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Ni-based catalysts supported on perovskite oxides and �-
Al2O3 were prepared to investigate catalytic performance and
catalyst bed temperature profile in the partial oxidation of meth-
ane. Ni/LaAlO3 showed high activity and remarkably sup-
pressed hot spot formation in the catalyst bed even at high space
velocity. The effect of support is discussed on the basis of the
state of Ni.

The partial oxidation of CH4 (POX) (eq 1) has been inten-
sively studied for the purpose of promoting its use in industry
for the production of synthesis gas,1–3 since this process produc-
es synthesis gas with a H2/CO ratio of 2.

CH4 þ 1/2O2 ! COþ 2H2 �H298 ¼ �36 kJmol�1 ð1Þ

Moreover, this process has an advantage over conventional
steam reforming to synthesis gas (SRM), as SRM is a highly en-
dothermic reaction. Ni/Al2O3, a typical catalyst for steam re-
forming, has been studied for POX above 973K.1 This process
over Ni catalyst involves first the oxidation of a portion of the
CH4 to H2O and CO2, followed by the reforming of CH4 with
H2O and CO2:

CH4 þ 2O2 ! CO2 þ 2H2O �H298 ¼ �801 kJmol�1 ð2Þ

CH4 þ H2O ! COþ 2H2 �H298 ¼ þ206 kJmol�1 ð3Þ

CH4 þ CO2 ! 2COþ 2H2 �H298 ¼ þ247 kJmol�1 ð4Þ
The partial oxidation of CH4 leads to hot spot formation at

the catalyst bed inlet, which is a common problem in the reform-
ing of hydrocarbons using oxygen since the combustion (eq 2) is
a highly exothermic reaction. Although noble metal catalysts
such as Rh and Pt have been reported to be effective for the sup-
pression of hot spot formation,4,5 the use of nickel is desirable
because of the high cost and limited availability of noble metals.
However, Ni catalysts tend to form hot spots at the catalyst bed
inlet in the presence of oxygen.6,7 Recently, Tomishige et al.
have been developing Ni catalysts modified with a small amount
of noble metal such as Pt and Pd for oxidative reforming of
methane with high resistance to hot spot formation.8,9 In their
system, high reducibility of noble metals was combined with
high reforming activity of Ni. Here we briefly demonstrated ef-
fective suppression of hot spot formation of noble-metal-free
Ni/LaAlO3. In particular, the effect of the support on catalytic
performance and the temperature profile of the catalyst bed in
POX were investigated.

Perovskite (SrTiO3, BaTiO3, CaTiO3, and LaAlO3) oxides
were prepared by the citrate method and finally calcined at
1123K in dry air. �-Al2O3 was purchased from Kanto Chemical
Co. Ni catalysts were prepared by impregnation using aqueous

Ni nitrate solution and finally calcined at 1123K in air for 5 h.
The molar ratio of Ni/support was fixed at 0.2/1.0. The catalytic
activity was measured using a fixed-bed flow reactor. The cata-
lyst of 12.5mg was set, and the thermocouple by which the re-
action temperature was controlled was placed at the bottom of
the catalyst bed. The products were analyzed by on-line TCD
and FID gas chromatographs. The temperature profile of the cat-
alyst bed was measured using infrared thermograph equipment
(TH31; NEC Avio Infrared Technologies Co., Ltd.). The radial
temperature gradient was rather flat in the horizontal cross sec-
tion, indicating that the gas flow is close to a plug flow condition.
Therefore, we discuss only the temperature profile along the ver-
tical cross section.

XRD patterns of Ni/perovskite catalysts after calcination
showed strong diffraction lines of perovskite oxides and weak
diffraction lines of NiO. After reduction at 1173K, apparently
only NiO was reduced to Ni metal in all the catalysts. Figure 1
shows the effect of GHSV (Gas hourly space velocity) on the
CH4 conversion in POX at 1073K and the highest catalyst bed
temperature (Tmax). CH4 conversion over all the catalysts in-
creased with increasing GHSV. Ni/LaAlO3 showed the highest
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Figure 1. Effect of GHSV on CH4 conv. (a) and Tmax (b) in
POX. ( ) Ni/SrTiO3, ( ) Ni/BaTiO3, ( ) Ni/CaTiO3, ( )
Ni/LaAlO3, (�) Ni/�-Al2O3. Reduction temp = 1173K, Reac-
tion temp = 1073K, CH4/O2 ¼ 2=1.
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activity at 360L h�1 g�1. Ni/SrTiO3 showed slightly lower ac-
tivity than Ni/LaAlO3.

The order of CH4 conversion at 360L h�1 g�1

was Ni/LaAlO3 > Ni/SrTiO3 ¼ Ni/BaTiO3 > Ni/CaTiO3 ¼
�-Al2O3. The highest catalyst bed temperature was higher than
the reaction temperature (1073K) over all catalysts and increas-
ed with increasing GHSV. Although the difference in CH4 con-
version between Ni/LaAlO3 and Ni/SrTiO3 was small, the high-
est catalyst bed temperature of Ni/SrTiO3 (ca. 1200K) was
much higher than Ni/LaAlO3 (ca. 1100K). This result clearly
indicates that Ni/LaAlO3 is active for POX and more effective
in the suppression of hot spot formation than other Ni/perovskite
and Ni/�-Al2O3 catalysts.

In the case of Ni/SrTiO3, the temperature reached a maxi-
mum about 1200K at 360L h�1 g�1, and the temperature gradient
became smaller at lower GHSV conditions. Moreover, the local
temperature decreased to the reaction temperature (1073K) after
reaching the maximum, and the position showing the maximum
temperature gradually moved to the catalyst bed inlet with de-
creasing GHSV. This behavior can be explained by separation
of the reaction zone for combustion (eq 2) and reforming (eqs 3
and 4) of CH4; When oxygen is present (near the catalyst bed in-
let), the Ni species is oxidized. Oxidized Ni is active only for
methane combustion, and oxygen is consumed near the catalyst
bed inlet, resulting in remarkably increase of the catalyst bed
temperature. On the other hand, in the absence of oxygen (from
the center to the bottom of the catalyst bed), the Ni species is
maintained in a metallic state and is active for methane reform-
ing, which decreased the catalyst bed temperature remarkably.
Thus, the separation of the reaction zones causes the large tem-
perature gradient in the catalyst bed, and at low GHSV, the over-
lap between the two reaction zones may increase. In the case of
Ni/LaAlO3, the highest catalyst bed temperature was ca. 100–
160K lower than other Ni/perovskite and Ni/�-Al2O3 catalysts,
indicating that the overlap between the two reaction zones is larg-
er than those of other Ni/perovskite and Ni/�-Al2O3 catalysts.
These results suggest that the state of Ni over LaAlO3 is different
from those over other perovskite oxides and �-Al2O3. In other
words, it seems that Ni over LaAlO3 has a high resistance to
oxidation and suppressed hot spot formation even at high GHSV
conditions. In order to evaluate the resistance to oxidation of Ni
species, TPR (temperature-programmed reduction) profiles of Ni
catalysts were measured after POX.

Figure 2 shows the TPR profiles of the supported Ni cata-
lysts after the reaction. The H2 consumptions of LaAlO3 and
SrTiO3 supports (H2/support) were 0.016 and 0.023, suggesting
that these values were negligible. The reduction of Ni species on
SrTiO3 and BaTiO3 proceeded in the temperature range of 500–
1000K. The ratio of hydrogen consumption based on Ni content
was 0.67 and 0.63, respectively. This H2 consumption is as-
signed to the reduction of NiO, which formed during POX. In
the case of Ni/�-Al2O3, the consumption of H2 was observed
in the temperature range of 500–700K, and the ratio of hydrogen
consumption based on Ni content was 0.39. The reduction of Ni
species on LaAlO3 proceeded in the temperature range of 500–
1000K. The ratio of hydrogen consumption based on Ni content
was 0.11. This value is much smaller than those of SrTiO3 and
BaTiO3, indicating that a large amount of Ni metal remained
on LaAlO3 even under the reaction conditions and that Ni over
LaAlO3 has a high resistance to oxidation. As a result, the over-

lap between the combustion (exothermic) and the reforming (en-
dothermic) reaction zones increased. This overlap gave flatter
catalyst bed temperature and suppressed hot spot formation. This
also suggests that Ni/LaAlO3 can make effective use of exother-
mic heat for the reforming reaction.

In summary, noble-metal-free Ni/LaAlO3 showed high ac-
tivity and remarkably suppressed catalyst bed hot spot formation
in POX even at high GHSV. High suppression of hot spot forma-
tion is due to the high resistance of Ni metal on LaAlO3 to oxi-
dation. We will discuss the cause of the high resistance of Ni
metal on LaAlO3 in the future.
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Figure 2. Temperature-programmed reduction profiles of sup-
ported Ni catalysts after POX. Ramping rate: 10Kmin�1,
5 vol% H2/Ar. Numbers show the values of H2/Ni ratio
(Ni2þ þ H2 ! 2Hþ þ Ni0). (a) Ni/LaAlO3, (b) Ni/SrTiO3, (c)
Ni/BaTiO3, and (d) Ni/�-Al2O3.
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