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Partial oxidation of methane over Ni/Ce-Ti-O catalysts
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Abstract

Partial oxidation of methane (POM) was studied in this work. The supported nickel catalysts were prepared by the coprecipitation–impregnation
method. The influence of the molar ratio of Ce/Ti, the calcination temperature, and the content of active component were investigated during the
process of preparation. The results show that the mixed oxides of the Ce-Ti-O-supported Ni catalysts exhibited high catalytic activity and stability.
Among the catalysts investigated, the highest catalytic activity was observed over 10 wt.% NiO/Ce0.50Ti0.50O2-700 ◦C which showed excellently
stable performance during 100 h on stream at 750 ◦C. The catalysts were characterized by DTA/TG, BET, XRD, and TPR. XRD and TPR results
confirmed that the NiO in all catalysts was highly dispersed. There was no NiO but only NiTiO3 in the NiO/TiO2 catalyst, due to the reaction
between NiO and TiO . NiTiO is harder to be reduced to Ni0 than NiO. The addition of CeO could form a solid solution of Ce-Ti-O, which was
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ble to restrain the reaction between NiO and TiO2 and improve the storage capacity and mobility of oxygen. It was shown that Ni0 reduced from
iTiO3 was active for the POM reaction.
2006 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, fuel cells have received a great deal of atten-
ion [1], particularly from the automotive industry [2]. Proton
xchange membrane fuel cell (PEMFC), as a candidate for
ear-future power generation applications, is particularly suited
o automotive applications primarily because its relatively low
perating temperature, efficiency, and high power density make
t comparable to existing internal combustion technology [3].

Hydrogen resource is an important system in PEMFC. There
re many routes for hydrogen production [4]. As a result of
arious difficulties for hydrogen storage, more attention has
een paid to on-board hydrogen production. Partial oxidation
f methane (POM) is a suitable hydrogen production process
5] because it has rapid reaction velocity, low consumption of
nergy, and low investment.

The catalyst design is the main point for the POM process.
wo groups of catalysts have been studied for partial oxidation
f methane: noble metal-based catalysts and Ni-based catalysts.
he former includes Pt [6], Pd [7], Rh [8,9], Ru [10] and Ir

[11], and Rh and Ru have the highest activity and stability [12].
Noble metal-based catalysts seem to be more active for the POM
reaction than Ni-based catalysts, but the high-cost limits their
industrial utilization.

Ni-based catalysts have been investigated for several years
[13–18] because of their appreciable catalytic activity, good sta-
bility, and low price. Since the support can exert a great influence
on the type of carbonaceous species formed by the methane
interaction with the metallic particles dispersed on its surface,
it has an intense effect on catalyst performance. The usual sup-
ports include oxides such as Al2O3, MgO, SiO2, CaO, Y2O3,
La2O3, ZrO2, CeO2, TiO2, HfO2, MgMAlOx spinel, CaTiO3
perovskite, H-Y zeolite, and their mixed oxides [13]. Diskin
et al. [14] prepared supported-Ni catalysts with different sup-
ports. Ni/SiO2 showed the highest activity and selectivity for
CO formation, Ni/Al2O3 the worst. Wu et al. [15] investigated
the deactivation of methane to syngas over the Ni/TiO2 catalyst.
They found that deactivation is due largely to the oxidation of Ni0

to NiTiO3 rather than by carbon deposition in the POM reaction.
Zhu and Flytzani-Stephanopoulos [16] synthesized the bulk Ni-
CeO2 catalysts by the urea coprecipitation method using metal
∗ Corresponding author.
E-mail address: yuanliu@tju.edu.cn (Y. Liu).

nitrates and urea. The results confirmed that 5 at.% Ni-CeO2 cat-
alyst showed excellent resistance to carbon deposition and stable
performance during 100 h-on-stream at 650 ◦C. Mixed oxides-
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supported catalysts often show great performance. Roh et al. [17]
prepared several catalysts for the POM reaction. They found
that Ni/Ce-ZrO2 catalyst had higher activity than Ni/CeO2 or
Ni/ZrO2. They explained that the presence of ceria in the catalyst
had beneficial effects on enhancing the concentration of highly
mobile oxygen species and the ceria-zirconium solid solution led
to a lower reduction temperature. Takeguchi et al. [18] discov-
ered the activity of the NiO/CeO2-ZrO2 catalysts increased with
an increase of oxygen storage capacity of the CeO2-ZrO2 solid
solutions. The NiO particles having strong interaction with the
support showed high stability for partial oxidation of methane,
while the NiO particles having weak interaction produced a large
amount of coke.

CeO2, a stable fluorite-type oxide, has a good oxygen storage
capacity [19]. It can be reduced in oxygen deficient conditions
while oxidized in oxygen sufficient conditions. Ceria has been
examined as a promoter of both the activity and selectivity of Ni
catalysts for the POM reaction [20]. Titanium and zirconium are
both IVB elements, and Ti4+ has a smaller ionic radius than Zr4+.
That indicates it may have great effect on the mobile oxygen
species after Ti4+ gets into the ceria crystal lattice. Researchers
have discovered that ceria-titania compound oxides have spe-
cial redox behavior [21,22]. They were used in supported-CuO
catalysts [23].

Among Ni-based catalysts, NiO/CeO2-TiO2 compound
oxides catalysts have been rarely reported. In this work, we have
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all runs. Catalyst was first reduced in 5 vol.% H2–Ar at 650 ◦C
for 30 min. Then the reactor system was flushed in nitrogen
for 10 min. The reactant gas of 16 vol.% CH4, 10 vol.% O2 in
nitrogen was then introduced to the reactor. O2 was taken in
slight excess over the stoichiometry to compensate its deficiency
caused by total combustion. Gas flow rates were controlled at
GHSV = 55,200 mL h−1 g−1

cat by mass flow meters. The reactant
and product mixtures were analyzed by a SP-2100 gas chromato-
graph (GC) equipped with a thermal conductivity detector and
two columns. A carbon sieve GDX-502 (packed column, 2 m
length, 4 mm i.d.) column was used to separate CO2 and other
gases (O2, N2, CO, and CH4) while a molecular sieve 5A col-
umn was used to separate O2, N2, CO, and CH4. Conversion of
methane and selectivity of carbon monoxide and hydrogen are
calculated by the following formulae:

X(CH4) = (CH4)in − (CH4)out

(CH4)in
× 100% (1)

S(CO) = (CO)out

(CH4)in − (CH4)out
× 100% (2)

S(H2) = (H2)out

2[(CH4)in − (CH4)out]
× 100% (3)

2.3. Characterization technique
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tudied a CeO2-TiO2-supported Ni catalyst for POM, and it is
ound that the active component in Ni/CeO2-TiO2 and Ni/CeO2-
rO2 is different.

. Experimental

.1. Catalyst preparation

The compound oxide supports were prepared by coprecipi-
ation. 0.5 mol L−1 Ce(NO3)3 solution and 0.3 mol L−1 TiCL4
olution were mixed in proportion. The mixed solution and
mol L−1 ammonia were dropped together while stirring vigor-
usly and maintained at pH 10, aging for 24 h after the reaction.
he precipitate was washed three times with 200 mL deionized
ater and twice with 100 mL ethanol, and then dried in an oven

t 80 ◦C for 24 h, producing a precursor. The supported-Ni cata-
yst was prepared by impregnating the precursor with an aqueous
olution of Ni(NO3)2. It was deposited overnight to disperse it
ell, then dried in an oven at 80 ◦C for 24 h again. This was fol-

owed by pre-calcining in air at 350 ◦C for 2 h, then at a proper
emperature for 4 h.

The expression of catalyst stands for, taking 10 wt.%
iO/Ce0.50Ti0.50O2-800 ◦C as an example, the catalyst with a
iO content is 10 wt.%, a molar ratio of Ce/Ti is 0.50:0.50, and

alcined at 800 ◦C.

.2. Catalytic reaction

Catalytic activity tests were carried out in a fixed tubular
uartz micro-reactor (500 mm length, 8 mm i.d.) operated at
tmospheric pressure. A 100 mg catalyst sample was used for
Specific surface areas were calculated by the BET method
rom N2 adsorption isotherms, recorded at liquid nitrogen tem-
erature on a Micromeritics apparatus model ASAP-2000.

Powder X-ray diffraction (XRD) patterns of samples were
ecorded on D/Max-2500 X-ray diffractometer in order to iden-
ify the different phases present in the catalyst and to deter-

ine their crystalline phases. Cu K� radiation (λ = 0.15406 nm)
as used with a power setting of 40 kV and 100 mA. (scan

ate = 5◦ min−1).
Temperature programmed reduction (TPR) of the samples

as carried out in a TPR analyzer (Thermo Finnigan modeled
PDRO 1100 Series) in a 5 vol.% H2–N2 gas mixture with a rate
f 20 mL min−1. A 10 mg catalyst sample was used in each run.
fter being loaded into the quartz tube reactor, the sample was
eated in the gas mixture from room temperature to 950 ◦C with
heating rate of 10 ◦C min−1, and then maintained at 950 ◦C for
min.

Differential thermal analysis and thermo gravimetric analysis
DTA/TG, Perkin-Elmer, Pyris Diamond) were made in a dry-air
tmosphere using a heating rate of 10 ◦C min−1.

. Results and discussion

.1. BET surface area results

Table 1 gives the specific surface areas of catalysts prepared
n various conditions. According to Table 1, the specific surface
reas increase with the addition of ceria, and decrease with an
ncrease in calcination temperature and with an increase in Ni
ontent.
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Table 1
BET surface area of different catalysts

Catalyst BET surface area (m2 g−1)

10 wt.% NiO/TiO2-800 ◦C 4.0
10 wt.% NiO/Ce0.25Ti0.75O2-800 ◦C 15.1
10 wt.% NiO/Ce0.50Ti0.50O2-800 ◦C 19.2
10 wt.% NiO/Ce0.75Ti0.25O2-800 ◦C 17.1
10 wt.% NiO/CeO2-800 ◦C 28.1
10 wt.% NiO/Ce0.50Ce0.50Ti0.50O2-700 ◦C 37.2
10 wt.% NiO/Ce0.50Ti0.50O2-900 ◦C 11.3
5 wt.% NiO/Ce0.50Ti0.50O2-800 ◦C 23.5
15 wt.% NiO/Ce0.50Ti0.50O2-800 ◦C 18.6

3.2. Catalytic performance

The catalytic performance of the catalysts is influenced by
their preparation conditions. The molar ratio of Ce/Ti, the cal-
cination temperature, and the content of Ni are essential param-
eters that should be controlled.

3.2.1. Effect of Ce/Ti ratio
10 wt.% NiO/CexTi1−xO2 samples with different Ce/Ti ratios

(x = 0, 0.25, 0.50, 0.75, 1) were prepared. The five catalysts
were all active for the POM reaction with similar trends, as
shown in Fig. 1. Conversion of CH4 was enhanced at high-
temperature and kept going up as the temperature rose. 10 wt.%
NiO/Ce0.50Ti0.50O2-800 ◦C exhibited the highest CH4 conver-
sion at the reaction temperature range of 700–800 ◦C. CH4 con-
version reached 95% at 800 ◦C, which is close to the equilibrium
conversion. Table 1 shows that 10 wt.% NiO/Ce0.50Ti0.50O2-
800 had the largest specific surface area among the three
CexTi1−xO2-supported catalysts, which indicates that the high
activity might be partly the result of its high specific surface
area.

3.2.2. Effect of calcination temperature
10 wt.% NiO/Ce0.50Ti0.50O2 catalysts were calcined at 700,

800, and 900 ◦C. The catalytic activity decreases with an
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Fig. 1. Catalytic activity of 10 wt.% NiO/CexTi1−xO2-800 ◦C with different
Ce/Ti: (a) CH4 conversion-temperature, (b) CO selectivity-temperature and
(c) H2 selectivity-temperature ((�)10 wt.% NiO/TiO2-800 ◦C; (�) 10 wt.%
NiO/Ce0.25Ti0.75O2-800 ◦C; (�) 10 wt.% NiO/Ce0.50Ti0.50O2-800 ◦C; (�)
10 wt.% NiO/Ce0.75Ti0.25O2-800 ◦C; and (�) 10 wt.% NiO/CeO2-800 ◦C).
ncrease in calcination temperature, as shown in Fig. 2. Espe-
ially at lower reaction temperature (650 ◦C), CH4 conversion
s 82% over catalyst calcined at 700 ◦C, while only 76 and 75%
ver catalysts calcined at 800 and 900 ◦C, respectively. The
esults in Table 1 also show that catalyst calcined at 700 ◦C has
he largest BET surface area. The small surface area of catalysts
alcined at high-temperature may lead to lower CH4 conver-
ion. Meanwhile, high calcination temperature might result in
eparation of TiO2 from Ce-Ti solid solution (this will be dis-
ussed in Section 3.4), which may also influences the catalytic
erformance.

.2.3. Effect of Ni content
Catalysts with NiO loading of 5, 10, and 15 wt.% were pre-

ared by impregnating Ce0.50Ti0.50O2 with Ni(NO3)2. Fig. 3
ists the results of catalytic performance measurement. As shown
n Fig. 3(a), CH4 conversion increases by 4 and 8% at 650 and
00 ◦C, respectively with the NiO content increasing from 5 to
0 wt.%. When NiO loading is higher than 10 wt.%, CH4 con-
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version shows a slight decrease at the reaction temperature of
650 and 700 ◦C. So 10 wt.% NiO loading is sufficient, more
NiO has little contribution to catalytic activity for the POM
reaction.

F
t
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(
9

3.3. Stability testing results

The 10 wt.% NiO/Ce0.50Ti0.50O2-700 ◦C catalyst showed a
very good stability at 750 ◦C with a CH4/O2 ratio of 1.6 at a
GHSV of 55,200 mL h−1 g−1

cat , as shown in Fig. 4. No distinct
ig. 2. Catalytic activity of 10 wt.% NiO/Ce0.50Ti0.50O2 calcined at different
emperature: (a) CH4 conversion-temperature, (b) CO selectivity-temperature
nd (c) H2 selectivity-temperature ((�) 10 wt.% NiO/Ce0.50Ti0.50O2-700 ◦C;
�) 10 wt.% NiO/Ce0.50Ti0.50O2-800 ◦C; and (�) 10 wt.% NiO/Ce0.50Ti0.50O2-
00 ◦C).
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ig. 3. Catalytic activity of NiO/Ce0.50Ti0.50O2-800 ◦C with different NiO con-
ent: (a) CH4 conversion-temperature, (b) CO selectivity-temperature and (c) H2

electivity-temperature ((�) 5 wt.% NiO/Ce0.50Ti0.50O2-800 ◦C; (�) 10 wt.%
iO/Ce0.50Ti0.50O2-800 ◦C; and (�) 15 wt.% NiO/Ce0.50Ti0.50O2-800 ◦C).
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Fig. 4. Stability test of 10 wt.% NiO/Ce0.50Ti0.50O2-700 ◦C at 750 ◦C, GHSV =
55,200 mL h−1 g−1

cat and CH4:O2 = 1.6:1 ((�) conversion of CH4; (�) selectivity
of CO; and (�) selectivity of H2).

deactivation was observed during 100 h on stream. CH4 con-
version and H2 selectivity were maintained at ∼93 and ∼90%,
respectively.

From the catalytic performance tests, we could found that the
Ni/Ce-Ti-O catalysts had excellent activity and stability for the
POM reaction. Wu et al. [15] prepared supported Ni/TiO2 cata-
lyst, and it exhibited rapid deactivation from the start in the POM
process. It indicates that the addition of ceria greatly improves
the resistance to deactivation. Table 2 lists the comparison of

catalytic activity of different catalysts in the literatures and this
work. This implies that Ni/Ce-Ti-O is a potential catalyst for the
POM reaction.

3.4. XRD results

XRD studies were performed on the calcined samples pre-
pared in different conditions. For discerning the structure more
clearly, the crystalline phases involved in each catalyst are sum-
marized in Table 3, and Table 3 also shows the ceria lattice
parameter calculated from ceria (1 1 1) reflection. Figs. 5–7
depicts the XRD patterns of all samples.

XRD patterns for catalysts with different Ce/Ti ratios are
shown in Fig. 5(A–E). Discernible NiO diffraction peaks were
only found in the NiO/CeO2 sample. This indicates that no bulk
NiO exists in the other catalysts. NiTiO3 diffraction peaks were
clearly observed in all catalysts except NiO/CeO2. That is to say,
TiO2 addition avoids the formation of bulk NiO due to the solid-
state reaction of NiO and TiO2. No obvious TiO2 diffraction
peaks appeared in the NiO/Ce0.75Ti0.25O2 catalysts. The CeO2
lattice parameter in NiO/Ce-Ti-O decreases compared with that
in NiO/CeO2, as shown in Table 3. Ti4+ has a smaller ionic radius
than Ce4+. After Ti4+ enters the ceria crystal lattice, the CeO2 lat-
tice parameter should decrease. It can be seen from Table 3 that
the CeO2 lattice parameter is smaller in NiO/Ce-Ti-O compared
w
s
T
s

Table 2
Comparison of catalytic activity of different catalysts for POM reaction

Catalyst Conversion
of CH4 (%)

Selectivity
of H2 (%)

Selectivity
of CO (%)

Rea

8 wt.% Ni/TiO2 77 93 75 CH4

5 at.% Ni/Ce(La)Ox 90 – 91 3 m
O2 i

15 wt.% Ni/CeZrO2 85 98 89 CH4

NiO(12.4)/Ce0.03Zr0.97O2(GT) 72 83 87 10 v
O2 i

10 wt.% NiO/Ce0.50Ti0.50O2-700 ◦C 93 90 86 16 v
O2 i

Table 3
The crystalline phases and ceria lattice parameter in each catalysts

Catalyst Crystalline phases

R

1
√

1
√

1
√

1 –
1 –
1 –
1

√
5

√
1

√ √
Cerianite Anatase

0 wt.% NiO/TiO2-800 ◦C – –
0 wt.% NiO/Ce0.25Ti0.75O2-800 ◦C

√ √
0 wt.% NiO/Ce0.50Ti0.50O2-800 ◦C

√
–

0 wt.% NiO/Ce0.75Ti0.25O2-800 ◦C
√

–
0 wt.% NiO/CeO2-800 ◦C

√
–

0 wt.% NiO/Ce0.50Ti0.50O2-700 ◦C
√

–
0 wt.% NiO/Ce0.50Ti0.50O2-900 ◦C

√
–

wt.% NiO/Ce0.50Ti0.50O2-800 ◦C
√ √

◦ √

5 wt.% NiO/Ce0.50Ti0.50O2-800 C –

a Calculated from ceria (1 1 1) reflection from the equation a = √
h2 + k2 + l2(λ/2
ith in NiO/CeO2, which indicates the formation of ceria-titania
olid solution. So, the smaller ceria lattice parameter, the more
i4+ enters the ceria crystal lattice, the more ceria-titania solid
olution forms. By combining this XRD study with the results

ctant gas Reaction
temperature (◦C)

GHSV Reference

:O2 = 2:1 700 150000 h−1 [15]
ol% CH4, 1.5 mol%
n N2

650 0.18 g s cm−3

(20000 mL h−1 g−1)
[16]

:O2 = 1.875:1 750 55200 mL h−1 g−1
cat [17]

ol.% CH4, 5 vol.%
n N2

650 120000 L kg−1 h−1 [18]

ol.% CH4, 10 vol.%
n N2

750 55200 mL h−1 g−1
cat This work

CeO2 lattice parameter, a (Å)a

utile NiTiO3 NiO
√

– –√
– 5.413√
– 5.405√
– 5.413

–
√

5.420√
– 5.376√
– 5.413√
– 5.402

– 5.405

sin θ) [24].
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Fig. 5. XRD patterns of 10 wt.% NiO/CexTi1−xO2-800 ◦C with different Ce/Ti
ratio: (A) 10 wt.% NiO/TiO2-800 ◦C; (B) 10 wt.% NiO/Ce0.25Ti0.75O2-800 ◦C;
(C) 10 wt.% NiO/Ce0.50Ti0.50O2-800 ◦C; (D) 10 wt.% NiO/Ce0.75Ti0.25O2-
800 ◦C; and (E) 10 wt.% NiO/CeO2-800 ◦C.

of the catalytic activity tests, it is found that the best cata-
lyst, 10 wt.% NiO/Ce0.50Ti0.50O2-700 ◦C, has the smallest ceria
lattice parameter, which indicates that the correlation of ceria-
titania solid solution and the catalytic activity.

Fig. 6(A–C) lists the XRD patterns of 10 wt.%
NiO/Ce0.50Ti0.50O2 calcined at 700, 800, and 900 ◦C. All
diffraction peaks become shaper with the increase of calcina-
tion temperature. No obvious TiO2 diffraction is present in the
catalysts calcined at 700 ◦C, which shows that titanium is in the
form of Ce-Ti-O solid solution and NiTiO3. Rutile diffraction
peaks are observed in catalysts calcined 800 and 900 ◦C. The
results imply that the ceria-titania solid solution was not very
stable, and titania would separate out at higher calcination
temperatures. As shown in Fig. 2, catalyst calcined at 700 ◦C
exhibited a higher activity than at 800 or 900 ◦C in POM.

F
e
C

Fig. 7. XRD patterns of NiO/Ce0.50Ti0.50O2-800 ◦C with different NiO con-
tent: (A) 5 wt.% NiO/Ce0.50Ti0.50O2-800 ◦C; (B) 10 wt.% NiO/Ce0.50Ti0.50O2-
800 ◦C; and (C) 15 wt.% NiO/Ce0.50Ti0.50O2-800 ◦C.

Thus, catalytic performance may be related to the formation of
ceria-titania solid solution to some extent.

Fig. 7(A–C) shows the XRD patterns of NiO/
Ce0.50oTi0.50O2-800 ◦C catalysts with NiO content of 5,
10, and 15 wt.%. TiO2 diffraction peaks become weaker, while
NiTiO3 diffraction peaks become stronger with the increase of
NiO loading. This means the solid-state reaction of NiO and
TiO2 is improved by the increase of NiO content.

3.5. TPR results

The reduction behavior of Ni-based catalysts was investi-
gated by means of TPR. All catalysts were examined in 5 vol.%
H2 in N2. TPR profiles of 10 wt.% NiO/CexTi1−xO2-800 ◦C with
different Ce/Ti ratios are shown in Fig. 8(A–E). Only one reduc-
tion peak is observed in NiO/TiO2 at about 630 ◦C, which is due
to the reduction of Ni+ in bulk NiTiO3 to Ni0 [15]. At least
three reduction peaks are observed for NiO/CeO2 at tempera-
tures of 280, 380, and 790 ◦C. Unsupported NiO has a reduction
temperature of about 280 ◦C [15]. Therefore, the small peak
between 260 and 300 ◦C in NiO/CeO2 is assigned to bulk NiO.
The peak at the temperature of about 380 ◦C is due to the reduc-
tion of NiO interacted with the support [15,18,25]. The small and
broad peak at 790 ◦C is related to the partial reduction of Ce4+ to
Ce3+ [15,26,27]. Three obvious reduction peaks are presented in
the other three Ce Ti O -supported catalysts at temperatures
o
e
i
d
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ig. 6. XRD patterns of 10 wt.% NiO/Ce0.50Ti0.50O2 calcined at differ-
nt temperature: (A) 10 wt.% NiO-Ce0.50Ti0.50O2-700 ◦C; (B) 10 wt.% NiO-
e0.50Ti0.50O2-800 ◦C; and (C) 10 wt.% NiO-Ce0.50Ti0.50O2-900 ◦C.
x 1−x 2
f 390, 650, and 800 ◦C. The reduction peaks near 390 ◦C are
xhibited in Fig. 8(B–E), which is due to the reduction of NiO
nteracting with support, while no NiO diffraction peaks can be
etected for the same samples in the XRD patterns. It indicates
hat NiO species are highly dispersed in these catalysts.

Though only the NiTiO3 reduction peak presented itself in
iO/TiO2, a high catalytic activity was shown over the catalysts.
his shows that Ni0 reduced from NiTiO3 species could be active

o the POM reaction. Wu et al. [15] studied the deactivation
f Ni/TiO2 catalyst. Rapid deactivation was observed from the
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Fig. 8. TPR profiles of 10 wt.% NiO/CexTi1−xO2-800 ◦C with different Ce/Ti
ratio: (A) 10 wt.% NiO/TiO2-800 ◦C; (B) 10 wt.% NiO/Ce0.25Ti0.75O2-800 ◦C;
(C) 10 wt.% NiO/Ce0.50Ti0.50O2-800 ◦C; (D) 10 wt.% NiO/Ce0.75Ti0.25O2-
800 ◦C; and (E) 10 wt.% NiO/CeO2-800 ◦C.

start in the POM process. CH4 conversion decreased from an
initial value of 76–43% after 20 h of reaction. They concluded
that the formation of NiTiO3 was the main reason for catalysts
deactivation. That is different from our conclusion. Despite the
hard reduction of NiTiO3, the Ni0 reduced from NiTiO3 is still
an active component for POM reaction.

Fig. 9(A–C) presents TPR profiles of 10 wt.%
NiO/Ce0.50Ti0.50O2 calcined at 700, 800, and 900 ◦C. At
least three reduction peaks are observed for all catalysts at tem-
peratures of about 390, 650, and 800 ◦C. The reduction peaks at
about 390 ◦C become weaker as the calcination temperature of
catalysts increase. This suggests that NiO interaction with the
support was not stable, and the solid-state reaction between NiO
and TiO2 are improved as calcination temperature increases.
Comparing these three TPR profiles, from A to C, the reduction

F
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Fig. 10. TPR profiles of NiO/Ce0.50Ti0.50O2-800 ◦C with different NiO con-
tent: (A) 5 wt.% NiO/Ce0.50Ti0.50O2-800 ◦C; (B) 10 wt.% NiO/Ce0.50Ti0.50O2-
800 ◦C; and (C) 15 wt.% NiO/Ce0.50Ti0.50O2-800 ◦C.

peak of 650 ◦C is shifted to a higher value, which indicates that
the higher the calcination temperature, the stabler the NiTiO3.
There are also a series of weak peaks between 830 and 900 ◦C.
These may be related to the reduction of different types of
ceria-titania solid solution.

TPR profiles of NiO/Ce0.50Ti0.50O2-800 ◦C with NiO loading
of 5, 10, and 15 wt.% are shown in Fig. 10(A–C). The reduction
area of 670 ◦C increases with the increase of NiO loading. This
means that the increase of NiO is mainly to forming NiTiO3.
An unresolved peak with the maximum temperature at 420 ◦C
is observed in the 15 wt.% NiO catalyst. This suggests that there
are two kinds of NiO species. The peak at a lower temperature
is assigned to the NiO species interacting weakly with support,
and the peak at the higher temperature is attributed to a complex
NiO species interacting more strongly with the support [28].

TPR measurements of the different supports were executed
to determine the use of Ce in improving the storage capacity
and mobility of oxygen. Fig. 11 shows the TPR profiles of the

F
C

ig. 9. TPR pattern of 10 wt.% NiO/Ce0.50Ti0.50O2 calcined at differ-
nt temperature: (A) 10 wt.% NiO/Ce0.50Ti0.50O2-700 ◦C; (B) 10 wt.%
iO/Ce0.50Ti0.50O2-800 ◦C; and (C) 10 wt.% NiO/Ce0.50Ti0.50O2-900 ◦C.
ig. 11. TPR profiles of the different catalyst supports: (A) TiO2-700 ◦C; (B)
eO2-700 ◦C; (C) Ce0.50Ti0.50O2-700 ◦C.
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supports, TiO2, CeO2, and Ce0.50Ti0.50O2 calcined at 700 ◦C.
No distinct reduction peak was observed in the TiO2 support.
The reduction profile of CeO2 showed two peaks. The first, low-
temperature, signal located at 500 ◦C was assigned to the reduc-
tion of surface-capping oxygen of ceria, while removal of the
bulk oxygen was suggested as the cause of the high-temperature
signal at 750 ◦C [29]. And the Ce0.50Ti0.50O2 presented simi-
lar reduction peaks, but both these two peaks shifted to higher
temperature. Also, the peak area was larger than for CeO2. The
calculated area (per mol of Ce) of the low-temperature peak is
3.7 times larger for Ce0.50Ti0.50O2 than for CeO2, and the high-
temperature peak is 2.5 times larger for Ce0.50Ti0.50O2 than for
CeO2. That is to say, the addition of Ti promotes the reduc-
tion of the surface CeO2 and bulk CeO2, which can form more
bulk oxygen vacancies. The results can help us to confirm that
the storage capacity and mobility of oxygen has been improved
after the Ti4+ enter the ceria lattice.

At the same time, the H2 consumption of the reduction peak
of ceria is different with the various Ce/Ti in Fig. 8. Assigning to
the peak area of the ceria reduction in NiO/CeO2 a value of 1, we
calculated the area of this reduction peak (per mol of Ce) in the
other catalysts: NiO/Ce0.75Ti0.25O2 is 1.3, NiO/Ce0.50Ti0.50O2
is 2.8, and in NiO/Ce0.25Ti0.75O2 is 2.0. This means that the
storage capacity of oxygen has been improved not only in the
support (Ce0.50Ti0.50O2), but also in the Ni/Ce-Ti-O catalyst,
which is good for resistance to carbon deposition.
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Fig. 12. DTA/TG analysis of reduced and used 10 wt.% NiO/Ce0.50Ti0.50O2-
700 ◦C catalyst.

carbon deposition, and from another point of view, explains the
high stability of the catalyst. And it is noticeable that the starting
temperature of the second-step weight gain of the used catalyst is
350 ◦C, which is higher than the reduced one, 170 ◦C. That may
be because the sintering of nickel during the high-temperature
catalytic performance testing.

Dong et al. [31] studied the mechanism over Ni/CeO2,
Ni/ZrO2, and Ni/Ce-ZrO2 catalysts. They found that the addi-
tion of ceria to zirconia enhanced the activity of the catalyst
for CH4 dissociation and improved the carbon storage capac-
ity. Moreover, it increased the storage capacity and mobility of
oxygen in the catalyst, thus promoting carbon elimination. Roh
et al. [17] discovered that the presence of ceria in the Ni/Ce-
ZrO2 catalyst had beneficial effects on the catalyst performance
such as improving the catalyst stability and enhancing concen-
tration of the highly mobile oxygen species. And the interaction
between zironia and ceria led to the easier reduction of ceria.
For the Ni/Ce-TiO2 catalyst, it is similar to the Ni/Ce-ZrO2 cat-
alyst in increasing the storage capacity and mobility of oxygen,
which promotes the resistance to carbon deposition. But there is
a solid-state reaction between NiO and TiO2 during the calcina-
tion, forming NiTiO3 in the fresh catalyst. After being reduced,
the Ni0 which reduced from NiTiO3 is the active component for
POM reaction. While the active component in Ni/Ce-ZrO2 is the
Ni0 which reduced from the NiO interacted with the support.
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.6. DTA/TG results

As mentioned above, the formation of CeO2-TiO2 solid solu-
ion improved the storage of oxygen. And the oxygen vacancies
f the support could resist the carbon deposition [30]. Informa-
ion about this aspect was deduced from the thermogravimet-
ic weight gain measurement by comparing measured values
ith the theoretical weight gain for probable oxidation reaction.
TA/TG analyses of the reduced (fresh catalyst was reduced in
vol.% H2–Ar at 650 for 30 min) and used (after 100 h on stream

tability testing) 10 wt.% NiO/Ce0.50Ti0.50O2-700 ◦C catalyst
ere carried out in a dry-air atmosphere using a heating rate
f 10 ◦C min−1. Fig. 12 depicts the DTA/TG curves of the sam-
les. There is a broad exothermic peak around 330 ◦C both in the
educed and used catalysts. TG curve of reduced catalyst shows
weight gain of approximately 2%, which is very close to the

heoretical weight gain of Ni to NiO, 2.2%. And the reduced
emperature (650 ◦C) makes it more reasonable. On the contrary,
he used catalyst presents a two steps weight gain, which indi-
ates that some other species have been oxidated. Meanwhile,
he total weight gain is 2.9%, so it could not be the oxidation
f Ni only. In the used catalyst, besides Ni, there is only Ce3+

ould be oxidated, and the oxidation of Ce3+ is easier than Ni.
herefore, we presume that the first step of weight gain (about
.6%) is due to the Ce3+ to Ce4+ oxidation; the second step of
eight gain (about 2.1%) is due to the Ni0 to Ni2+ oxidation.
eanwhile, there is no obvious weight loss of carbon in these

wo samples, which means that there is less or no carbon deposit
uring 100 h on stream testing. These results imply that there are
lenty of oxygen vacancies in the used catalyst, which can resist
. Conclusions

NiO/Ce-Ti-O catalysts prepared by coprecipitation–
mpregnation method show a high activity and stability for
artial oxidation of methane at the temperature range of 650
o 850 ◦C. 10 wt.% NiO/Ce0.50Ti0.50O2-700 ◦C exhibited the
ighest CH4 conversion and H2 selectivity among the catalysts
ested, and maintained them during 100 h on stream. XRD and
PR results indicate that the NiO species are well dispersed in

he catalysts of NiO/Ce-Ti-O, while bulk NiO particles are just
resented in NiO/CeO2. The solid-state reaction between TiO2
nd NiO is observed in all catalysts containing TiO2, which
eads to the formation of NiTiO3. The formation of ceria-titania
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solid solution, which might weaken the interaction of NiO and
TiO2 and have an influence on catalytic stability for the POM
reaction, was confirmed by XRD analysis. The solution of Ti4+

into ceria (forming solid solution) elevates the oxygen storage
capacity, and improves the resistance to carbon deposition. It is
shown that Ni0 reduced from NiTiO3 is active for POM.
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