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Synthesis of hydrogen and carbon monoxide from methane and
carbon dioxide over Ni–Al2O3 catalyst
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The mixed gas of CH4 (50) and CO2 (50) was fed into the porous compacts of alumina-supported Ni (30 vol) catalyst
heated at 673–973 K. Hydrogen was produced by the reaction of the mixed gas (CH4＋CO2→2CO＋2H2). A part of produced
CO decomposed to CO2 and C (2CO→CO2＋C) below 873 K. As a parallel reaction, the decomposition of CH4 occurred in the
wide temperature range from 673–973 K. The carbon deposition suppressed the flow of the outlet gas.
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1. Introduction
Solid oxide fuel cell (SOFC) has many advantages such

as high energy conversion efficiency, clean product (H2O),
no loss of solid electrolyte and a variety of fuel gases. Rare
earth-doped ceria (RDC) is a possible electrolyte for the
low temperature SOFC because of its high oxide ion conduc-
tivity.1)–3) Reducing the operation temperature enhances
the thermal stability of electrodes or interconnector and
increases the lifetime of SOFC. Furthermore the transfer-
ence number of oxide ion of RDC approaches unity by 10－15

Pa of oxygen partial pressure at 773 K.4) Biogas produced
from excrement of domestic animals contains 60 of
methane, 40 of carbon dioxide and a small amount of H2S
and NH3.5),6) The authors reported that the terminal voltage
and electric power density of SOFC with Gd-doped ceria
electrolyte (GDC) and Ni (30 vol)-GDC porous anode
were lower for biogas than for H2 at 1073 K because of a
high activation energy of thermal decomposition of CH4 at a
thin anode (thickness ＜100 mm).7) When the thickness of
Ni (30 vol)-Al2O3 porous compact is increased to 10 mm,
pyrolysis of methane started at 673 K. The thickness of the
Ni-based anode is a key factor to operate SOFC using bio-
gas. Barnett et al. reported a power density of 370 mW/cm2

of SOFC using CH4 fuel at 823 K.8) When carbon is deposit-
ed on the anode during the supply of methane, the electric
power of SOFC decreases. Noble metals (Pt, Pd and Rh) are
shown to suppress more the carbon deposition than Ni.9)

However, CH4 is reformed with CO2 to produce H2 and CO
which are used as fuels of SOFC (CH4＋CO2⇔2H2＋2CO).
This favorable reaction is expected to suppress the carbon
deposition from methane. Many papers report CH4 reform-
ing with CO2 over Ni/Al2O3 catalyst and discuss the reaction
mechanisms of the carbon deposition.10)–12) Ni, Co and Fe
are useful catalyst accelerating the above dry reforming. The
hydrogen and carbon monoxide react with O2－ ion supplied
from RDC electrolyte to form H2O, CO2 and electrons. The
produced CO2 is again mixed with biogas to make a closed
system of CO→CO2→CO. That is, both methane and car-
bon dioxide of biogas can be used as fuels of SOFC. The
above closed system of biogas is useful in producing electric

power and in no exhaust of CH4 and CO2 into air. Some
researchers use alkaline earth oxide or rare-earth oxide as a
support material of Ni. These oxides adsorb CO2 and
accelerate the dissociation of CO2 to CO and O. The formed
O and CH4 adsorbed on Ni react to form CO and H2.9) Cui
et al. reported that reaction rate of reforming of CH4 with
CO2 was dominated by the dissociation rate of CH4 at low
temperatures (＜850 K) and by rate of the reaction CHx
(adsorbed species derived from CH4) and CO2 at a high
temperature (＜900 K).13) Effect of addition of alkaline
metal,10) noble metal11) or rare-earth oxide12) to Ni-Al2O3

catalyst on carbon deposition has been also investigated.
Most of the papers of Ni-Al2O3 catalyst treat 5 vol of Ni
but little information on reforming of CH4 with CO2 has
been reported for anode with high Ni content (30–70 vol)
of SOFC, which has a sufficient electronic conductivity.

This paper reports the basic information of reforming of
CH4 with CO2 on Al2O3-supported 30 vol of Ni catalyst at
673–973 K to use biogas as a fuel of SOFC in a next stage.
The reaction of dry reforming and carbon deposition was
discussed on the calculated free energy (DG) using the par-
tial pressure of outlet gas.

2. Experimental
Alpha-alumina powder (Al2O3＞99.99 mass, median

size 0.48 mm, Sumitomo Chemical Co., Ltd.) was immersed
in a 1.4 mol/l Ni(NO3)2 solution at a volume ratio of Ni/
Al2O3＝30/70. The suspension was freeze-dried and the
mixed powders were calcined at 673 K for 1 h in air. The
calcined NiO–Al2O3 mixed powders were dispersed at 10
vol solid in double distilled water and consolidated into a
columnar shape of 16 mm diameter and 10 mm height by
casting in a gypsum mold. The dried compact was calcined at
1073 K for 1 h in air. The calcined NiO–Al2O3 compact with
11 mm diameter was set inside of a SiO2–Al2O3 tube and
was reduced to Ni by passing 70 vol H2–30 vol Ar gas at
973 K for 10 h.14) A mixed gas of CH4 : CO2＝1 : 1 volume
ratio was fed at 50 ml/min to the Ni–Al2O3 compact at
673–973 K. The phases of NiO–Al2O3 compact before and
after the reduction were identified by X-ray diffraction
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Fig. 1. X-ray diffraction patterns of NiO–Al2O3 compacts heated
at (a) 1073 K, (b) 1273 K in air, and at (c) 973 K in 70 vol H2–
30 vol Ar flow.

Table 1. Relative Density and Porosity of NiO–Al2O3 Compacts before and after Reaction with CH4–CO2 Gas. The Calcined NiO–Al2O3

Compact was Heated at 973 K for 10 h in 70 vol H2–30 vol Ar Gas to form Ni before Reaction with CH4–CO2 Gas
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(RINT 2200, Rigaku Co., Tokyo). The relative density and
porosity of the NiO–Al2O3 compact were measured by the
Archimedes method using distilled water. The microstruc-
ture of the sample was observed using scanning electron
microscope (SM–300, Topcon Co., Tokyo). The composi-
tion of passing gas was analyzed to determine the reforming
fraction of methane and carbon dioxide and the amounts of
formed hydrogen and carbon monoxide by gas chromato-
graphy (GT 3800, Yanaco Co., Kyoto) with molecular sieve
5A and porapack Q using thermal conductivity detector at
393 K. The outlet gas of 0.5 ml was injected into Ar carrier
gas at 323 K. The amount of carbon deposition in the Ni–
Al2O3 compact was measured with thermogravimetry and
differential thermal analysis (TG-DTA) at a heating rate of
5 K/min up to 1473 K in air at the flow rate of 100 ml/min
(Thermoflex, Rigaku Co., Tokyo, Japan). Carbon is burn
out as carbon dioxide and Ni is oxidized to NiO.14) The
weight change during the heating is expressed by Eq. (1),

DW
W0＋WC

＝
(WNiO－WNi)－WC

W0＋WC

＝

[V0(1－P)0.3](1－MNiO

MNi )－WC

W0＋WC
(1)

where V0, W0 and P are the volume of powder, weight and
porosity of Ni/Al2O3 compact, respectively, Wc, WNiO and
WNi the weight of carbon, NiO and Ni, respectively. The
number 0.3 is the volume fraction of Ni in Ni/Al2O3 com-
pact, MNiO and MNi are the molecular weight of NiO and
Ni.

3. Results and discussion
3.1 Sample preparation
Figure 1 shows the X-ray diffraction patterns of NiO–

Al2O3 compact heated at (a) 1073 K, (b) 1273 K in air, and
(c) 973 K in 70 vol H2–30 vol Ar flow. Although no
compound was formed at 1073 K, a–Al2O3 and NiO reacted
to form NiAl2O4 spinel at 1273 K. The NiO–Al2O3 compact
heated in air at 1073 K was reduced to Ni–Al2O3 in the H2-
rich atmosphere and no reaction occurred between Ni and
Al2O3. Table 1 summarizes the relative density and porosity
of NiO–Al2O3 compacts before and after the reaction with
CH4–CO2 gas. The NiO–Al2O3 compacts contained 37–61
of open pores and 1–18 of closed pores. The open porosity

increased and closed porosity decreased by the reduction of
NiO to Ni with H2 gas. For example, the open and closed
porosity of sample No. 1 were 63.5 and 0.1, respectively,
after the reduction with H2 gas. As seen in Table 1, the open
porosity of Ni–Al2O3 compact was still large after the
reforming of CH4 with CO2 for 2.1 h at 773 K, 3.2 h at 873 K
and 3.8 h at 973 K, respectively. However, the blockage of
CH4–CO2 gas flow occurred in the reaction system for
0.55–2.35 h as shown in Table 1. This phenomenon is dis-
cussed in section 3.4.

3.2 Thermodynamic calculation
Figure 2 shows the standard Gibbs free energy (DG°) for

Eq. (1) in the CH4–CO2–H2–CO system.

CH4(g)＋CO2(g)⇔2CO(g)＋2H2(g) (1)

The free energy changes to minus values above 915 K. Equa-
tions (2) and (3) represent the possible subsequent reactions
of formed CO.

2CO(g)⇔CO2(g)＋C(s) (2)
2CO(g)⇔O2(g)＋2C(s) (3)

In these reactions, solid carbon is deposited. The free energy
for Eq. (2) is negative values at a low temperature below
976 K. On the other hand, the free energy for Eq. (3) is posi-
tive values in the wide temperature range of 400–1400 K.
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Fig. 2. Standard Gibbs free energy for Eqs. (1)–(5) as a function
of temperature.

Fig. 3. Fractions of CH4, CO2, H2, CO and O2 for Eqs. (1), (4)
and (5) at an initial pressure of PCH4＝PCO2＝5×104 Pa.

Fig. 4. Fractions of CH4, CO2, H2 and CO (a) and H2/CO (b)
ratio as a function of reaction temperature.
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The coupling of Eqs. (1) and (2) gives Eq. (4),

CH4(g)＋CO2(g)⇔2H2(g)＋CO2(g)＋C(s) (4)

Equation (4) expresses the decomposition of CH4 and in
CO2 atmosphere and gives negative values of standard free
energy above 800 K. The substitution of Eq. (3) for Eq. (1)
yields Eq. (5).

CH4(g)＋CO2(g)⇔2H2(g)＋O2(g)＋2C(s) (5)

The standard free energy for Eq. (5) is positive values in the
temperature range from 400 to 1400 K.

Figure 3 shows the fractions of CH4, CO2, CO, H2 and O2

calculated using the standard free energy for Eqs. (1), (4)
and (5) at an initial pressure of PCH4＝PCO2＝5.0×104 Pa.
The fraction of decomposition of CH4 by Eq. (1) becomes
significant above 600 K and reaches 99 at 1100 K. A simi-
lar pyrolyisis characteristic of CH4 is also calculated for Eq.

(4). In Eq. (4), CO2 exists in the wide temperature range. In
Eq. (5), no reaction of CH4 and CO occurs at a given stan-
dard free energy.

3.3 Reforming of CH4 with CO2
Figure 4(a) shows the fractions of CH4, CO2, H2 and CO

as a function of reaction temperature. Solid circles indicate
the average fraction for 0.6–2.4 h of reforming of CH4 where
no blockage of passing gas occurred in the Ni–Al2O3 com-
pacts. The amounts of CH4 and CO2 decreased with increas-
ing temperature, and were close to 6 and 10 at 973 K,
respectively. The amount of H2 formed increased gradually
with increasing temperature. The production amount of CO
was small and was not sensitive to the reaction temperature.
The fractions of CH4 and CO2 at 973 K were comparable to
the reported values using 3.1–4.8 vol Ni–Al2O3 catalyst
under the similar experimental condition in references 10
and 11. The oxygen partial pressure in the outlet gas was
independent of reaction time at each reaction temperature
and as follows: 4.0×10－19 Pa at 673 K, 9.3×10－18 Pa at
773 K, 3.6×10－16 Pa at 873 K and 5.5×10－14 Pa at 973 K.
These values were very small as compared with the partial
pressures of the other gases. Figure 4(b) shows the H2/CO
ratio as a function of reaction temperature. The average
ratio at 673–973 K was in the range from 1.9 to 2.9. These
values were higher than the reported value (0.86) in refer-
ence 10.

The above results were compared with the fractions calcu-
lated from standard free energy (Fig. 3). The dotted lines in
Fig. 4 represents the fractions of CH4 and H2 based on Eq.
(1). The measured fractions of these gases were well fitted
by Eq. (1). However, the fractions of CO and CO2 deviated
largely from Eq. (1) at 773–873 K. As reported in the latter
section, carbon deposition was observed on Ni/Al2O3 com-
pact in the wide temperature range of 673–973 K. This result
suggests that Eq. (2) or (3) occurred after the formation of
CO. When Eq. (4) was compared with the measured frac-
tions of CH4 and H2, no agreement was recognized. This
comparison indicates that CO formed by Eq. (1) was not in
equilibrium state or steady state with Eq. (2). Therefore, the
result in Fig. 4 is interpreted that (1) CH4 and CO2 reacted



377

Fig. 5. Change of free energy for Eqs. (1)–(5) calculated from the
measured partial pressures of CH4, CO2, H2, CO and O2.

Fig. 6. Carbon deposition on Ni–Al2O3 compacts as a function of
reaction temperature.
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to form CO and H2, and (2) a part of formed CO molecules
decomposed to CO2 and C. As a result, CO2 concentration
became relatively high and CO concentration was low at 773
and 873 K. The significant decrease of CO2 fraction and the
increased amounts of CO and H2 at 973 K are not explained
by only the decomposition of CH4 in Fig. 3 (b) or the reac-
tion by Eq. (2), because these reactions are accompanied by
the formation of CO2 in the outlet gas.

Figure 5 shows the change of free energy (DG) for Eqs.
(1)–(5) calculated from the measured partial pressure of
CH4, CO2, H2, CO2 and O2. Equation (6) shows the free
energy for Eq. (1). A similar equation was used to calculate
DG value for the other reactions.

DG＝DG°＋RT ln [P 2
CO PH2

2

PCH4PCO2
] (6)

As seen in Fig. 5, DG for Eq. (1) was negative values in the
temperature range from 673 to 973 K. This calculation sup-
ports that chemical reaction by Eq. (1) proceeded at the
given temperature range. The DG value for Eq. (2) changes
to positive above 873 K. The formed CO decomposes to CO2

and C at 673 and 773 K. This calculation explains the high
CO2 fraction and the formation of carbon at a low tempera-
ture range. The positive DG values for Eq. (2) above 873 K
indicate that the reaction by Eq. (2) was suppressed at a high
temperature range. The negative DG values for Eq. (4) indi-
cate that the pyrolysis of methane is possible in the wide tem-
perature range shown in Fig. 5. On the other hand, the
DG values for Eqs. (3) and (5) resulted in positive values
in the temperature range from 673 to 973 K. The reaction
expressed by Eqs. (3) and (5) do not proceed in the given
gas compositions. From the above calculation, the measured
result in Fig. 4 (a) is interpreted as follows. Methane reacted
with CO2 to form CO and H2. The formed CO decomposed
to C and CO2 below 773 K. As a parallel reaction, thermal
decomposition of CH4 proceeded at 673–973 K.

3.4 Carbon deposition
Carbon deposition over the Ni–Al2O3 compact and the

inside of the SiO2–Al2O3 tube was observed in all the experi-
ments at 673–973 K. The XRD patterns of Ni–Al2O3 com-
pact after the reaction at 873 and 973 K confirmed the for-
mation of graphite at 2u＝26.6°of Cu Ka.15) The above

result is explained by the negative values of DG for Eqs. (2)
and (4) in Fig. 5. Figure 6 shows the amount of carbon
deposited on Ni–Al2O3 compact as a function of reaction
temperature. These values in this study were almost close
to the previously reported values of 4.710) and 2.411) g of
carbon/100 g of catalyst ･h at 973 and 1073 K, respectively.
The formation tendency of carbon with reaction temperature
was in accordance with the H2/CO ratio in Fig. 4 (b). That
is, the CO formed by Eq. (1) decomposes to CO2 and C at
the low temperature range. However, this reaction is sup-
pressed above 873 K. The decrease of the amount of carbon
at 973 K in Fig. 6 may be related to the above suppression
of carbon formation. Another reaction by Eq. (4) contrib-
utes to the formation H2 and C. It is reported that the dis-
sociation of CH4 is responsible for the carbon deposition
on the catalyst above 873 K because of the slow rate of reac-
tion between CHx (adsorbed species derived from CH4) and
CO2.10)

Figure 7 shows the typical microstructure of Ni–Al2O3

compact (a) before and (b) after the reaction of CH4 and
CO2 at 873 K for 3 h. Open pores were observed between
Al2O3 or Ni grains. After the reaction of CH4–CO2 system,
the microstructure changed to a dense one. Figure 8 shows
the flow rate of outlet gas during the reaction at 673–973 K.
When an alumina compact without Ni was used, the flow
rate of the CH4–CO2 mixed gas was constant and no carbon
was deposited on Al2O3 compact after 2 h at 973 K. This
result indicates that Ni in the Al2O3 compact promotes the
reactions by Eqs. (1), (2) and (4). The gradual increase of
flow rate with increasing temperature is related to the
volume increase of the gases. As seen in Fig. 8, the flow rate
of the outlet gas decreased after 0.5 h of reaction time. The
blockage of gas flow occurred at 2.35, 0.75, 0.55 and 1.72 h
at 673, 773, 873 and 973 K, respectively. This result is
associated with the carbon deposition in the Ni–Al2O3 com-
pact. The blockage time became shorter when the amount of
deposited carbon increased (Fig. 6). Figure 9 shows the
relation between open porosity of starting NiO–Al2O3 com-
pact and blockage time during the reforming of CH4 (See
Table 1). The increased open porosity is a favorable to
extend the blockage time. A similar tendency was also meas-
ured when blockage time was plotted against the open
porosity of Ni–Al2O3 compact after the reforming of CH4.
Both open porosity and carbon deposition affected the
blockage time. The time for no blockage of gas flow was for
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Fig. 7. Microstructures of Ni–Al2O3 compacts before (a) and after (b) the reaction of CH4–CO2 system at 873 K for 3 h.

Fig. 8. Flow rate of outlet gas during the reaction at 673–973 K.

Fig. 9. Relation between open porosity of starting NiO–Al2O3

compact and blockage time during the reforming of CH4 (See
Table 1 for samples).
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4–40 h in reported papers.10)–12) In these papers, sub-mil-
limeter sized powder catalyst was used. However, Ni/Al2O3

compact of submicrometer-sized powder was used in present
experiment. The difference of blocking time between above
two types of catalyst is related to the microstructure of
catalyst. On the other hand, No. 3 of Ni–Al2O3 compact

after the blockage at 773 K contained still 59.9 of open
porosity (Table 1). In addition, it was found that the
amount of carbon deposited was larger for the upper part of
Ni–Al2O3 compact than for the lower part against the flow of
CH4–CO2 gas after the reaction at 1127 K for 2 h. These
results suggest the carbon deposition occurred in the upper
part of the Ni–Al2O3 against CH4–CO2 flow and the open
porosity of the lower part of the Ni–Al2O3 compact was still
high. This phenomenon is characterized by the large amount
of Ni for electronic conduction of anode in SOFC. It is
necessary to control the anode structure in the Ni–Al2O3

compact to suppress the blockage at the anode of SOFC with
large amount of Ni.

4. Conclusions
(1) Ni in the porous Al2O3 compact promoted the reac-

tion of the CH4–CO2 system.
(2) CH4 reacted with CO2 in the Ni–Al2O3 compact to

form H2 and CO above 673 K (CH4＋CO2→2H2＋2CO).
(3) The formed CO decomposed to CO2 and C below

873 K. This reaction yielded a relatively high CO2 concentra-
tion and deposition of carbon.
(4) As a parallel reaction, thermal decomposition of

CH4 proceeded to form H2 and C in the temperature range
from 673 to 973 K (CH4＋→C＋2 H2).
(5) Carbon deposition occurred in the upper part of the

Ni–Al2O3 compact with large amount of Ni for electronic
conduction against CH4–CO2 gas flow. The blockage time
became longer with increasing open porosity of the Ni–Al2O3

compact.
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