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Abstract

The partial oxidation of methane to syngas was studied in this work over Ni-containing ceria catalysts with nickel content
of 5, 10 and 20 at.% at atmospheric pressure. All catalysts, in the as prepared state, showed similar activity and CO selectivity
atT ≥ 550◦C. Catalyst pre-reduction was not required. Reaction mixtures were dilute, containing 3 mol% CH4 and 1.5 mol%
O2. Methane conversion and CO selectivity approached their respective thermodynamic equilibrium values above 550◦C. The
H2/CO ratio was equal to 2 atT > 600◦C. In the range 0.54–0.04 g s/cm3 (STP), contact time effects were absent in partial
oxidation of methane over the 5 at.% Ni–Ce(La)Ox catalyst. The phase composition, nickel dispersion and carbon deposition
on the catalysts were investigated by various characterization techniques, including XRD, STEM/EDS, XPS and TPO analyses.
The 5 at.% Ni–Ce(La)Ox catalyst, comprising highly dispersed nickel oxide in ceria, showed excellent resistance to carbon
deposition and stable performance during 100 h-on-stream at 650◦C. On the other hand, high-content (>10 at.%) nickel in
ceria, comprising both dispersed nickel and bulk nickel oxide particles, was unstable even after a much shorter time-on-stream;
carbon deposition was clearly the cause of this performance instability. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Natural gas is the cleanest fossil fuel and the most
desirable feedstock for chemicals production. Steam
reforming of natural gas is widely used to produce
synthesis gas for various chemicals. The catalytic par-
tial oxidation of methane (POM) to synthesis gas:

CH4 + 1
2O2 → CO+ 2H2

(1H = −22.2 kJ/mol, 1000 K) (1)

∗ Corresponding author.
E-mail address:mstephanopoulos@infonet.tufts.edu
(M. Flytzani-Stephanopoulos).

has been under intense study [1–9] as a potential al-
ternative to the highly endothermic steam reforming
process. Adoption of POM would result in energy sav-
ings. The stoichiometry of reaction (1) with a product
molar ratio H2/CO = 2, is suitable for Fisher–Tropsch
and methanol synthesis. Of course, in conjunction with
the water–gas-shift reaction, POM may be used to
produce H2 for fuel cell applications.

The first-row transition metals (Ni, Co and Fe)
[2–5] and the noble metals (Ru, Rh, Pd, Pt, Ir) [1,6–9]
have been reported as active catalysts for the partial
oxidation of methane. Several problems, including
the pyrophoric nature and deactivation of these cata-
lysts remain to be solved. The Ni-based catalyst is the
most studied one for POM due to its low cost. How-
ever, a rapid deactivation due to carbon deposition
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or metal loss at high temperature has been reported
for nickel catalysts. Carbon deposition mainly comes
from methane decomposition: CH4 → Cs+2H2; and
CO disproportionation: 2CO→ Cs+CO2, where Cs
refers to surface carbon. The former dominates at
high temperature, while the latter is a low-temperature
pathway to carbon. Claridge et al. [10] showed that
methane decomposition is the principal route for
carbon formation over a supported nickel catalyst
at the typical methane partial oxidation temperature
of 1050 K. Both ‘whisker’ and ‘encapsulated’ forms
of carbon were present on a catalyst with a high Ni
loading. Recent studies have focused on developing a
highly active and stable catalyst for partial oxidation.
Different additives were studied for the Ni–Al2O3
system [11–14]. Mixed metal oxides, NiO–MgO solid
solutions [15–17], Ni–BaTiO3 [18], Ni–Mg–Cr–La–O
[19] and Ca0.8Sr0.2Ti1.0Ni0.2 [20] mixed oxides,
were reported to be highly active and selective cat-
alysts at high space velocity (105–106 ml/g h) and
high temperature (>700◦C) with improved carbon
resistance.

Ceria, a stable fluorite-type oxide, has been studied
for various reactions utilizing its redox properties,
which can be further enhanced in the presence of a
metal or metal oxide [21–27]. Ceria-based materials,
such as CuO–CeO2, have been mostly examined as
active catalysts for total oxidation, such as CO oxida-
tion [25,28–31] and CH4 combustion [24,29,30,32].
Recently, Otsuka et al. [33–35] showed that ceria
is able to directly convert methane to syngas with
H2/CO = 2 at temperatures higher than 600◦C. Ceria
has also been examined as a promoter of both the
activity and selectivity of supported Ni or Pt catalysts
for partial oxidation of methane [11–12] or CO2 re-
forming of methane [36,37]. Ceria-supported Ni with
high Ni-loading (13 wt.%) was reported by Tang et al.
[17] to be an active catalyst for POM atT = 750◦C.
However, this catalyst rapidly deactivates due to
carbon deposition.

In this paper, we report on the activity/selectivity
and stability of Ni-ceria catalysts, with Ni content
ranging from 5 to 20 at.% (corresponding to 2.5–10
wt.%), for the partial oxidation of CH4 to syngas
in the medium-high temperature range 550–700◦C
at atmospheric pressure. Parametric studies in-
cluded the effect of contact time and catalyst
pre-reduction. Carbon deposition was checked by

temperature-programmed oxidation, on-line NDIR–
CO2 analysis, and post-reaction surface analysis of
the catalysts. Selected samples were characterized by
XRD, XPS and STEM/EDS.

2. Experimental

Bulk Ni–Ce(La)Ox catalysts were synthesized
by the urea coprecipitation/gelation method using
metal nitrates and urea [30,38]. This method pro-
vides well-dispersed and homogeneous mixed metal
oxides. Supported Ni/Ce(La)Ox catalysts were pre-
pared by impregnation of Ce(La)Ox , itself prepared
by the urea coprecipitation/gelation method, with
a solution of nickel nitrate of appropriate concen-
tration, corresponding in volume to the total pore
volume of the support (incipient wetness). For the
materials reported in this work, the pore volume was
about 0.10 cm3/g. All catalysts were calcined in air at
650◦C for 3 h. The dopant level in all materials is ex-
pressed in atomic metal percent, e.g. for lanthanum,
as La/(La + Ce) × 100%.

For bulk composition analysis, the catalyst pow-
der was dissolved in a 70% HNO3 acid solution
(A.C.S. reagent) and diluted with deionized water.
The resulting solution was analyzed by inductively
coupled plasma (ICP) atomic emission spectrometry
(Perkin Elmer Plasma 40). The BET surface area of
the sample was measured by single-point N2 adsorp-
tion/desorption on a Micromeritics Pulse ChemiSorb
2705 instrument. X-ray powder diffraction (XRD)
analysis was performed on a Rigaku 300 instrument.
Copper Ka1 radiation was used with a power setting
of 60 kV and 300 mA. The surface composition of the
catalysts was analyzed by X-ray photoelectron spec-
troscopy (XPS) on a Perkin Elmer 5100C system. All
measurements were carried out at room temperature
without any sample pre-treatment. Binding energies
were adjusted relative to C1s at 284.6 eV. A magne-
sium X-ray source was primarily used in this work.
The X-ray generator power was typically set at 15 kV
and 20 mA. The catalyst microstructure was studied
by a Vacuum Generators HB 603 scanning trans-
mission electron microscope (STEM) equipped with
a X-ray microprobe of 0.14 nm optimum resolution
for energy dispersive X-ray spectroscopy (EDS). The
catalyst powder was dispersed on a nickel or copper
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grid coated with a carbon film and elemental maps
were obtained on a 128× 128 data matrix.

Reaction tests were conducted in a packed-bed
quartz microreactor tube (I.D. = 1 cm) operated
isothermally at atmospheric pressure. Typically,
300 mg of sample in fine powder form (<150mm) was
loaded on the quartz frit in the center of the reactor.
The reactor tube was heated inside a Lindberg electric
furnace. The temperature was measured by a quartz
tube-sheathed K-type thermocouple placed at the top
of the packed bed, and was controlled by a Wizard
temperature controller. Feed gases with CH4/O2 = 2
were mixed and diluted with He upstream of the reac-
tor. Dilute gas mixtures were used (3% CH4) at a typ-
ical flow rate of 100 cm3/min (STP). The reactor was
operated isothermally. The reacting gases were all cer-
tified calibration gas mixtures with helium (99.999%,
Middlesex), used without any further purification.
The feed and product gas streams were analyzed by a
HP 6890A gas chromatograph (GC) equipped with a
TCD detector. A packed column, Carbosphere 80/100
(Alltech), was used to separate CH4, CO, CO2 and
O2. Occasionally, a molecular sieve 5A column (All-
tech), which separates H2, O2, CH4 and CO, was used
to check the H2/CO ratio. A cold trap at the outlet of
the reactor was used to condense out any water from
the product gas stream. Since very dilute gas mixtures
were used, the CO yield, Y-CO, was calculated from
the ratio of CO produced to methane inlet concentra-
tion without any volume correction. The selectivity
to CO, S-CO, is defined as Y-CO/X-CH4, where the
latter term is the methane conversion.

Temperature-programmed reduction (TPR) of the
as-prepared catalysts in a CH4–He gas mixture was
carried out in a Cahn TG 121 thermogravimetric ana-
lyzer (TGA). Samples were preheated to 500◦C in a
5% O2–He mixture (200 cm3/min) for 30 min. After
cooling down to room temperature in the O2–He
mixture followed by flushing in He for 15 min, TPR
in a 5% CH4–He mixture began. A heating rate of
10◦C/min was used. The catalyst weight change in
the TGA was continuously recorded up to 750◦C.
CH4–TPR was also conducted in the microreactor
with on-line mass spectrometry (MS) using a resid-
ual gas analyzer (MKS-model RS-1). For this study,
150 mg of catalyst was loaded into the quartz tube
reactor. The catalyst was pre-treated in 10% O2–He
at 500◦C for 30 min and then cooled down in the

same stream to room temperature. The catalyst was
then flushed with He for 15 min and heated in a 2%
CH4–He gas mixture at a heating rate of 5◦C/min to
750◦C. The flow rate of the reducing gas was typi-
cally 50 cm3/min (STP). The effluent gas composition
was followed by MS.

Temperature-programmed oxidation (TPO), carried
out in the TGA, was used to check for carbon depo-
sition on the used catalysts. About 10 mg sample was
loaded in the quartz pan. The sample was pre-heated
to 400◦C for 30 min in He, then cooled down to room
temperature. TPO began by heating up the sample in
5% O2–He (200 cm3/min) at a heating rate of 5◦C/min.
The weight change of the catalyst was recorded up to
800◦C. TPO was also run in the microreactor (20%O2–
He, 50 cm3/min, heating rate 5◦C/min) with the
product gas monitored for CO2 by an on-line non-
dispersive infra-red (NDIR) analyzer (Beckman 864).

3. Results and discussion

3.1. Catalyst composition and activity

In this work, all catalysts were doped with∼4 at.%
lanthanum. La dopant was used to achieve high sur-
face area and nanocrystalline ceria [24], which is
denoted as Ce(La)Ox throughout the paper. Table 1
lists the BET surface area of various catalyst compo-
sitions, and particle size determined by XRD. Also,
Table 1 shows the effect of La addition on the lattice
parameter of ceria. Oxide solid solution was formed
in La-doped CeO2 with a dopant level of 4–20 at.%
[39]. For the 5 at.% Ni–Ce(La)Ox , only the fluorite
oxide-type structure was identified on this sample, as
shown in Fig. 1. No separate NiO phases were dis-
cernible by XRD. However, STEM/EDS elemental
mapping of the as prepared 5 at.% Ni–Ce(La)Ox (Fig.
2) identified nickel clusters well dispersed within the
CeO2 matrix. Therefore, at low Ni content, nickel
oxide was present in ceria, but, in nanoparticle form.
At higher metal content (≥10 at.% Ni), bulk NiO
particles (∼20 nm) were also present, as identified by
both XRD and STEM/EDS (Figs. 1 and 2). The ceria
lattice parameters obtained from the XRD reflec-
tions of Ni–Ce(La)Ox catalysts are shown in Table 1.
These values are close to the lattice parameter of
Ce(La)Ox , within experimental error. Furthermore,
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Table 1
Physical properties of ceria-based catalystsa

Sample BET surface area (m2/g) Particle size (nm)d based on CeO2 (1 1 1) CeO2 lattice
parameterα (Å)f

Fresh Usede Fresh Usede

CeO2
b 75 10.2 n.a. 5.411

Ce(4 at.% La)Oxb 90 24.9 8.8 n.a 5.421
5 at.% Ni–Ce(La)Oxb 99 27.0g 7.4 11.7g 5.419
10 at.% Ni/Ce(La)Oxc 61 29.1 9.3 13.2 5.423
20 at.% Ni/Ce(La)Oxc 62 33.4 9.0 12.7 5.424

a Calcined in air at 650◦C for 3 h.
b Prepared by the urea coprecipitation/gelation method.
c Prepared by incipient wetness impregnation.
d Determined from CeO2 (1 1 1) reflection according to the Scherrer equation [56].
e Unless otherwise specified, all samples were used up to 700◦C for 16 h, CH4/O2 = 2, contact time= 0.18 g s/cm3.
f Calculated from ceria (1 1 1) reflection from the equationα = √

h2 + k2 + l2(λ/2 sinθ) [56].
g After 100 h-on-stream at 650◦C, CH4/O2 = 2, contact time= 0.18 g s/cm3.

no obvious change in lattice parameter was detected
in other Ni–CeO2 samples, all prepared by the urea
coprecipitation/gelation technique with various nickel
loadings. Therefore, no oxide solid solution formation
of Ni with CeO2 is indicated by the XRD analysis.

Table 2 shows the surface composition of Ni-contai-
ning ceria materials based on the XPS findings.
The surface content of Ni was found to be a little
less than the bulk in samples containing both 5 and
10 at.% Ni. This is consistent with the XPS results
of Lamonier et al. [27]. However, these researchers
also reported that an oxide solid solution formed in
Ni–CeO2 with substitution of Ni2+ ions in the ceria
lattice. However, the shift of 2θ in their XRD mea-
surement was very small(1(2θ) < 0.07 for a mate-
rial with 15 at.% Ni–CeO2) and was not captured by

Fig. 1. XRD patterns of Ni modified Ce(La)Ox ; peaks without lines
are due to the reflections of ceria; as-prepared catalysts (Table 1).

the XRD analysis carried out in this work (Table 1,
Fig. 1). For the 10 at.% Ni/Ce(La)Ox prepared by
impregnation, surface enrichment in Ni was observed
(Table 2). About four times more nickel was on the
surface than in the bulk, comparable to that reported
by Tang et al. for their 13 wt.% Ni/CeO2 sample [17].
Therefore, in the catalysts prepared by the urea co-
precipitation/gelation, nickel may be more uniformly
dispersed in ceria. Fig. 3 shows the Ni2p spectra of
10 at.% Ni/Ce(La)Ox and 5 at.% Ni–CeO2, the latter
after 10 h-long data acquisition in order to obtain a
good signal-to-noise ratio since the nickel signal was
very weak. The spectra show that nickel is in the
divalent state in ceria.

The catalyst activity for partial oxidation of
methane (POM) to syngas was tested in a dilute mix-
ture (3% CH4–1.5% O2–He) in the temperature range
of 500–700◦C. A dilute reactant gas mixture was used
to avoid hot-spots in the packed catalyst bed and for
better temperature control. Ce(La)Ox with La dopant
from 4 to 20 at.% is active for total oxidation of
methane to CO2 and H2O over this temperature range
[24]. Partial methane oxidation products, i.e. CO and
H2, were observed on Ce(La)Ox only at temperatures
higher than 650◦C with about 5% CO yield obtained
at 750◦C, as shown in Fig. 4.

On the other hand, addition of a small amount
of Ni into Ce(4 at.% La)Ox caused a dramatic im-
provement in POM activity. Fig. 4 shows the CH4
conversion and selectivity to CO plotted versus tem-
perature for 5 at.% Ni–Ce(La)Ox at a contact time
of 0.18 g s/cm3 (∼40,000 h−1 (STP)). The catalyst
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Fig. 2. STEM/EDS of Ni-modified Ce(La)Ox (a) 5 at.% Ni–Ce(La)Ox ; (b) 10 at.% Ni/Ce(La)Ox ; as-prepared (Table 1).
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Table 2
Bulk and surface composition of Ni–Ce(La)Ox

Sample Surface
compositionc

Bulk
compositiond

Ni/Ce La/Ce Ni/Ce La/Ce

5 at.% Ni–Ce(La)Oxa 0.042 0.023 0.052 0.040
10 at.% Ni–Ce(La)Oxa 0.061 0.091 0.111 0.068
10 at.% Ni/Ce(La)Oxb 0.403 0.024 0.116 0.052
20 at.% Ni/Ce(La)Oxb n.a. n.a. 0.262 0.060

a Prepared by the urea coprecipitation/gelation method [30,38];
calcined at 650◦C, 3 h.

b Prepared by incipient wetness impregnation of Ce(La)Ox ;
calcined at 650◦C, 3 h.

c Determined by XPS of the 650◦C-calcined samples.
d Analyzed by ICP.

was not pre-reduced and the reactant gas mixture
was directly introduced at 500◦C. Oxygen was com-
pletely converted at all temperatures tested. The POM
light-off temperature, where CO and H2 start to be
formed over 5 at.% Ni–Ce(La)Ox is ∼550◦C, while
only complete oxidation products, CO2 and H2O,
were formed atT ≤ 500◦C. Methane conversion in-
creased with temperature. At 650◦C, ∼94% methane
conversion was achieved and the CO selectivity was
∼86%, close to the equilibrium values calculated by
the STANJAN program [40], as shown in Fig. 4. Com-
plete oxidation products, i.e. CO2 and H2O, as well
as syngas can be formed through various reactions
[41] and were assumed to be present at equilibrium
both in reference [41] and here using the STANJAN
program. Equilibrium was attained at temperatures in

Fig. 4. CH4 conversion and selectivity to CO in partial oxidation of methane over (j) Ce(La)Ox ; (d) 5 at.% Ni–Ce(La)Ox catalysts (3%
CH4–1.5% O2–He, 0.18 g s/cm3 (STP)); (∗) equilibrium values calculated from the STANJAN program [40].

Fig. 3. Ni2p XP spectra of (a) 5 at.% Ni–CeO2; (b) 10 at.%
Ni/Ce(La)Ox ; as-prepared catalysts (Table 1).

the range 550–700◦C. The carbon balance was better
than 95%. The H2/CO ratio was 2± 0.02 at high
methane conversions.

Ni/Ce(La)Ox catalysts, prepared by impregnation
with higher Ni loading, i.e. 10 and 20 at.% Ni/Ce(La)-
Ox , were also active for POM, as shown in Fig. 5.
Without pre-reduction, the light-off temperature of
20 at.% Ni/Ce(La)Ox was∼650◦C and hysteresis was
observed in the fall-off mode. The light-off tempera-
ture of this material was lowered to∼550◦C after the
catalyst was pre-reduced in 10% H2–He at 500◦C for
1 h. The 20 at.% Ni/Ce(La)Ox material showed lower
selectivity to CO than the 5 and 10 at.% Ni–Ce(La)Ox .
The carbon balance with the former was about 88%,
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Fig. 5. CH4 conversion and CO selectivity curves in partial oxidation of methane over (j) 5 at.% Ni–Ce(La)Ox ; (d) 10 at.% Ni/Ce(La)Ox ;
(m) 20 at.% Ni/Ce(La)Ox catalysts (3% CH4–1.5% O2–He, 0.18 g s/cm3 (STP)).

indicating that carbon deposition may have taken place
on this material during reaction.

It is generally accepted that the active component
in supported nickel catalysts for POM is metallic
nickel [5]. Therefore, catalysts usually have to be pre-
reduced. This is the case for the 20 at.%. Ni/Ce(La)Ox

catalyst, which had to be pre-reduced in order to
be active for POM at low temperatures (550 and
600◦C), Fig. 5. The unreduced catalyst showed POM
activity only at T ≥ 650◦C in the light-off mode
and then showed activity at low temperatures in
the fall-off mode. On the other hand, as mentioned
above, pre-reduction had no effect on the POM ac-
tivity of 5 at.% Ni–Ce(La)Ox . Both the unreduced

Fig. 6. Effect of contact time on CH4 conversion and CO selectivity over 5 at.% Ni–Ce(La)Ox (j) 0.54 g s/cm3; (d) 0.18 g s/cm3; (m)
0.12 g s/cm3; (r) 0.06 g s/cm3; (h) 0.04 g s/cm3 (3% CH4–1.5% O2–He).

and pre-reduced catalyst showed similar activity
and selectivity for POM. However, even the 5 at.%
Ni–Ce(La)Ox or the pre-reduced Ni–Ce(La)Ox cat-
alysts showed activity atT < 550◦C only after use
in the reaction atT ≥ 550◦C. Choudhary et al. [42]
have observed similar behavior over their catalysts
and suggested that the creation of active sites respon-
sible for the low temperature activity/selectivity is
due to further catalyst reduction and/or formation of
surface carbon species. Adsorbed carbon has been
suggested by some researchers to be the intermediate
for the formation of CO [8,35].

Fig. 6 shows the effect of contact time on methane
conversion and CO yield over 5 at.% Ni–Ce(La)Ox .
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Fig. 7. Catalytic activity and stability of 5 at.% Ni–Ce(La)Ox at
T = 650◦C (j) X-CH4; (d) Y-CO; (m) Y-CO2 (3% CH4–1.5%
O2–He, 0.18 g s/cm3 (STP)).

The contact time was varied in the range 0.54–
0.04 g s/cm3 (STP). Since the density of this material
is ∼2 g/cm3, this corresponds to a range of 270–20 ms
in space time. Neither the methane conversion nor the
syngas selectivity were affected by this wide change
of contact time. Thus, even at∼20 ms space time, the
equilibrium conversion is attained (Fig. 6).

The 5 at.% Ni–Ce(La)Ox catalyst showed a very
stable performance at 650◦C with a stoichiometric
CH4/O2 feed ratio of 2 at a contact time of 0.18 g s/
cm3, as shown in Fig. 7. No deactivation was observed
during 100 h-on-stream. Methane conversion and CO
yield were maintained at∼90 and 82%, respectively.
Since carbon deposition is expected to occur easily at
higher methane to oxygen ratio [43], this material was
also tested in a feed gas with CH4/O2 = 2.4. Dur-
ing 10 h-on-stream, no change in methane conversion
and CO yield was observed, as shown in Fig. 8. The
CO selectivity was higher than 93%, while the H2/CO
ratio remained equal to 2 at these conditions.

3.2. Temperature-programmed reduction by methane

As shown in Fig. 4, syngas was produced on
Ce(La)Ox above 700◦C, consistent with the result
of Otsuka et al. [33–35]. In the presence of a small
amount of nickel, as in 5 at.% Ni–Ce(La)Ox , Fig. 4,
the onset of syngas formation shifted to the much
lower temperature of 550◦C. This may be correlated
with the different reducibility of the two materials.

Fig. 8. Catalytic activity and stability of 5 at.% Ni–Ce(La)Ox at
T = 650◦C in a feed gas with CH4/O2 = 2.4 (j) X-CH4; (d)
Y-CO (3.6% CH4, 0.18 g s/cm3 (STP)).

The reducibility of ceria-based materials by methane
was thus studied by CH4–TPR, in both the TGA and
the reactor-MS system. Fig. 9a shows the CH4–TPR
profile of Ce(La)Ox obtained in the reactor-MS. The
production of hydrogen and carbon monoxide was ob-
served on Ce(La)Ox at T > 650◦C, coinciding with
the temperature of syngas formation in POM over
Ce(La)Ox , Fig. 4. At lower temperature, only CO2 is
formed, beginning at∼600◦C, which coincides with
the onset of decrease of the methane signal (followed
by m/e = 15). Therefore, at low temperature, the in-
teraction of methane with the surface oxygen of ceria
leads to complete oxidation of methane to CO2 and
H2O, as previously reported [24,44]. As the tempera-
ture is increased, ceria is reduced and CO and H2 are
formed [33–35].

The CH4–TPR profile of 5 at.% Ni–Ce(La)Ox
shows that a significant amount of hydrogen and CO
was produced at∼525◦C, coinciding with a sharp
decrease of the methane signal (Fig. 9b). This can be
attributed to dissociation of methane on nickel metal.
In a CH4–TPR experiment with the same material car-
ried out in the TGA, a sharp weight change at 510◦C
was observed. This was also observed with the 10 at.%
Ni/Ce(La)Ox material. The sharp weight decrease of
Ni–Ce(La)Ox observed in the TGA was attributed to
reduction of NiO and the ceria support by hydrogen
produced from the decomposition of methane on the
freshly formed nickel metal. NiO may also be reduced
by CO, which is formed by subsequent reaction of
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Fig. 9. CH4–TPR of Ce(La)Ox and Ni–Ce(La)Ox followed by MS (a) Ce(La)Ox ; (b) 5 at.% Ni–Ce(La)Ox ; (c) 10 at.% Ni/Ce(La)Ox ; (d)
20 at.% Ni/Ce(La)Ox (2% CH4–He, 10◦C/min, 50 cm3/min (STP)).

surface carbon species (from methane decomposition)
with oxygen species, and form CO2. At temperatures
higher than 600◦C, another peak starts to appear in
CH4–TPR, as shown in Fig. 9b, due to the participation
of ceria. A measure of the reduction extent by methane
is given by the value ofx in CeOx in CH4–TPR carried
out in the TGA, as shown in Table 3. Above 530◦C,

Table 3
Reduction extent of cerium oxide in CH4–TPRa

Sample Temperature (◦C)

200 300 400 530 600 650

CeO2 2.00 1.99 1.99 1.98 1.96 1.95
5 at.% Ni–CeO2b 2.00 2.00 2.00 1.97 1.86 1.82
Ce(La)Ox 2.00 2.00 1.99 1.98 1.97 1.96
5 at.% Ni–Ce(La)Oxb 2.00 2.00 2.00 1.96 1.87 1.83

a TPR conditions: 5% CH4–He, 10◦C/min, in the TGA.
b Reduction extent expressed asx in CeOx after accounting

for NiO-assuming that all NiO was reduced to metallic nickel.

Ni–Ce(La)Ox is more reducible than Ce(La)Ox , as
shown by the reduction extent (after accounting for
complete nickel oxide reduction) given in Table 3.

The CH4–TPR profiles of 10 at.% Ni and 20 at.%
Ni/Ce(La)Ox are similar to that of 5 at.%
Ni–Ce(La)Ox , as shown in Fig. 9c and d. However,
more methane was consumed by these two samples
than by 5 at.% Ni–Ce(La)Ox , as indicated by lower
CH4 and higher H2 values measured on these samples
at temperatures above 550◦C. Especially with 20 at.%
Ni/Ce(La)Ox , methane was almost completely con-
sumed at 650◦C, even when the inlet methane con-
centration was doubled.

On the basis of the TPR results, methane activation
takes place on Ni–CeO2 catalysts at a temperature
of ∼550◦C, which also is the light-off temperature
of POM over these materials. H2 is formed from
decomposition of methane, while CO is formed by
the subsequent reaction of carbon species with surface
oxygen species and the bulk lattice oxygen of ceria.
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The enhanced POM activity of nickel-containing ce-
ria can be attributed to the high activity of nickel in
methane decomposition [45] and enhanced reducibil-
ity of ceria by methane in the presence of nickel
(Table 3).

Although all Ni–Ce(La)Ox samples had similar
CH4–TPR profiles, the low-content nickel catalysts,
comprising highly dispersed nickel particles in ceria,
were more active/selective in POM. Similar obser-
vations have been reported by Hayakawa et al. [20]
for Ni/Ca1−xSrxTiO3 catalysts, Chu et al. [14] for
Ni/Ce/Al2O3, and Yan et al. [46] for Pt/CeO2–Al2O3.
Using in-situ XPS, Ramaroson et al. [47] have re-
ported that Ni/CeO2 (∼2 wt.% Ni) with high metal
dispersion (∼57%), as determined by a magnetic
measurement, caused a greater reducibility of the
ceria support during reduction by H2 than materials
with lower nickel dispersion (∼38%). Our H2–TPR
results [48] also suggest a higher reducibility of 5 at.%
Ni–Ce(La)Ox compared to 10 at.% Ni/Ce(La)Ox , as
indicated by a higher reduction extent of ceria in
the presence of 5 at.% nickel at low temperatures
(<300◦C).

Ce3+ and oxygen anion vacancies were suggested
by Otsuka et al. [35] to be active for H2 and CO
formation from the reaction of methane with ceria.
The lattice oxygen of ceria used for the formation
of CO in the absence of gaseous oxygen. Ce(Zr)O2,
which has higher oxygen ion conductivity than ceria,
was reported to have a higher H2 and CO production
rate from methane beginning at lower temperatures
(∼600◦C) than ceria [49]. Therefore, the enhanced
reducibility of ceria in Ni–Ce(La)Ox with high nickel
dispersion may contribute to the higher POM activ-
ity displayed by this material. On the other hand,
the presence of nickel is essential for POM. A simi-
lar system, Cu–Ce(La)Ox , which is equally or more
reducible than Ni–Ce(La)Ox , as suggested by pre-
vious work in our lab [44,50], is an active catalyst
for the total oxidation of methane. Almost no POM
activity was observed over Cu–Ce(La)Ox in the
temperature range 500–700◦C even under fuel-rich
conditions (CH4/O2 = 2). This is due to the fact
that copper is not active for methane dissociation
[45]. The lattice oxygen of CuO is an active site for
the complete oxidation of CH4 [51]. On the other
hand, nickel catalyzes the dissociation of methane
[52,53]

Fig. 10. XRD patterns of used (a) 5 at.% Ni–Ce(La)Ox (after 100 h-
on-stream at 650◦C); (b) 10 at.% Ni/Ce(La)Ox and (c) 20 at.%
Ni/Ce(La)Ox (after 550–700◦C for a total of 16 h, 3% CH4–1.5%
O2–He, 0.18 g s/cm3 (STP)); (j) CeO2; (m) NiO; (w) Ni.

3.3. Characterization of used samples

After 100 h-use at 650◦C (Fig. 7), no change
in the XRD patterns was observed for the 5 at.%
Ni–Ce(La)Ox sample, as shown in Fig. 10. However,
the particle size of CeO2 obtained form CeO2 (1 1 1)
reflections is bigger than that of the fresh sample
(Table 1), suggesting that crystal growth took place
during the 100 h-on-stream. The surface area of this
used material is∼27 m2/g, much lower than that of
the fresh sample but slightly higher than that of used
Ce(La)Ox (Table 1). The growth of ceria particle size
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was much faster for the high Ni-content ceria, and
resulted in low surface area after only 16 h-on-stream
up to 700◦C, as shown in Table 1. Fig. 10c shows
that both NiO and metallic Ni phases were present in
20 at.% Ni/Ce(La)Ox after only 16 h-use up to 700◦C
(under the conditions of Fig. 5). Therefore, NiO in
the catalyst was partially reduced to metallic nickel
during reaction. The catalyst is active and selective in
this partially reduced form. This can also explain the
observed hysteresis behavior of this catalyst in POM.
Furthermore, new reflections appeared in the XRD
pattern of the used catalyst in Fig. 10c. These are
assigned to graphitic carbon. Thus, carbon deposition
took place during POM on this catalyst. This explains
the poor carbon balance obtained in the test shown in
Fig. 5 for 20 at.% Ni/Ce(La)Ox .

STEM/EDS elemental mapping of the 5 at.%
Ni–Ce(La)Ox sample after 100 h-on-stream indicates
that some agglomeration of nickel particles took place
during reaction, as shown in Fig. 11a. However, dis-
persed nickel is still prevailing in this material. On
the other hand, agglomeration of nickel particles was
very severe in the 10 at.% Ni/Ce(La)Ox sample after
16 h-use up to 700◦C, as shown in Fig. 11b.

The surface composition of 5 at.% Ni–Ce(La)Ox

after 100 h-on-stream at 650◦C was analyzed by XPS.
Fig. 12 shows the O1s and C1s spectra of this sample
and of the as-prepared 5 at.% Ni–CeO2 for compar-
ison. The O1s spectra show two peaks at 529.1 and
532.2 eV on both the used and as-prepared materials
(Fig. 12). These are assigned to metal oxides and sur-
face carbonate [54], respectively. C1s spectra show a
prominent peak at a binding energy of 284.6 eV which
is assigned to residual hydrocarbons. A small peak at

Table 4
TPOa-weight change of catalysts used in POMb

Sample Reaction conditions Weight loss (wt.%)c

5 at.% Ni–Ce(La)Ox 0.12 g s/cm3, up to 700◦C, 16 h 0.064
0.18 g s/cm3, at 650◦C, 100 h 0.10
0.04 g s/cm3, up to 700◦C, 16 h 0.064
CH4/O2 = 2.4, 0.18 g s/cm3, at 650◦C, 10 h 0.42

10 at.% Ni/Ce(La)Ox 0.36 g s/cm3, up to 700◦C, 16 h 2.90
20 at.% Ni/Ce(La)Ox 0.18 g s/cm3, up to 700◦C,16 h 18.00

a TPO was performed in the TGA in 5% O2–He at a flow rate of 200 cm3/min, heating rate 5◦C/min over the temperature range
25–800◦C.

b Unless otherwise specified, all POM tests were run with a feed gas ratio of CH4/O2 = 2.
c This represents a lower bound to the carbon deposited on each sample (see text), 102 g (carbon)/g (catalyst).

288.5 eV, which was also observed on the fresh ma-
terials, may be due to residual surface CO3

2−. There
was no peak due to graphitic or carbidic surface car-
bon species, whose binding energy is at∼283 eV
[54]. The deconvolution of the C1s signal of used
5 at.% Ni–Ce(La)Ox , gave a dominant peak of FWHH
(full width at half height) = 1.8 eV at 284.6 eV and a
component at 283.03 eV with 8% of the total carbon
signal, close to that on the fresh material. There-
fore, XPS found no carbon on the surface of 5 at.%
Ni–Ce(La)Ox even after 100 h-on-stream at 650◦C.

3.4. Temperature programmed oxidation

Potential carbon deposition during POM was fur-
ther checked by TPO of used samples. Fig. 13 shows
the TPO curves of used Ni–Ce(La)Ox catalysts ob-
tained in the TGA. Two peaks centered at the temper-
atures of 320 and 500◦C were observed for 10 at.%
Ni/Ce(La)Ox , while only one peak at 550◦C was
found in the TPO curve of 20 at.% Ni/Ce(La)Ox .
TPO was also conducted in the microreactor with the
product gas monitored for CO2 by the NDIR ana-
lyzer. The analysis confirmed that these peaks were
due to production of CO2. The weight loss in TPO of
used samples in the TGA is shown in Table 4. These
values represent a lower bound to carbon deposition
on the catalysts, as discussed below. The total carbon
deposition, 0.18 g (carbon)/g (catalyst), on the 20 at.%
Ni/Ce(La)Ox catalyst is comparable to that on the
13 wt.% Ni/CeO2 (6 h at 750◦C), 0.13 g (carbon)/g
(catalyst), reported by Tang et al. [17], and it is much
higher than that on the 10 at.% Ni/Ce(La)Ox catalyst,
0.029 g (carbon)/g (catalyst).
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Fig. 11. STEM/EDS of used (a) 5 at.% Ni–Ce(La)Ox ; (b) 10 at.% Ni/Ce(La)Ox .
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Fig. 12. O1s and C1s XP spectra of (a) used 5 at.% Ni–Ce(La)Ox (100 h-on-stream at 650◦C); (b) as-prepared 5 at.% Ni–CeO2.

On the other hand, for the used 5 at.% Ni–Ce(La)Ox

at all conditions, including after 100 h-on-stream, no
peak was found in the TGA–TPO experiments over
the temperature range of 25–800◦C, and also no CO2
was eluted in the TPO run in the reactor-IR system.
The TGA–TPO data are shown in Table 4. Even after
testing this material at 650◦C for 10 h with a higher
CH4/O2 feed ratio (CH4/O2 = 2.4), which would ac-
celerate the carbon deposition process, no significant

Fig. 13. TPO of used Ni–Ce(La)Ox catalysts in the TGA, (a) 5 at.% Ni–Ce(La)Ox ; (b) 10 at.% Ni/Ce(La)Ox ; (c) 20 at.% Ni/Ce(La)Ox
(5◦C/min, 10% O2–He, 200 cm3/min).

weight change (0.0042 g (carbon)/g (catalyst)) was ob-
served. Therefore, the 5 at.% Ni–Ce(La)Ox material,
which contains highly dispersed nickel, is resistant to
carbon deposition.

Ceria may be in a partially reduced state during
the POM tests. The reoxidation of ceria will cause a
weight increase in the TGA–TPO experiments, while
the oxidation of deposited carbon species causes a
weight decrease. The real weight change due to the
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oxidation of carbon is, thus, the sum of the observed
weight loss and the weight change due to reoxidation
of ceria. Therefore, the data shown in Table 4, based
on the recorded sample weight loss in the TGA, rep-
resents a lower bound for the carbon deposition on
these catalysts. However, for the 5 at.% Ni–Ce(La)Ox

sample, we can say with certainty that no carbon was
deposited, because also no CO2 was eluted during the
TPO run in the reactor-IR system. XPS analysis of the
100 h-used sample verified that it was free of carbon.

In general, a high degree of metal dispersion may
reduce coke formation [43]. Perovskite-supported
nickel catalysts with high dispersion of nickel have
been reported to be more stable in POM due to their
enhanced resistance to carbon deposition [18,20].
Recently, it has been shown that the resistance of
Ni/Al 2O3 catalysts to carbon deposition can be im-
proved by addition of a rare earth metal oxide (La, Ce,
Y) [11,12,14]. The additive was proposed to improve
the dispersion of nickel. From the present work, a
similar conclusion may be reached for the Ni–CeO2
system. STEM/EDS has shown that nickel in the
5 at.% Ni–Ce(La)Ox catalyst is highly dispersed in
the ceria matrix, while XPS analysis indicates no sur-
face enrichment of nickel in Ni–Ce(La)Ox with nickel
loadings up to 10 at.%. With high Ni-loading, both
dispersed nickel and bulk NiO particles were found in
the catalyst and the surface was enriched in nickel. The
performance of these catalysts was more like that of
bulk nickel oxide, thus, resulting in carbon deposition.

On the other hand, the oxygen mobility of ceria
may also contribute to the high carbon resistance of
5 at.% Ni–Ce(La)Ox . Ceria is well known for its high
oxygen storage capacity and oxygen mobility, which
can be further enhanced in the presence of dopants
or metals. The work carried out in our lab has shown
higher reducibility of La-doped ceria compared to
undoped ceria, and even higher reducibility caused by
the addition of Cu or Ni in Ce(La)Ox [24,25,48]. Our
CH4–TPR results also show that Ni-containing ceria
is more reducible by methane than ceria (Table 3).
The high oxygen mobility of ceria may accelerate
the surface oxidation reactions of carbon by reactive
oxygen species, thus, inhibiting carbon growth on the
catalyst surface. A similar reasoning may be applied
to perovskite-supported nickel as perovskite-type ox-
ides are well-known oxygen ion conductors [55]. For
modified Ni/Al2O3, the addition of cerium or other

rare earth oxides may increase the available surface
oxygen of alumina, thus, providing a higher rate of
carbon oxidation.

4. Conclusions

Ni-containing ceria, with nickel content in the
range of 5–20 at.% (2.5–10 wt.%), is a highly active
and selective catalyst for partial oxidation of methane
to syngas at temperatures higher than 550◦C. How-
ever, only the 5 at.% Ni–Ce(La)Ox material with high
nickel dispersion in ceria showed excellent resistance
to carbon deposition and, thus, had a high stability
under reaction conditions. In contrast, carbon deposi-
tion occurred on high nickel-containing ceria, which
comprised both dispersed nickel and bulk nickel
oxide particles. Pre-reduction was not necessary to
activate the highly dispersed 5 at.% Ni–Ce(La)Ox ,
while 20 at.% Ni/Ce(La)Ox , if used in the unre-
duced state, showed a higher light-off temperature
and hysteresis. The reduction onset temperature of
Ni–Ce(La)Ox in CH4–TPR is lower than that of CeO2
or Ce(La)Ox and correlates well with the onset of
POM on this catalyst. The synergistic effect of the
highly dispersed nickel-ceria system is attributed to
the facile transfer of oxygen from ceria to the nickel
interface, effectively oxidizing any carbon species
produced from methane dissociation on nickel.
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