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Catalysis of NiO–Al2O3 aerogels for the CO2-reforming of CH4
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Uniform and monolithic NiO–Al2O3 aerogels were prepared from cyclic nickel glycoxide, (CH2O)2Ni, and boehmite sol, AlOOH,
and the catalyst performance of the aerogels for the CO2-reforming of methane was investigated. The NiO–Al2O3 aerogels showed
higher activity than impregnation NiO/Al2O3 catalysts, while the aerogels exhibited much less activity for coking than the impregnation
catalysts. Less deactivation was also observed on the aerogel catalysts than on the impregnation catalysts in the continuous-flow reaction.
The Ni was uniformly incorporated throughout alumina where both the metal and the support exist in the aerogel form, i.e., Ni–O–Al
bond was considered to be formed in the aerogels. As a result, fine Ni particles appeared after H2 reduction throughout the alumina
support with high dispersion, which brought about not only higher activity but also much less activity for coking on the aerogels.
Retardation of catalyst deactivation was ascribed to the suppression of both coking and sintering of Ni particles on the aerogels.
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1. Introduction

It is of great interest to investigate the performance of
aerogels as catalysts or catalyst supports. An aerogel is
usually prepared by gelation of sol in a solvent followed
by the removal of solvent under supercritical conditions.
Generally, an aerogel has large surface area, low bulk den-
sity and large pore volume. A conventional technique to
prepare a catalyst using the aerogel as a catalyst support
involves impregnation of the aerogel in a desired metal salt
solution, followed by evaporation of solvent and subse-
quent calcination. Unlike a conventional catalyst prepara-
tion, a cogel is prepared by employing two or more metal
alkoxides as starting materials. A structure of M–O–M′

(M, M′ = metal) is constructed in the gel, and thereby a
metal oxide is highly dispersed throughout the support af-
ter calcination. As for alumina aerogel-supported nickel
oxide, a cogel was prepared by hydrolyzing and precipitat-
ing a solution of aluminium sec-butoxide in the presence of
dissolved nickel acetate with vigorous stirring [1–8]. How-
ever, because the gelation of aluminium hydroxide occurs
very rapidly, it is not easy to prepare a uniform cogel be-
tween aluminium and nickel. And it is also difficult to
prepare a monolithic alumina-supported nickel oxide aero-
gel, because vigorous stirring of the alkoxides is required
on mixing and hydrolyzing.

We developed a new method for preparing a uniform
and monolithic nickel–alumina aerogel from cyclic nickel
glycoxide, (CH2O)2Ni, and boehmite sol, AlOOH [9]. Af-
ter the addition of cyclic nickel glycoxide to a transparent
boehmite sol, urea was added to the mixed sol for gela-
tion. The urea added was gradually decomposed in the
solvent to give NH+

4 ion, by which pH of the mixed sol
increased gradually, while ζ-potential of the sol gradually
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decreased [10]. This resulted in gradual polymerization of
the reactants to form a uniform Al–O–Ni chain throughout
the aerogel.

We attempted to investigate the catalysis of the NiO–
Al2O3 aerogels for the CO2-reforming of CH4:

CH4 + CO2 
 2CO + 2H2 ∆G = 247 kJ mol−1 (1)

Since the CO2-reforming of methane is an endothermic re-
action with ∆G = 247 kJ mol−1, the reaction should be
carried out at temperature above 1073 K. The aerogel cata-
lysts might show high performance for the reaction because
high surface area is maintained at elevated temperature.
It is also expected that fine Ni particles on the aerogels
would inhibit the carbon deposition since a large ensem-
ble of nickel atoms is necessary for the nucleation of car-
bon. Here, the catalysis of NiO–Al2O3 aerogels is studied
by comparing to NiO/Al2O3 catalysts prepared by conven-
tional impregnation. For the impregnation catalysts, a com-
mercial γ-alumina and an aerogel γ-alumina prepared by
the method described above were used as catalyst supports.

2. Experimental

2.1. Preparation of NiO–Al2O3 aerogels

Detailed procedures for preparing NiO–Al2O3 aerogels
and thermal analysis of the aerogels were described in a
previous paper [9]. Here, we give a brief outline for the
preparation. Aluminium triisopropoxide (20.4 g, 0.1 mol)
was hydrolyzed with 80 ml of hot water in a flask and the
resultant mixture was kept with vigorous stirring at 353 K
for 1 h. To the cloudy sol, 0.01 mol of nitric acid was
added for peptization and the sol was refluxed with stir-
ring at 368 K for 1 h to obtain a clear sol. An appropriate
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Figure 1. Temperature and pressure schedule for supercritical drying with
ethanol.

amount (1.29 and 2.57 g for 5 and 10 wt% Ni–Al2O3 aero-
gels, respectively) of Ni(NO3)2 · 6H2O (Wako Pure Chemi-
cal Industries, 98.0%) was dissolved in 2.58 ml of ethylene
glycol and the solution was kept at 353 K for 30 min with
stirring to obtain (CH2O)2Ni. The Ni chelate solution was
then added to the clear boehmite sol and the resultant mix-
ture was refluxed at 368 K for 1 h with vigorous stirring.

For gelation, urea (0.5 g) was added to the sol at 368 K
with stirring. The amount of urea was half the amount of
nitric acid on a mole base. Then, the sol was poured into
a warmed Teflon vessel (i.d. 1.85 cm, height 3.33 cm), and
the sol was kept at 368 K in a thermostat. The vessel was
sealed with a Teflon stopper to prevent solvent evaporation.

The monolithic cogel obtained was put in a stainless-
steel mesh container and dipped into 100 ml ethanol for
3 days to replace water, ethylene glycol, nitric acid and urea
dissolved in the solvent with ethanol. Fresh ethanol was
supplied once a day for complete substitution by ethanol.
After aging in ethanol, the cogel was dried in ethanol under
supercritical conditions (64 kg cm−2, 243 ◦C). The schedule
for removal of ethanol supercritically is shown in figure 1.
After the supercritical drying, the cogel was calcined at
773 K for 4 h.

2.2. Preparation of impregnation NiO/Al2O3

For comparison with the aerogels, 10 wt% NiO/Al2O3

was prepared by impregnation using a commercial γ-Al2O3

(GL-Science, Active Alumina; surface area ca. 112 m2 g−1)
and an aerogel γ-Al2O3 (surface area ca. 259 m2 g−1, see
table 1) prepared by the method described above. For sim-
plifying the description, the commercial γ-Al2O3 is denoted
hereafter as “comm-Al2O3”, while the aerogel γ-alumina
is denoted as “aero-Al2O3”. For further information, NiO–
Al2O3 (dash) indicates the aerogel prepared by the method
described above, while NiO/Al2O3 (slash) indicates the im-
pregnation catalyst using comm-Al2O3 and aero-Al2O3 as
a catalyst support: 1.65 g of nickel nitrate was dissolved
in ion-exchanged and distilled water (150 ml), and 3 g
of comm-Al2O3 and aero-Al2O3 were impregnated in the
nickel solution. The water was evaporated gradually on an

Table 1
BET surface area.

Catalyst Surface area (m2 g−1)

AlOOH 253.2
5 wt% Ni–AlOOH 276.2
10 wt% Ni–AlOOH 280.7

Al2O3 259.3
5 wt% NiO–Al2O3 321.9
10 wt% NiO–Al2O3 305.7

10 wt% NiO/aero-Al2O3 181.5
10 wt% NiO/comm-Al2O3 66.8

oil bath, and the impregnated alumina was dried at 383 K
for one night in an electric desiccator. After drying, the
sample was calcined at 773 K for 4 h in air. Before catalytic
reaction, the catalyst was reduced with hydrogen. The Ni
loading on Al2O3 is 10 wt% for both Ni/comm-Al2O3 and
Ni/aero-Al2O3.

2.3. Temperature-programmed reduction

Reduction of NiO to Ni was investigated by a tem-
perature-programmed reduction (TPR) method: ca. 25 mg
of NiO–Al2O3 and NiO/Al2O3 was packed in a quartz
tube (i.d. 4 mm) and heated in H2–Ar (5 : 95) carrier
gas (30 ml min−1) from room temperature to 1273 K at
5 K min−1 rate. The consumption of H2, due to NiO+H2 →
Ni + H2O, was monitored continuously by gas chromatog-
raphy with a thermal conductivity detector (Shimadzu,
GC-8A). The reduction of NiO to Ni was also investigated
by TG: ca. 20 mg of NiO–Al2O3 and NiO/Al2O3 was put
in a TG quartz cell and heated from room temperature to
1273 K at 5 K min−1 in H2 carrier gas, and the reduction
of NiO to Ni was monitored by weight loss.

2.4. Characterization of catalysts

Surface area of the aerogels was measured by an
N2-adsorption apparatus (Japan Bel, Belsorp 28 SP) using
the BET method at liquid-nitrogen temperature.

Crystalline phases of the aerogels were identified using
an X-ray powder diffractometer (Rigaku, Rad-1VC) with a
Cu tube operated at 30 kV and 20 mA.

The hemispherical transmittance spectra of the aerogels
in normal incidence were recorded with a UV-visible spec-
trophotometer (Jasco, V-570). The aerogel was sandwiched
by thin glasses and the directional transmittance measure-
ment was carried out. The absorbances were corrected by
subtracting the base line absorbances of the thin glasses.

The amounts of CO and H2 adsorbed on the catalysts
were measured at room temperature by a conventional
pulse-adsorption method. After the reduction with hydro-
gen (30 ml min−1) at 1073 K for 3 h, 0.54 ml of CO and H2

was pulsed onto the catalyst in helium and argon carrier gas
(30 ml min−1), respectively, at room temperature for sev-
eral times. The amounts of CO and H2 adsorbed on the
catalyst were calculated on a per gram of catalyst basis.
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2.5. Steady-state CH4–CO2 reaction

The CO2-reforming of CH4 was performed in a con-
ventional fixed-bed flow reactor at atmospheric pressure.
Prior to the reaction, ca. 30 mg of catalyst (NiO–Al2O3

and NiO/Al2O3) packed in a quartz tube (i.d. 4 mm) was re-
duced with hydrogen (30 ml min−1) at 1073 K for 3 h. Af-
ter purging hydrogen with helium (30 ml min−1) at 1073 K
for 30 min, an equimolar mixture of CH4 and CO2 (to-
tal flow rate 60 ml min−1) was continuously admitted to
the reactor at 1073 K for 24 h. The effluent gas was an-
alyzed at 30 min intervals by gas chromatography (Shi-
madzu, GC-14A) with a thermal conductivity detector using
helium as the carrier gas. Combined columns of squalane,
molecular sieve 5A and Porapak Q were used as separation
columns.

The CH4–CO2 reaction was also investigated under dif-
ferential reactor conditions. After reducing the catalyst with
hydrogen followed by purging with helium, an equimolar
mixture of CH4 and CO2 (total flow rate 60 ml min−1) was
introduced to the catalyst. The reaction was investigated in
the temperature range 773–973 K, so that the conversion
of methane in CH4–CO2 reaction should be less than 10%.
The effluent gas was analyzed by gas chromatography with
a thermal conductivity detector using separation columns
as described above. The reaction rate per active site of a
catalyst was calculated by dividing the CH4-conversion rate
by the number of adsorbed hydrogen atoms.

2.6. Coking in CH4–CO2 reaction

Carbon deposition on a catalyst during CH4–CO2 re-
action was investigated by TG. After reducing NiO–
Al2O3 and NiO/Al2O3 in a TG quartz cell with hydrogen
(40 ml min−1) at 1073 K for 200 min followed by purg-
ing hydrogen with helium (40 ml min−1) at 1073 K for
10 min, an equimolar mixture of CH4 and CO2 (total flow
rate 40 ml min−1) was flowed over the catalyst at 1073 K.
An increase of catalyst weight due to coking was monitored
continuously.

2.7. Coking by CH4 and dissociation of CO2

Coking by CH4 in the absence of CO2 was investigated
by TG. After the reduction of NiO–Al2O3 and NiO/Al2O3

in a TG quartz cell with hydrogen (40 ml min−1) at 1073 K
for 200 min, passing helium (40 ml min−1) over the catalyst
at 1073 K for 10 min, followed by the admission of CH4

at 40 ml min−1 flow rate at 1073 K. An increase of catalyst
weight due to carbon deposition, CH4 → C + 2H2, was
monitored continuously.

The ability of the catalyst to dissociate CO2 in the
absence of CH4 was examined by a conventional pulse
technique in helium carrier gas. After reducing the cat-
alyst in hydrogen (30 ml min−1) at 1073 K for 3 h, CO2

(0.54 ml) was pulsed onto the catalyst in helium carrier
gas (30 ml min−1) at 1073 K using a gas sampler. The

amount of CO2 dissociated was calculated from that of CO
produced by the surface reaction, CO2 → CO + Oads.

2.8. Dependence of reaction rate on partial pressures of
CH4 and CO2

Reaction orders were determined from the dependence
of reaction rate on partial pressures of both CH4 and CO2 at
873 K under differential reactor conditions. The CH4–CO2

reaction was carried out by varying the partial pressure of
one reactant gas in the pressure range 0.26–0.74 atm while
keeping the partial pressure of another gas at 0.26 atm.
Helium was used as a balance for keeping the total flow rate
at 54 ml min−1. In order to satisfy the differential reactor
conditions, the catalyst amount was adjusted. The reaction
rate on a per active site of catalyst basis was calculated from
CH4 conversion using the adsorption number of hydrogen
atoms.

3. Results

3.1. Preparation of NiO–Al2O3 aerogels

Figure 2 shows X-ray diffraction (XRD) patterns of the
aerogels after supercritical drying. The XRD patterns in-
dicate that the aerogels have a γ-AlOOH structure. Ni-
containing phases were not detected by XRD for 5 and
10 wt% Ni–AlOOH aerogels.

Figure 3 shows XRD patterns of the aerogels after calci-
nation at 773 K for 4 h. For comparison, those of NiO/aero-
Al2O3 and NiO/comm-Al2O3 prepared by impregnation are
also shown. All the aerogels showed γ-Al2O3 diffrac-
tion peaks, indicating that the structure was changed from
γ-AlOOH to γ-Al2O3 after the calcination. The XRD peaks
of γ-Al2O3 are broad because of intrinsic disorder in the
structure. Diffraction peaks of NiO were not identified
for 5 and 10 wt% NiO–Al2O3 in contrast to the case for
NiO/comm-Al2O3. As also for NiO/aero-Al2O3, NiO dif-
fraction peaks were not observed.

UV-visible spectra of Ni–AlOOH and NiO–Al2O3 aero-
gels are shown in figure 4. Transparent aerogels were
obtained for pure γ-AlOOH and γ-Al2O3, the spectra of
which had no absorption peak in the visible range. Ab-
sorption peaks at 384 and 646 nm were observed for
olive green Ni–AlOOH aerogels. Although the spec-
trum of (CH2O)2Ni was not measured, nickel might
be incorporated in the γ-AlOOH aerogel as (CH2O)2Ni.
Absorption peaks at 366 and 600 nm were observed
for blue green NiO–Al2O3 aerogels, indicating a blue
shift in the absorption maximum by the calcination.
The spectra of NiO–Al2O3 aerogels did not coincide
with that of NiO having absorption peaks at 465 and
709 nm, suggesting that Ni atoms are incorporated through-
out γ-Al2O3 aerogel by constructing Ni–O–Al bond-
ing.

Table 1 shows BET surface areas of Ni–AlOOH and
NiO–Al2O3 aerogels. The surface areas of NiO/aero-Al2O3
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Figure 2. XRD patterns for aerogels after supercritical drying: (a) AlOOH, (b) 5 wt% Ni–AlOOH and (c) 10 wt% Ni–AlOOH.

Figure 3. XRD patterns for aerogels and impregnation catalysts after calcination at 773 K for 4 h: (a) Al2O3 aerogel, (b) 5 wt% NiO–Al2O3 aerogel,
(c) 10 wt% NiO–Al2O3 aerogel, (d) 10 wt% NiO/aero-Al2O3 and (e) 10 wt% NiO/comm-Al2O3.

and NiO/comm-Al2O3 are also shown for comparison. The
surface area is larger for Al2O3 aerogels than for AlOOH
aerogels. The addition of Ni increases the surface area for
both AlOOH and Al2O3 aerogels. When 10 wt% NiO/aero-

Al2O3 is prepared by impregnation using the aero-Al2O3

(surface area 259.3 m2 g−1), the surface area is reduced to
181.5 m2 g−1, which is ca. 70% surface area as large as
that of the initial aerogel.
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(A) (B)

Figure 4. (A) UV-visible spectra of (a) AlOOH aerogel, (b) 5 wt% Ni–AlOOH aerogel and (c) 10 wt% Ni–AlOOH aerogel. (B) UV-visible spectra
of (a) Al2O3 aerogel, (b) 5 wt% NiO–Al2O3 aerogel, (c) 10 wt% NiO–Al2O3 aerogel and (d) NiO.

Figure 5. Thermogravimetry (TG) in H2 for (a) 10 wt% NiO/comm-Al2O3

(20.0 mg), (b) 10 wt% NiO/aero-Al2O3 (20.1 mg), (c) 10 wt% NiO–Al2O3

aerogel (19.8 mg) and (d) 5 wt% NiO–Al2O3 aerogel (20.0 mg).

3.2. Reduction of NiO

Results of TG for NiO–Al2O3 and NiO/Al2O3 in H2 are
depicted in figure 5. All the profiles are characterized by
two kinds of weight loss, one is around 100 ◦C and the
other is in the temperature range 480–750 ◦C. The former
is ascribed to the liberation of free water adsorbed, while
the latter can be ascribed to the reduction of NiO to Ni.
TPR profiles also showed that H2 consumption was ob-
served in the temperature range 530–790 ◦C, as shown in
figure 6, indicating the reduction of NiO to Ni. This tem-

Figure 6. Temperature-programmed reduction (TPR) of (a) 10 wt% NiO/
comm-Al2O3 (25.0 mg), (b) 10 wt% NiO/aero-Al2O3 (25.3 mg),
(c) 10 wt% NiO–Al2O3 aerogel (25.2 mg) and (d) 5 wt% NiO–Al2O3

aerogel (25.7 mg).

perature range corresponds to that for the latter weight loss
in TG. The XRD analysis confirmed the appearance of Ni
phase after the reduction, as shown in figure 7. No other
nickel-containing phases were observed from XRD. The re-
duction occurred at higher temperature for aerogels than for
impregnation catalysts. Between the aerogels, the reduction
was observed at higher temperature for 5 wt% NiO–Al2O3

than for 10 wt% NiO–Al2O3. Between the impregnation
catalysts, the reduction occurred at higher temperature for
NiO/aero-Al2O3 than for NiO/comm-Al2O3. By compari-
son with the area of H2 consumption in figure 6, relative
extent of Ni reduction can be estimated. It seems that the
extent of Ni reduction is lower for the aerogel catalysts than
for the impregnation catalysts.

Table 2 summarizes CO adsorption, H2 adsorption and
Ni crystallite size. The amount of CO adsorption was about
two times that of H2 adsorption in spite of the possibility
of nickel carbonyl formation. The two aerogels have the
lowest CO/H ratio, which suggests that nickel carbonyl for-
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Figure 7. XRD patterns for aerogels and impregnation catalysts after reduction with hydrogen at 1073 K for 3 h: (a) 10 wt% Ni/comm-Al2O3,
(b) 10 wt% Ni/aero-Al2O3, (c) 10 wt% Ni–Al2O3 aerogel and (d) 5 wt% Ni–Al2O3 aerogel.

Table 2
Gas adsorption and Ni crystallite size.

Catalyst CO adsorption H2 adsorption Ni crystallite
(µmol g−1) (µmol g−1) sizea (nm)

5 wt% Ni–Al2O3 16.31 9.08 2.88
10 wt% Ni–Al2O3 41.38 27.27 4.56
10 wt% NiO/aero-Al2O3 92.23 43.26 5.65
10 wt% NiO/comm-Al2O3 53.15 23.20 8.32

a Ni crystallite size was estimated by FWHM of Ni(200) using Scherrer’s
equation.

mation is more suppressed in these two samples. This infer-
ence means that Ni is more dispersed and interacting more
strongly with the alumina support. Between the impregna-
tion catalysts, the amount of H2 adsorption was larger on
Ni/aero-Al2O3 than on Ni/comm-Al2O3. This can be as-
cribed to smaller Ni particles on higher surface area Al2O3

support. Compared to the H2 adsorption on Ni/aero-Al2O3,
the amount was apparently smaller on 5 wt% Ni–Al2O3 and
10 wt% Ni–Al2O3. Taking into account the fact that the Ni
crystallite size is smaller for 5 wt% Ni–Al2O3 and 10 wt%
Ni–Al2O3 than for Ni/aero-Al2O3, Ni atoms in the aero-
gels are considered to be incorporated throughout Al2O3

by forming Ni–O–Al bonding, thereby some parts of Ni
atoms appear on the surface after the reduction while other
Ni atoms are still in the bonding.

3.3. Effect of time on stream

Figure 8 shows the effect of time on stream over 5 wt%
Ni–Al2O3, Ni/aero-Al2O3 and Ni/comm-Al2O3 at 1073 K
for 24 h. The methane conversion was compared on the

Figure 8. Catalytic activities with time on stream of CH4–CO2 (1 : 1,
60 ml min−1) reaction at 1073 K on (◦) 5 wt% Ni–Al2O3 aerogel
(30.4 mg), (♦) 10 wt% Ni/aero-Al2O3 (31.1 mg) and (�) 10 wt%

Ni/comm-Al2O3 (29.6 mg).

basis of catalyst weight. On Ni/comm-Al2O3, CH4 conver-
sion decreased rapidly with time on stream, from 63.4 to
30.0% for 24 h, as summarized in table 3. The ratio of
methane conversion after 24 h, C(24), to the initial methane
conversion, C(0), is 0.47. On Ni/aero-Al2O3, the deacti-
vation was not so significant as that on Ni/comm-Al2O3.
The C(24)/C(0) for Ni/aero-Al2O3 is 0.71, which is higher
than that for Ni/comm-Al2O3. The 5 wt% Ni–Al2O3 cat-
alyst showed much higher activity than the impregnation
catalysts in spite of half the amount of Ni loading. The
deactivation was very little on the aerogel catalyst and the
C(24)/C(0) is 0.79. This was the largest ratio among the
catalysts examined.
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Table 3
Effect of time on stream.

Catalyst Conv. of CH4 Conv. of CH4 C(24)/C(0) Ni crystallite size
(initial), C(0) (after 24 h), C(24) (after 24 h)

(%) (%) (nm)

5 wt% Ni–Al2O3 81.6 64.2 0.79 3.93
10 wt% NiO/aero-Al2O3 66.7 47.5 0.71 9.43
10 wt% NiO/comm-Al2O3 63.4 30.0 0.47 20.2

Figure 9. Carbon deposition in CH4–CO2 (1 : 1, 40 ml min−1) reaction at
1073 K on (a) 10 wt% Ni/comm-Al2O3 (19.8 mg), (b) 10 wt% Ni/aero-
Al2O3 (21.0 mg), (c) 10 wt% Ni–Al2O3 aerogel (11.5 mg) and (d) 5 wt%

Ni–Al2O3 aerogel (12.7 mg).

XRD analysis of the catalysts was carried out after the
24 h reaction. Table 3 shows Ni crystallite size after
the reaction. For Ni/comm-Al2O3, Ni crystallite size was
20.2 nm, which was much larger than that of the initial one
(8.32 nm, as summarized in table 2). For Ni/aero-Al2O3,
Ni crystallite size was 9.43 nm, which was larger than that
of the initial one (5.65 nm), but this change was not so
marked as the case for Ni/comm-Al2O3. The Ni crystallite
size for 5 wt% Ni–Al2O3 after the reaction was 3.93 nm.
This was very close to the initial size (2.88 nm), suggesting
that sintering of Ni particle was suppressed for the aerogel
catalyst at elevated temperature. The suppression of sinter-
ing must be one of the causes for the retardation of catalyst
deactivation.

Figure 9 shows carbon deposition during CH4–CO2 re-
action at 1073 K. Among the catalysts, Ni/comm-Al2O3

showed the most significant coking during the reaction. The
retardation of coking was observed on Ni/aero-Al2O3 com-
pared to on Ni/comm-Al2O3. On 5 and 10 wt% Ni–Al2O3,
very little coking was observed during the reaction in spite
of their high activity for the reaction.

3.4. CH4–CO2 reaction under differential reactor
conditions

The activity of the catalyst for the CO2-reforming of
methane was compared on the basis of specific activity. The

Figure 10. Arrhenius plots of reaction rates, N(CH4–CO2) (s−1), for
CH4–CO2 (1 : 1, 60 ml min−1) reaction on (�) 10 wt% Ni/comm-Al2O3

(10.0 mg), (♦) 10 wt% Ni/aero-Al2O3 (10.3 mg), (M) 10 wt% Ni–Al2O3

aerogel (10.0 mg) and (◦) 5 wt% Ni–Al2O3 aerogel (9.8 mg).

rate per active site of a catalyst, N(CH4–CO2) (s−1), is plot-
ted in figure 10 as a function of reaction temperature. The
specific activity was higher on the aerogel catalysts than
on the impregnation catalysts, although the difference was
small between 10 wt% Ni–Al2O3 and Ni/comm-Al2O3. Be-
tween the aerogel catalysts, the specific activity was higher
on 5 wt% Ni–Al2O3 than on 10 wt% Ni–Al2O3, while be-
tween the impregnation catalysts, the activity was higher
on Ni/comm-Al2O3 than on Ni/aero-Al2O3. The activation
energy is summarized in table 4. The activation energy is
higher for the aerogel catalysts than for the impregnation
catalysts.

3.5. Coking by CH4 and dissociation of CO2

Coking by CH4 in the absence of CO2 was investigated
by TG, and the results are shown in figure 11. The coking
was observed on all the catalysts soon after the admission
of methane. The coking still continued for Ni/comm-Al2O3

and Ni/aero-Al2O3, while no further coking was observed
for both 5 and 10 wt% Ni–Al2O3. Between the impregna-
tion catalysts, the coking was more enhanced on Ni/comm-
Al2O3 than on Ni/aero-Al2O3. On Ni/comm-Al2O3, the
coking occurred in a logarithmic fashion of time, while it
was in an exponential fashion of time on Ni/aero-Al2O3.
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Table 4
Activation energy, CO2 dissociation rate and reaction order.

Catalyst Activation energy NCO2
a Reaction order

(kJ mol−1) (s−1) a (CH4) b (CO2)

5 wt% Ni–Al2O3 64.1 1.85 −0.30 0.10
10 wt% Ni–Al2O3 61.5 1.01 −0.29 0.13
10 wt% NiO/aero-Al2O3 49.1 0.85 −0.34 0.074
10 wt% NiO/comm-Al2O3 51.7 1.15 −0.33 0.070

a Apparent rate at 1073 K, NCO2 = (F/W )(C/100)(1/SH) (s−1), where F = carrier flow rate
(mol s−1), W = catalyst weight (g), C = conversion of CO2 at pulse number = 1 (%), and
SH = hydrogen atoms adsorption number per catalyst weight (mol g−1).

Figure 11. Activities for CH4 dissociation in the absence of CO2 at
1073 K on (a) 10 wt% Ni/comm-Al2O3 (21.7 mg), (b) 10 wt% Ni/aero-
Al2O3 (18.8 mg), (c) 10 wt% Ni–Al2O3 aerogel (11.5 mg) and (d) 5 wt%

Ni–Al2O3 aerogel (13.1 mg).

The CO2 dissociation in the absence of CH4 was in-
vestigated by a pulse technique. The results are shown in
figure 12. For all the catalysts, the amount of CO formed
gradually decreased with pulse number, indicating that the
active sites for CO2 → CO+Oads were gradually filled with
adsorbed atomic oxygen, Oads. It seems that ten pulses of
CO2 are not sufficient to cover completely the active sites
with atomic oxygen. The apparent CO2 dissociation rate
per active site, NCO2 (s−1), is calculated, and the results
are shown in table 4.

3.6. Dependence of reaction rate on CH4 and CO2 partial
pressures

The dependence of reaction rate on partial pressures of
both CH4 and CO2 is shown in figure 13. The reaction rate,
ν, for CH4–CO2 is expressed as follows:

ν = kP a(CH4)P
b
(CO2), (2)

where k is a rate constant, P(CH4) and P(CO2) are the partial
pressures of CH4 and CO2, respectively, and a and b are the
reaction orders with respect to partial pressures of CH4 and
CO2, respectively. From the slopes of the straight lines for

Figure 12. Activities for CO2 dissociation in the absence of CH4 at 1073 K
on (�) 10 wt% Ni/comm-Al2O3 (57.3 mg), (♦) 10 wt% Ni/aero-Al2O3

(58.3 mg), (M) 10 wt% Ni–Al2O3 aerogel (32.0 mg) and (◦) 5 wt% Ni–
Al2O3 aerogel (35.1 mg).

Figure 13. Dependence of reaction rate, v/s, on partial pressures of
CH4 and CO2 at 873 K on (�,�) 10 wt% Ni/comm-Al2O3 (7.0 mg),
(♦,�) 10 wt% Ni/aero-Al2O3 (8.6 mg), (M,N) 10 wt% Ni–Al2O3 aerogel
(6.7 mg) and (◦, •) 5 wt% Ni–Al2O3 aerogel (9.4 mg). Open symbols re-
fer to rates with respect to partial pressure of CO2, while closed symbols

refer to rates with respect to partial pressure of CH4.



T. Osaki et al. / CO2-reforming of CH4 on NiO–Al2O3 aerogel 179

ln ν versus ln(P(CH4),P(CO2)), the reaction orders, a and b,
can be calculated as shown in table 4. The reaction order
with respect to partial pressure of CH4 is negative, while
that with respect to partial pressure of CO2 is positive for
all the catalysts. Compared to the impregnation catalysts,
the reaction orders with respect to both CH4 and CO2 par-
tial pressures are slightly larger for the aerogel catalysts,
although the difference is very small.

4. Discussion

4.1. Preparation of uniform and monolithic NiO–Al2O3

aerogels

The combination of sol–gel technique with supercritical
drying has been employed to synthesize highly distributed
fine metal particles throughout an aerogel support. The co-
gel using metal alkoxides as starting materials is free from
impurities. The hydrolysis of premixed metal alkoxides is
one of the best ways for preparing fine metal particles on
an aerogel support.

As for NiO–Al2O3 aerogels, the cogel was prepared by
coprecipitation from an alcoholic solution of nickel acetate
and aluminium sec-butoxide by the hydrolysis with a stoi-
chiometric amount of water [1–8]. However, because hy-
drolysis of aluminium alkoxide and subsequent polymer-
ization is rapid enough to give a precipitate of the gel soon
after the contact with water, the solution must be stirred
during mixing.

In contrast to the previous method, our method for
preparing an Ni–Al cogel is novel in view of the following
aspects: (1) an Ni–Al cogel is prepared from a uniformly
mixed cosol of (CH2O)2Ni and AlOOH by increasing the
pH gradually; (2) since it takes some hours for polymeriza-
tion of the cosol, a uniformly mixed cogel of Ni and Al can
be obtained, thereby Ni–O–Al bonding is uniformly con-
structed throughout the aerogel after the calcination; (3) be-
cause it is not necessary for the cosol to be stirred during
the gelation, the cosol can be poured into an appropriate
vessel to make a monolithic cogel with a desired shape.
Although precise investigations for gelation of the cosol
have not been carried out, the gelation rate seems to be
dependent not only on the amount of urea added for in-
creasing the pH but also on the amount of ethylene glycol
used for making cyclic nickel chelate. Further studies are
necessary for the ambiguous discussion.

After the calcination of Ni–AlOOH aerogels at 773 K
for 4 h, NiO peaks were not observed by XRD, as shown in
figure 5. This suggests that the sol–gel technique ensures
uniform distribution of Ni throughout Al2O3 by construct-
ing Ni–O–Al bonding. The calcination of the boehmite
aerogels caused not only a structure change to alumina but
also an increase of surface area. Incorporation of Ni also
increased the surface area for both AlOOH and Al2O3 aero-
gels. This might be because nickel chelate inhibits the crys-
tallization of aluminium oxide when the cosol polymerizes
to give the cogel.

After the reduction with hydrogen at 1073 K, the ex-
istence of Ni is first proved by XRD. TPR experiments
indicate that the reduction of NiO in NiO–Al2O3 is more
difficult than that in NiO/Al2O3, because NiO reduction oc-
curred at higher temperature for the aerogels than for the
impregnation catalysts. Taking into account the smaller H2

adsorption number on the aerogels in spite of the smaller
Ni crystallite size, some parts of NiO in the aerogels are
reduced to Ni, in contrast to the case of the impregnation
catalysts where most of NiO would be reduced to Ni. This
is because NiO particles in the impregnation catalysts are
attached on the surface of Al2O3 support, while Ni atoms
in the aerogels are incorporated in the structure.

4.2. Catalysis for the CO2-reforming of methane

A catalyst is often deactivated with time on stream due
to sintering of active metal particles and/or to accumula-
tion of carbonaceous deposit on active sites. Especially,
for an endothermic reaction such as the CO2-reforming of
methane, since the reaction is usually carried out at ele-
vated temperatures, a nickel catalyst is easily deactivated
with time on stream due to both causes. To suppress the
carbon deposition, addition of basic metal oxides such as
K2O and MgO to Ni is effective [11]. Using a basic metal
oxide as a catalyst support is also an attractive way to retard
the coking [12]. In any case, the reforming rate must be
compromised with the coking rate to design a carbon-free
Ni catalyst so that the coking rate should be more reduced
than the reforming rate.

Carbon-free reforming reaction is successfully obtained
on a partly sulfur-passivated Ni catalyst, called SPARG
process [13,14]. On the sulfur-passivated catalyst, the cok-
ing rate is more reduced than the reforming rate. This
is explained by assuming that a large ensemble of nickel
atoms is necessary for the nucleation of carbon, whereas
the reforming reaction proceeds on a small ensemble.

The catalyst performance of the aerogel is explicable in
the same way. On the aerogel, very low coking occurred
during the CH4–CO2 reaction while keeping a stable ac-
tivity, and very low sintering of Ni was observed. The
aerogel catalyst consists of only Ni and Al in contrast to
the case of the alkali- or sulfur-promoted Ni on Al2O3 cat-
alyst. The high performance of the aerogel catalyst for the
CO2-reforming of methane must, therefore, be due to the
fine and uniform Ni particles distributing throughout alu-
mina aerogel with high dispersion.

The effect of small ensembles seems to be observed for
the aerogels: (1) the activation energy on the aerogel cat-
alysts is higher than that on the impregnation catalysts;
(2) between the aerogels, the activation energy is a little
higher on 5 wt% Ni–Al2O3 than on 10 wt% Ni–Al2O3;
(3) the reaction orders with respect to partial pressures of
both CH4 and CO2 are slightly different between the aero-
gel and the impregnation catalyst. As shown in figure 11,
the aerogels showed as high activity for the coking as the
impregnation catalysts in the initial period of time, while
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they did not show any activity after a constant amount of
carbon was deposited on the active sites. It is reported
for a supported Ni catalyst that carbon deposit is infinitely
accumulated by constructing carbonaceous fibers, on the
top of which Ni particles exist [15]. On the impregnation
catalysts, the fibrous carbon must be accumulated between
Ni particle and the alumina support. On the aerogels, on
the other hand, it seems very difficult for the carbonaceous
deposit to peel a fine Ni particle off the alumina aerogel
support. This may be also evidence of the small ensembles
on the aerogels.

To clarify the small ensembles on the aerogels, changing
the Ni particle size at least in the range 1–25 nm would be
informative. The particle size on the aerogels is easily var-
ied by changing Ni concentration as reported for Ni–SiO2

aerogel [16]. Therefore, an aerogel is very advantageous
to control the particle size for suppressing the carbon nu-
cleation.

5. Conclusions

The NiO–Al2O3 aerogel was prepared from cyclic nickel
glycoxide and boehmite sol. The aerogel had surface area
more than 300 m2 g−1, while an impregnation NiO/aero-
Al2O3 catalyst had ca. 70% surface area as large as that of
the initial Al2O3 aerogel. The Ni in the aerogel was incor-
porated throughout Al2O3 support, where Ni–O–Al bond-
ing was considered to be formed with high dispersion. The
aerogel had high catalytic activity for the CO2-reforming of
methane. Carbon deposition and sintering of Ni were al-
most unobserved on the aerogel during the CH4–CO2 reac-
tion, which was in contrast to the case on the impregnation

catalysts. Since there was no additive such as basic metal
oxide or sulfur to Ni, the high performance was primarily
ascribed to the fine and uniform Ni particles distributing
throughout the aerogel.
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