
Catalysis Letters Vol. 74, No. 3–4, 2001 139

Selective oxidation of methane to syngas over NiO/barium
hexaaluminate
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The preparation, characterization and reactivity of NiO over barium hexaaluminate in the partial oxidation of methane is investigated. It
is found that the prepared NiO supported catalysts are extremely active in the catalytic oxidation of methane, with 95% CH4 conversion and
98% CO selectivity achieved at 850 ◦C. Highly disperse nickel oxide interacting with the support clearly shows the efficient use of the active
nickel phase. In particular, the special structure of the barium hexaaluminate prevents its lattice from being destroyed by Ni ions when the
Ni loading is as high as 20 wt%. The “layered aluminate type” structure of the barium hexaaluminate support can accommodate Ni ions in
the structure so that there exists interaction between Ni ions and support, which causes the supported catalysts to possess excellent stability
and capability to suppress carbon deposition.
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1. Introduction

Catalytic partial oxidation of methane to CO and H2

CH4 + 1
2 O2→ CO+ H2 �H = −5.4 kcal/mol

has attracted a considerable interest in the last ten years [1–4]
for the chemical utilization of natural gas. Unlike the
methane steam reforming [5,6], which suffers from limita-
tions, such as very high energy requirements, high H2/CO
product ratio (which is not suitable for Fischer–Tropsch syn-
thesis) and poor selectivity for CO, the partial oxidation of
methane is not at all energy intensive, and therefore, it is
of great practical importance. It was found that nickel-based
catalysts emerge as the most practical option because of their
high activity and low cost [7]. But Ni-based catalysts were
found to be deactivated more easily due to sintering of both
the active metal and the support oxide [8,9], the deposition
of carbon [10,11] as well as the sintering and loss of the ac-
tive metal [12,13]. Maintaining the stability and activity of
the catalyst against sintering and coke formation is one of
the most important considerations before this process can be
used on an industrial scale.

Alumina is widely used as an oxide support, but its sur-
face area significantly decreases with the transition from
metastable phase into the α-phase [14]. Although the surface
area of the support does not directly affect the activity of the
methane oxidation, a high surface area is desired to maintain
high dispersion of catalytic components. It is well known
that the deactivation of alumina-supported catalysts during
high-temperature reaction is linked to the thermal deterio-
ration of the alumina support, which causes sintering and
leads to pore closing and reduction in surface area as well as
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phase transformation into α-Al2O3, which changes the ac-
tive surface layer and promotes a low surface area structure.
Preventing the alumina support from thermal deterioration
has been studied by many authors [15,16], but few materials
satisfy both high heat resistance and large surface area at the
temperature of interest.

Some researchers have greatly enhanced the catalytic ac-
tivity and stability of Ni catalysts by adding a large num-
ber of additives to the alumina support to inhibit sinter-
ing and phase transformation. Additive basic oxides, such
as CaO, MgO, La2O3, BaO [3,17,18], etc., have been re-
ported to aid in maintaining catalytic activity and sup-
pressing the deactivation, owing to the interaction between
NiO and supports. Here, we used barium hexaaluminate
(BaO·6Al2O3) with high thermal stability and high surface
area as the support material. Owing to the formation of a
hexaaluminate phase, barium hexaaluminate exhibited ex-
cellent heat resistance against sintering at high temperature.
This material retained a surface area near 10 m2/g after
5 h of calcination at 1600 ◦C, and this large surface area
can be always retained when the hexaaluminate structure is
formed.

The present investigation was undertaken to study the ox-
idative methane to syngas conversion over NiO supported on
the barium hexaaluminate. An attempt is made to develop a
supported catalyst with high thermal stability against sinter-
ing and excellent ability to suppress carbon deposition.

2. Experimental

2.1. The preparation of the support and catalyst

Here, we used a simple preparation method to synthesize
the barium hexaaluminate support [19]. First, a clear solu-
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tion was obtained by dissolving Ba(NO3)2 in hot deionized
water, then acidifying to pH ≈ 1 with HNO3, and finally
adding Al(NO3)3·9H2O. This solution was poured under
vigorous stirring in a (NH4)2CO3 solution in large excess,
heated at 60 ◦C. During the precipitation, the pH remained
constant at 7.5–8.0. The slurry was then aged for several
hours at 60 ◦C and filtered. The filter cake was washed to re-
move nitrates and then dried at 110 ◦C overnight in air. The
powders thus obtained were calcined at different tempera-
tures for 5 h.

The supported catalyst was prepared by impregnating
barium hexaaluminate with nickel acetate solution. The
loading of supported nickel ranged from 0.5 to 20 wt% Ni.
The resulting materials were then dried and calcined in air
for 5 h at 800 ◦C.

2.2. The characterization of the support and catalyst

X-ray diffraction (XRD) analysis was performed by using
a Rigaku D-Max/RB with Cu Kα radiation. The samples
were measured with a 2θ scan from 10◦ to 80◦ with scanning
rate of 8◦/min.

Fourier transform infrared (FT-IR) spectra were recorded
on a Nicolet Impact 410 spectrophotometer, using the KBr
pressed disk technique.

Surface area measurements were performed with a Coul-
ter Omnisorp 100CX using BET nitrogen absorption.

Fresh and used catalysts have been characterized for their
surface properties using X-ray photoelectron spectroscopy
(XPS). XPS spectra were recorded using a VG ESCALAB
MK-2X spectrometer, equipped with a single channel detec-
tor with Al Kα radiation. The C1s peak at 284.6 eV due
to adventitious carbon was used as an internal standard for
NiO, the Al2p peak at 74.7 eV was used as an internal stan-
dard for all BaO·6Al2O3-supported samples.

The reduction properties of samples were measured by
means of temperature-programmed reduction (H2-TPR).
The weight of the sample is 100 mg in this work. The sam-
ples were pre-treated in a flow of Ar at a heating rate of
10 ◦C/min up to 700 ◦C, and subsequently in an Ar flow at
700 ◦C for 1 h. After cooling in the protection of Ar to 50 ◦C,
the feed gas was simultaneously switched to 5% H2–Ar mix-
ture until the base line is not changed. Then the temperature
was increased from 50 to 1050 ◦C at a rate of 10 ◦C/min.
A thermal conductivity detector (TCD) was used on line for
signal detection.

2.3. Catalytic oxidation of methane

Catalytic activities were tested in a fixed-bed apparatus
using a quartz reactor at atmospheric pressure. The catalysts
were pre-reduced in H2/He mixture flow for 1 h at 850 ◦C
before testing. Helium was used as a diluent (40 vol%).
The standard reaction conditions were: reaction temperature
range 500–950 ◦C, CH4/O2 = 2/1, F/W = 1.2×104 ml/g h,
the amount of catalysts 0.5 g. The reaction products were an-
alyzed using a HP 6890 gas chromatograph equipped with

Figure 1. X-ray diffraction patterns of the BaO–Al2O3 support system after
calcination at various temperatures. (•) BaO·6Al2O3.

Table 1
Calcination temperature dependence of the surface area of the BaO–Al2O3

support system.

Calcination temp. (◦C)

900 1000 1050 1100 1150 1200

Surface area (m2/g) 143.5 125.3 96.5 88.1 48.6 17.7

an automatic sampling valve and a TCD detector. Two
columns Porapak Q and 5A sieve were used in a series/by
pass arrangement for the complete separation of CH4, CO2,
H2, O2 and CO. An ice bath was set between the reactor exit
and the GC sampling valve to remove the water.

3. Results and discussion

3.1. The characteristics of the BaO·6Al2O3 support

The X-ray diffraction patterns of the BaO–Al2O3 sup-
port system after calcination at various temperatures can be
observed in figure 1. It is noted that the samples calcined
below 1050 ◦C should be mixtures of alumina phase and
BaO·Al2O3 (which is produced from γ -alumina and barium
carbonate), whereas the diffraction lines from BaO·6Al2O3
phase are too weak to be observed due to its poor crys-
tallinity. With a rise in calcination temperature, the dif-
fraction lines from BaO·6Al2O3 appeared and became in-
tense (completed at 1200 ◦C for 5 h), and despite the high
calcination temperature, no formation of sintered alumina
phase such as θ - or α-Al2O3 is detected. However, for
traditional γ -Al2O3 supports, phase transformation, which
results in sintering or grain growth, occurred in the fol-
lowing sequence with increasing temperature, γ → δ →
θ → α [20]. At 1200 ◦C, the sample shows a surface area
of 17.7 m2/g (see table 1), which is about four times higher
than that of pure γ -alumina [21]. A progressive but slow
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Figure 2. Crystal structures of (a) magnetoplumbite and (b) β-alumina.
(•) Al3+, (◦) O2− and (") Ba2+.

decrease in the surface area values is observed with increas-
ing calcination temperature; after calcination at 1100 ◦C,
surface area decreases to 88.1 m2/g. Upon calcination at
1200 ◦C, a marked drop in surface area value is observed as-
sociated with the formation of the final BaO·6Al2O3 phase.
No changes in the phase composition and in the surface area
of the sample are measured after calcination up to 1300 ◦C
for 10 h in line with the literature data [22]. It suggests that
barium hexaaluminate, as a support material, possesses high
structure stability against sintering and potential application
for industry.

Not needed FT-IR spectra of the BaO–Al2O3 support sys-
tem further confirmed the formation of BaO·6Al2O3 phase,
as observed from XRD. With lower calcination temperature,
the broad bands observed near 600 and 800 cm−1 are in-
dicative of the disorder in the cation distribution in the de-
fective spinel-type phase of γ -Al2O3. On increasing the cal-
cination temperature to 1150 ◦C, the characteristic peaks of
BaO·6Al2O3 with sharp maxima at 586, 623, 653, 685, 750
and 860 cm−1 were observed, which are the same as those
reported by Busca [23,24] and Bellotto [25] according to
their IR results.

From the results above, we can conclude that the for-
mation of BaO·6Al2O3 may play a key role in maintaining
the excellent heat resistance and high surface area. Many
researchers ascribed such high thermal resistance against
sintering and high surface area to the special structure of
BaO·6Al2O3 [26,27]. It was reported that the structure
of BaO·6Al2O3 is an intermediate of two types of related
aluminate shown in figure 2. Both the magnetoplumbite
and β-alumina structures are grouped into a layered alumina
type, but they differ from each other in the atomic arrange-
ment in the mirror plane. It is the layered alumina structure
separated by the mirror plane that appears to suppress in-
terlayer diffusion of atoms and crystal growth and exhibited
a large surface area after heating at high temperature, which
seems to play an important role in high-temperature catalytic
reaction.

3.2. The partial oxidation of methane over
NiO/BaO·6Al2O3

We examined the catalytic activity of the partial oxida-
tion of methane over the reduced NiO/BaO·6Al2O3 cata-

Figure 3. Effect of reaction temperature on conversion of CH4 over
NiO/BaO·6Al2O3 catalyst with variable Ni loading (CH4/O2/He = 2/1/2,

GHSV = 12000 ml/g h).

Figure 4. Effect of reaction temperature on selectivity to CO over
NiO/BaO·6Al2O3 catalyst with variable Ni loading (CH4/O2/He = 2/1/2,

GHSV = 12000 ml/g h).

lysts under atmospheric pressure. Neither pure NiO nor
BaO·6Al2O3 support showed appreciable activity for the
methane oxidation at 850 ◦C. However, supported NiO/
BaO·6Al2O3 catalysts are significantly active for this re-
action. The differences in activities may be related to the
interaction between NiO and support. The catalytic activ-
ities of the reduced supported catalysts for the reaction in
the temperature range between 500 and 950 ◦C are shown
in figures 3 and 4. The products were CO, CO2, H2O and
H2; no C2 products were detected. The oxygen conversion
was almost complete at all reaction temperatures �500 ◦C.
Both the conversion of CH4 and selectivity to CO rapidly
increased with increase in the reaction temperature, and
95% of conversion and 98% of selectivity were reached at
850 ◦C, which is slightly higher than the activity of alumina-
supported nickel catalyst (NiO/Al2O3). 88% of the maxi-
mum conversion with 92% of selectivity was obtained for
12.5 wt% Ni loading with equivalent pretreatment and reac-
tion conditions.

The effect of Ni loading on the catalytic properties at
850 ◦C was also examined. It was found that the activity and
CO selectivity increase rapidly with increasing Ni loading
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Figure 5. X-ray diffraction patterns of NiO/BaO·6Al2O3 with various Ni
loadings. (•) BaO·6Al2O3.

when the Ni loading is lower than 2 wt%. When the Ni load-
ing exceeds 2 wt%, there is little additional change in either
activity or CO selectivity with increasing Ni loading, and
conversion of CH4 and selectivity to CO remained 95 and
98%, respectively. This phenomenon is contrary to the tra-
ditional opinion, in which the activity of the catalysts present
a maximum with increasing loading, and the activity of the
catalyst with high loading is often very low, either due to
decomposition of the support structure by active species dis-
persed into the lattice of the support during calcination [28]
or due to the crystallization of the active species [29]. As
shown in figure 5, XRD spectra showed that no crystallized
NiO species was detected even with Ni loading as high as
20 wt%, suggesting that NiO is highly dispersed into the
BaO·6Al2O3 lattice, where NiO no longer exists in a crys-
talline state. It was also shown by XRD that the support re-
tains its characteristic structure and that high Ni loadings do
not lead to detectable decomposition of the support lattice. It
is suggested that the special “layered aluminate structure” of
BaO·6Al2O3 may play an important role in maintaining the
stability. According to the results reported earlier [30], the
replacement of Al3+ by Ni2+ is allowed by a charge com-
pensation mechanism which can operate due to the presence
of cation vacancies in the mirror planes of the structure [31].
This indicates that the BaO·6Al2O3 phase can accommodate
foreign Ni ions in the structure replacing the Al3+ cations
in both the tetrahedral and octahedral coordination [22], but
the substitution of Ni ions into the lattice of the BaO·6Al2O3
support does not lead to the decomposition of its structure.
As such it is believed that the high activity of the high Ni
loading catalyst is due to the special structure stability of the
BaO·6Al2O3 support.

TPR measurements further support this interpretation.
Figure 6 illustrates the TPR profile of the catalysts. BaO·
6Al2O3 support did not show a reduction peak up to
1050 ◦C. The TPR measurement of pure NiO showed a re-
duction profile between 300 and 500 ◦C centered at 400 ◦C,
which has been explained in the literature as the reduction
of NiO to Ni [32,33]. The TPR profiles of the supported cat-

Figure 6. The H2-TPR profiles of pure NiO, BaO·6Al2O3 support and
NiO/BaO·6Al2O3 with various Ni loadings.

alysts indicates that the reduction peak of NiO disappeared,
meaning that there is no single NiO species on the surface of
the support, as confirmed by the XRD results (figure 5). It
implies that Ni ions reacted with BaO·6Al2O3 support and
are incorporated into its structure. The presence of peaks at
much higher reduction temperature, starting to be reduced
at about 800 ◦C, indicates that Ni cations are strongly stabi-
lized. Scheffer et al. [34] identified different nickel species
in an alumina-supported catalyst, based on the temperature
range in which the species were reduced:

• up to 400 ◦C: reduction of bulk nickel oxide;

• 400–750 ◦C: reduction of disperse nickel oxide interact-
ing with the support;

• 750–1000 ◦C: reduction of nickel aluminates.

For the catalysts with lower Ni loadings (<2 wt%), one
reduction peak at 870 ◦C in the TPR profiles indicates the
presence of aluminate compounds formed by the stronger in-
teraction between the nickel and support. However, the cat-
alysts with 2 and 5 wt% Ni content show two hydrogen con-
sumption peaks, at 750 and 870 ◦C, respectively, meaning
that a second highly nickel species appeared. Appearance of
this species is an important feature of the studied catalysts
since it may be catalytically active for the partial oxidation of
methane. This conclusion is supported by the activity results
discussed above, which indicates that increasing Ni loading
to 2 wt% resulted in a sudden increase in both activity and
selectivity. With further increase in Ni loading �12.5 wt%,
the TPR peak of nickel aluminates was observed as a large
peak at∼750 ◦C which may be attributed to the reduction of
disperse nickel oxide, the presence of which clearly shows
the efficient use of the active nickel phase, making the cata-
lysts industrially attractive.

According to XPS results, we can support the same in-
terpretation as from the TPR data. Table 2 displays the data
of the binding energy in O1s, Ni2p3/2 and Ni2p1/2 regions for
the catalysts. It has been reported in [35] that the binding
energies of O1s, Ni2p3/2 and Ni2p1/2 for pure NiO are 529.9,
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Table 2
XPS binding energies in O1s and Ni2p regions.

Sample Binding energy (eV)

O1s Ni2p3/2 Ni2p1/2 Al2p

NiO 528.8 852.8 871.3 –
0.5 wt% NiO/BaO·6Al2O3 531.2 855.7 873.1 74.7
1 wt% NiO/BaO·6Al2O3 531.2 855.6 873.2 74.7
2 wt% NiO/BaO·6Al2O3 531.2 855.4 873.4 74.7
5 wt% NiO/BaO·6Al2O3 531.2 855.4 872.9 74.7
12.5 wt% NiO/BaO·6Al2O3 531.3 855.2 872.4 74.7
15 wt% NiO/BaO·6Al2O3 531.1 855.0 872.7 74.7
20 wt% NiO/BaO·6Al2O3 531.3 855.0 872.8 74.7

Figure 7. Influence of time-on-stream (GHSV = 12000 ml/g h) on the con-
version of methane and selectivity to CO over NiO/BaO·6Al2O3 (5 wt% Ni

loading) at 850 ◦C.

854.0 and 872.4 eV, respectively, and relative binding ener-
gies for pure NiAl2O4 are 531.3, 856.1 and 873.8 eV, respec-
tively. The resulting XPS spectra (table 2) revealed that NiO
phase was absent on the supported samples, which consisted
primarily of the dispersed nickel oxide interacting with the
support (higher Ni loading) and NiAl2O4 phase (lower Ni
loading).

The effect of time on stream, up to 100 h, is presented
in figure 7 for the 5 wt% NiO/BaO·6Al2O3 catalyst at
850 ◦C. As shown in figure 7, this catalyst exhibited effec-
tive catalytic activity and stability, and provided over 94%
of CH4 conversion and 98% of CO selectivity, which re-
mained almost unchanged during the entire experimentation
time (100 h). No phase transformation was found, suggest-
ing a main reason for the significantly catalytic activities and
stability of NiO/BaO·6Al2O3 catalyst.

XPS analysis further demonstrated low tendency for car-
bon deposition to residual surface CO2−

3 . Deposition of sur-
face carbon could not be detected even when the sample was
reacted under CH4/O2/He (40 ml/20 ml/40 ml) mixtures for
2 h at 850 ◦C, which further suggests that NiO/BaO·Al2O3
possesses excellent ability to suppress carbon deposition.
Claridge et al. [36] clearly demonstrated that a significant
amount of carbon can be formed on Ni/Al2O3 within a very
short time (<1 h) at 1050 K. We found that the amount of

carbon deposited on the reduced NiO/BaO·Al2O3 after 100 h
was lower than that of NiO/Al2O3 prepared by impregnation
after 80 h of operation [37]. Vogt et al. [38] and Al-Ubaid
and Wolf [39] have reported that the interaction between ac-
tive species and the support can prevent surface carbon de-
position and improve stability.

4. Conclusion

In our study, the application of barium hexaaluminate as
a support material for nickel catalysts used in methane par-
tial oxidation was successful due to its large surface area
above 15 m2/g even after heating at 1200 ◦C. A CH4 conver-
sion of ∼95% with CO selectivity >98% could be attained
at 850 ◦C, and the activity and selectivity of the catalyst was
unchanged after 100 h of time on stream. The “layered alu-
minate type” structure in the atomic arrangement in the mir-
ror plane of the barium hexaaluminate appears to prevent
decomposition of the lattice by Ni ions. The interaction be-
tween Ni ions and the support appears to suppress carbon
deposition resulting in high catalytst stability.
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