CO2 reforming with methane over the
Pt/Ce–ZrO2 system.

To investigate the reaction between surface carbon and
O2, oxygen was pulsed after 5 pulses of CH4. A large
amount of CO and CO2 was produced in the first O2 pulse
over Ni/ZrO2 and Ni/Ce–ZrO2 catalysts, indicating the car-
bon species can react quickly with surface O species to form
CO and CO2. Over Ni/Ce–ZrO2 catalyst, CO* selectivity
was higher, while CO∗2 was lower than those over Ni/ZrO2.
This can be explained as follows. It is believed that the mo-
lar ratio of surface carbon to oxygen is a crucial factor to
determine the selectivities of CO and CO2 [14]. The higher
the molar ratio of surface carbon to oxygen, the more favor-
able to the production of CO. In the present cases, the pulsed
oxygen was consumed completely over the two catalysts for
the first oxygen pulse. At the same time, it is clear that the
amount of carbon deposited on Ni/Ce–ZrO2 was higher than
that on Ni/ZrO2 as shown in table 1. So, the molar ratio of
surface carbon to oxygen over Ni/ZrO2 was lower than that

over Ni/Ce–ZrO2. This caused the differences of CO and
CO2 selectivities over the two catalysts. With increasing O2
pulse number, the surface carbon species decrease, while the
corresponding oxygen species increase. Thus, the ratio of
CO*/CO∗2 and total quantity of CO and CO2 decrease. Based
on the above results, it is clear that CO is from the surface C
species. Thus, one can deduce that the surface C species may
be the intermediate for the POM reaction over both Ni/ZrO2
and Ni/Ce–ZrO2 catalysts.

In the case of Ni/CeO2, it is very interesting to note that
much less CO and CO2 were generated in the first O2 pulse,
although a large amount of O2 was consumed, implying that
C species deposited on the surface of Ni/CeO2 are very dif-
ficult to remove. So, it is reasonable to suggest that most
parts of O2 are consumed to replenish the lattice oxygen in
the CeO2 support and to oxidize metallic nickel species.

After five O2 pulses, the amount of carbon residue on
the catalysts decreased in the order Ni/CeO2 > Ni/ZrO2 >

Ni/Ce–ZrO2 as indicated in table 1. It clearly indicates
that Ni/Ce–ZrO2 has the best ability to eliminate carbon
species. During O2 pulses, some activated oxygen species
adsorbed on the surface of the catalysts. The Ni/CeO2 cata-
lyst showed the highest O capacity, followed by Ni/Ce–ZrO2
and Ni/ZrO2.

In order to investigate the oxygen species involved in
POM, CH4 was introduced again after O2 pulses. It was
found that a considerable amount of CO and CO2 was gen-
erated in the first CH4 pulse. For the first CH4 pulse in the
third set of pulses, CH4 conversions over the partially oxi-
dized catalysts were higher than those over the freshly re-
duced catalysts in the first CH4 pulse. This indicates that
the oxygen adsorbed on the catalysts can enhance the con-
version of CH4. The CO selectivity and total yields of CO
and CO2 over the catalysts decreased in the following or-
der: Ni/CeO2 > Ni/CeZrO2 > Ni/ZrO2, implying that ad-
sorbed oxygen species over Ni/CeO2 and Ni/Ce–ZrO2 are
more favorable to produce CO and CO2 than those over
Ni/ZrO2.

3.2. Simultaneous pulse reaction of CH4/O2

The CH4/O2 (2/1) pulse reactions were performed over
ZrO2, CeO2 and Ce–ZrO2 supports. During the pulse reac-
tion, the conversions and selectivities over the supports re-
mained almost constant. The results obtained in the second
pulse are listed in table 2. The CH4 was converted prac-

Table 2
Pulse reaction of CH4/O2 (2/1) over various supportsa

Support Temp. CH4 conv. O2 conv. CO sel. CO2 sel. Cs sel. CO2/(CO+ CO2)
(◦C) (%) (%) (%) (%) (%) (%)

ZrO2 600 6.8 15.1 42.7 25.5 31.8 37.4
800 31.4 96.3 26.8 52.4 20.8 66.2

CeO2 600 2.6 7.3 0.0 60.6 39.4 100
800 27.6 100 2.1 83.1 14.8 97.6

Ce–ZrO2 600 25.8 100 3.0 84.9 12.0 96.6
800 27.4 100 6.9 80.5 12.6 92.1

aData obtained from the second pulse.
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tically into CO2 over the supports besides the deposition of
some carbon-containing species at the same reaction temper-
ature (800◦C). The fact that Ce–ZrO2 showed much higher
CH4 and O2 conversion than ZrO2 and CeO2 at 600◦C con-
firms further that the formation of active oxygen species over
Ce–ZrO2 is much easier to be produced than that over ZrO2

and CeO2.
The CH4/O2 (2/1) pulse reactions were also performed

over Ni/ZrO2, Ni/CeO2 and Ni/Ce–ZrO2 catalysts. Dur-
ing the pulse reaction, O2 was completely converted over
all the catalysts. The carbon balance indicates that no ob-

vious carbon deposition took place, implying that the con-
version of CH4 on the pure supports could be neglected.
Figure 2 shows the reaction results. The CH4 conversions
over these catalysts at 800◦C were more than 85%, which
is much higher than those over pure supports. The ac-
tivity decreased in the following order: Ni/CeZrO2 > Ni/
ZrO2> Ni/CeO2. Meanwhile, all the catalysts showed more
than 93% CO selectivities, which is much higher than those
over the supports, confirming further that the direct contri-
bution of the supports to the conversion of methane is slight
during the CH4/O2 pulse reaction.

Figure 2. Pulse reaction of CH4/O2 (2/1) or CH4 over Ni/CeO2, Ni/ZrO2 and Ni/Ce–ZrO2 catalysts. Solid symbols 800◦C, hollow symbols 600◦C.
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After ten pulses of CH4/O2, pure CH4 was injected. In the
first CH4 pulse, a considerable amount of CO was formed,
but no CO2 was detected over all the catalysts. The results
indicate that some oxygen species were still present on the
catalysts after CH4/O2 pulses, and these oxygen species are
favorable to CO formation. Thus, it is reasonable that the
adsorbed oxygen species also constitute the intermediate in
the CH4/O2 partial oxidation. Among the catalysts, Ni/CeO2

showed the highest CO selectivity and yield, indicating that
Ni/CeO2 has the largest capacity of oxygen storage. This is
possibly why Ni/CeO2 catalyst showed the lowest CO selec-
tivity during the set of CH4/O2 pulse reaction.

When CH4/O2 pulse reaction was carried out at 600◦C,
all the catalysts showed similar CH4 conversions. The ac-
tivity of CH4 dissociation over these supported Ni catalysts
was not directly related with the reaction activity in CH4/O2

pulse. Hu and Ruckenstein [12] suggested that the reaction
between the surface carbon species and O species constitutes
the rate-controlling step in POM. Thus, the present results
can be reasonably explained by this viewpoint. Ni/CeO2

showed 56.5% CO selectivity and 22.7% CO2 selectivity
in the first pulse, suggesting some carbon species deposit
on the catalyst surface. This is mainly due to the lack of
active oxygen species because some parts of oxygen were
used to replenish lattice oxygen in CeO2, which has lower
activity to react with surface carbon species at 600◦C as
confirmed in the subsequent pure CH4 pulses. In the fol-
lowing CH4/O2 pulses, the CO selectivity over Ni/CeO2 re-
mained constant at about 67%, which is similar to that over
Ni/ZrO2. Meanwhile, Ni/Ce–ZrO2 showed the lowest CO
selectivity and the highest CO2 selectivity, implying that ad-
sorbed oxygen species at 600◦C over Ni/Ce–ZrO2 are the
richest. This speculation is supported by the results of the
subsequent CH4 pulses after CH4/O2 pulses. In the CH4
pulse, Ni/Ce–ZrO2 showed the highest CO selectivity and
yield among the three catalysts as shown in figure 2.

Comparing the results of CH4/O2 pulses at 800◦C with
those at 600◦C, CO2 selectivities over all the catalysts de-
creased with increasing temperature. Shenet al. [14] indi-
cated that the selectivity to CO and CO2 in POM mainly de-
pends on the relative concentration of surface carbon to oxy-
gen species. Thus it can be reasonably explained as follows.
Over Ni/CeO2, Ni/ZrO2 and Ni/Ce–ZrO2 catalysts, oxy-
gen and methane adsorb competitively on metallic nickel.
Methane adsorption on Ni is an activation process and the
adsorption rate can be accelerated by increasing tempera-
ture, whereas the surface coverage of adsorbed O species
decreases with rising temperature, thus resulting in the de-
crease of CO2 selectivity. On the other hand, CO2 forma-
tion and CO selectivity are also governed by the two com-
petition steps, namely the oxidation of CO(s) to CO2 and
the desorption of CO(s) to CO(g). The increase of reac-
tion temperature would rather favor CO(s) desorption other
than CO(s) oxidation, leading to the increase of CO selectiv-
ity [11].

4. Discussion

4.1. Mechanistic schemes of POM over Ni/CeO2 and
Ni/ZrO2 catalysts

In our previous studies [18], H2 pulse chemisorption in-
dicated that H2 uptake over Ni/CeO2, Ni/ZrO2 and Ni/Ce–
ZrO2 are 0.0, 12.8, 9.39µmol/g-cat, respectively. Maubert
et al. [20] also found that hydrogen chemisorption on
Ni/CeO2 was decreased significantly after high tempera-
ture reduction. They suggested that a SMSI-like interaction
takes place in the Ni–CeO2 system, resulting from geometric
and/or electronic effect. The strong interaction between Ni
and ceria may result in a large extent of boundary between
CeO2 and Ni. When freshly reduced Ni/CeO2 catalyst was
exposed to CH4 pulses, the formation of a large amount of
CO was observed. The formation of CO was from the re-
action between adsorbed CHx species with lattice oxygen
species in the CeO2 support since there is no gas-phase oxy-
gen species present in the system. During CH4 pulses, some
carbon species were deposited on the catalyst surface. Once
the carbon species deposit on the catalyst surface they are
very difficult to remove as confirmed by the results of the
subsequent pulses of O2. During the O2 pulses, a very small
amount of CO and CO2 was produced, while a large amount
of carbon species still remained on the catalyst surface. This
result supports the idea that CO is mainly produced from the
reaction between adsorbed carbon species and lattice oxygen
of the CeO2 support in the vicinity of the Ni/CeO2 interface
under the present reaction condition. These results support
the following mechanism (see figure 3). CH4 adsorbs on
the metallic Ni and then dissociates further to give H2 and
carbon species (CHx , x = 0–3), which can easily migrate
to the interface of Ni–CeO2 due to the large extent of the
boundary between CeO2 and Ni, and reduce CeO2 support
near the metallic nickel particle to produce CO or, in the
absence of reducible lattice oxygen, form carbon deposition
on the metallic Ni or migrate to the surface of CeO2 sup-
port. The second path is the dissociation of O2. The lattice
oxygen removed by the reaction with carbon species can be
replenished by the gas-phase oxygenvia a redox mechanism.
The balance between the rate of CH4 decomposition and the
cleaning rate of carbon species by the reducible lattice oxy-
gen in the CeO2 support determines the overall stability of
the catalyst.

Over Ni/ZrO2 catalyst, the amount of mobile oxygen
species in ZrO2 support is very scarce as indicated by our
previous studies [21]. This suggests that the contribution

Figure 3. The mechanistic scheme for POM over Ni/CeO2 catalyst.
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Figure 4. The mechanistic scheme for POM over Ni/ZrO2 catalyst.

of lattice oxygen to CO production during the reaction is
very small. The results of CH4 pulses over freshly reduced
Ni/ZrO2 presented in figure 1 provide evidence for this spec-
ulation. Consistently, our previous TPR results [16] in-
dicated that there is no obvious reduction peak for ZrO2
up to 900◦C. However, we cannot totally exclude the pos-
sibility that the lattice oxygen participates in the reaction
through partial reduction of zirconia at high temperatures.
In fact, a large amount of CO together with a small amount
of CO2 was observed when CH4 was pulsed over Pt/ZrO2
catalyst [22]. It was suggested that ZrO2 over the Pt/ZrO2
catalyst can be partially reduced by the carbon produced
from the decomposition of methane. A similar effect of zir-
conia is also observed in the study of CO2 reforming with
methane [23,24]. However, in the present work, a very small
amount of CO was produced and there was no detectable
CO2 although the CH4 conversion was very high (figure 1).
Moreover, there was no carbon-containing gaseous prod-
ucts detected after the second CH4 pulse. Thus we can
conclude that CO is mainly produced over Ni/ZrO2 by the
reaction between carbon and oxygen species adsorbed on
the metallic nickel surface, although the contribution of the
lattice oxygen of zirconia support, which is similar to the
mechanism shown in figure 3, cannot be excluded totally.
The most likely mechanistic scheme is illustrated in fig-
ure 4.

4.2. Cerium promotion

The results presented in this paper clearly show that the
addition of ceria enhances the CH4 dissociation, improves
the carbon capacity and promotes carbon elimination of the
catalyst. The promotional effects of ceria may stem from the
following reasons.

Figure 1 shows that the addition of ceria enhances the
CH4 dissociation ability of the catalyst, implying that the
amount of metallic nickel exposed for the reaction increases,
although the previous results of H2 pulse chemisorption [18]
indicated that H2 uptake over Ni/Ce–ZrO2 is less than that
over Ni/ZrO2. This phenomenon can be explained by the
geometric effect,e.g., the migration and coverage of Ni by
the partially reduced Ce oxide during the reduction proce-
dure, which leads to the increase of H2 uptake activation en-
ergy at low temperatures. Since the Ni ensembles may be
separated or covered by Ce oxide during reduction, a large
extent of boundary between the support and Ni would be
formed. It makes the migration of carbon species to the inter-

face of metal–support much easier, thus resulting in higher
carbon storage capacity and stronger ability to resist deacti-
vation caused by carbon deposition.

In our previous studies [18], we have characterized the
calcined Ni/ZrO2 and Ni/Ce–ZrO2 catalysts by XRD. ZrO2
in Ni/ZrO2 was identified as the monoclinic phase, while the
tetragonal phase is obtained for the Ni/Ce–ZrO2, which in-
dicates that the presence of CeO2 in ZrO2 retards or prevents
the transformation from tetragonal to monoclinic as reported
by other researchers [25,26]. At the same time, the XRD pat-
terns were consistent with the presence of Ce–ZrO2 solid so-
lution, in which Zr is incorporated into the CeO2 lattice and
the segregation of ceria from the solid solution could not be
detected by XRD. In this respect, ZrO2 is stabilized through
the formation of the solid solution with CeO2. In paral-
lel with the changes observed in the crystalline phases, the
BET surface area of the ZrO2 support (18.4 m2/g) increased
significantly to 55.0 m2/g with the addition of ceria. It is
well established that CeO2 has high oxygen storage capacity
(OSC), which promotes the formation of oxygen vacancies
and increases the mobility of oxygen in the Ce–ZrO2 solid
solution [27]. This is supported by the results presented in
table 1. After five oxygen pulses, the oxygen species remain-
ing on Ni/Ce–ZrO2 were much more than those on Ni/ZrO2,
indicating that Ni/Ce–ZrO2 has higher OSC. In addition, our
previous studies [16] showed that zirconia support does not
show any reduction peak in TPR. While the reduction of ce-
ria could be done at 800◦C, it could be achieved at 640◦C
when ceria is present. When Ni is supported on the Ce–ZrO2
support, the reduction peak of the support shifts further to
lower temperature due to the H2 spillover effect, indicating
that the Ce oxide is much easier to reduce over Ni/Ce–ZrO2.
The easier reducibility of ceria makes it possible to trans-
fer oxygen species much more effectivelyvia a redox cy-
cle [21].

The promotional effect of cerium on the oxygen transfer
is also supported by the fact that the amounts of CO and CO2
produced over Ni/Ce–ZrO2 in the third set of the CH4 pulse
as shown in figure 1 were higher than those over Ni/ZrO2
catalyst.

The strong ability to store, release and transfer oxygen
species results in an enhanced ability to clean carbon that
would normally accumulate on the Ni surface during the de-
composition of CH4, as confirmed by the results presented
in table 1. After five CH4 pulses, the amount of carbon de-
posited on Ni/Ce–ZrO2 was the highest; the residue carbon
after five O2 pulses was the lowest. This result clearly shows
that the ability to eliminate carbon species on Ni/Ce–ZrO2 is
the best. Similar results have been observed on Pt/Ce–ZrO2
for the CO2 reforming methane and Ni/Ce–Al2O3 catalyst
for the steam reforming reaction [19,28].

Based on the above results and discussion, the reaction
scheme over Ni/Ce–ZrO2 can be reasonably proposed as fol-
lows (see figure 5). CH4 adsorbs on the Ni surface and then
dissociates further to give H2 and carbon species. Some car-
bon species react with oxygen species which are activated
on the metallic Ni to produce CO, while some may migrate
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Figure 5. The mechanistic scheme for POM over Ni/Ce–ZrO2 catalyst.

to the interface of Ni–Ce–ZrO2 due to the large extent of the
boundary between Ce–ZrO2 and Ni, and reduce the support
near the metallic nickel particle to produce CO. Both these
two routes contribute to the production of CO. The adsorbed
oxygen species on the metallic Ni and the lattice oxygen in
the Ce–ZrO2 support, which are removed from the reaction
with carbon species, can be replenished by the gaseous oxy-
gen.

5. Conclusions

The following are the conclusions drawn out of this in-
vestigation.

(1) Over Ni/CeO2 catalyst, CH4 dissociates on the metal-
lic nickel, and CHx species migrate rapidly to the inter-
face of Ni–CeO2, then reduce the CeO2 support near the
metallic nickel particle to produce CO. This is a main
route for CO formation. Lattice oxygen can be replen-
ished with gas-phase oxygen by a redox cycle.

(2) Over Ni/ZrO2, both CH4 and O2 are activated on the
surface of the metallic Ni, and then adsorbed carbon re-
acts with adsorbed oxygen to produce CO. This is the
main path for POM at present conditions.

(3) The addition of ceria to zirconia enhances the activity
of the catalyst for CH4 dissociation and improves the
carbon storage capacity. Moreover, it increases the stor-
age capacity and mobility of oxygen in the catalyst, thus
promoting carbon elimination.
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