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Doping 20wt% Ni/ZrO2 with 0.1 and 1.0wt% Li prevented
the adsorption and methanation of CO2 and promoted the
methanation of CO. Lithium-doped NiC formed the active site in
the catalyst. Carburized undoped Ni/ZrO2, Cs-doped Ni/ZrO2,
and reduced Li-doped Ni/ZrO2 catalysts did not prevent CO2

methanation.

Fuel cells are among several energy conversion devices that
are the subject of intense interest for solving energy resource
problems. Fuel cells are currently costly, because of their
complex structure; they require a reforming unit that produces
hydrogen from natural gas or oil. To reduce CO at approximately
1 vol% in the reformate, the remaining CO must be methanated
faster than the preferential oxidation of CO. The methanation of
CO in the absence of CO2 has been investigated in metal-doped
Ni/Al2O3,1,2 Ni/MCM-41,3 and group 8 metal catalysts.4

Regarding the support, zirconia is used for Ni and titania is
used for Ru, because Ni particles are large and Ru particles are
small.5,6 The methanation of CO accompanies that of the CO2

contained in the reformate, which leads to an increase in
hydrogen consumption. Therefore, the catalyst must be selective
for CO methanation over CO2 methanation and must not
consume hydrogen. Several metal-doped Ru/TiO2 and Ru/
Al2O3 catalysts79 selectively promote CO methanation. In
addition, Re-doped Ni/ZrO2

10 decreases the undesired CO2

methanation and maintains the CO methanation. Adsorbed
CO2 dissociates to form adsorbed CO and O species, and the
subsequent reaction of the adsorbed CO to form CH4 has been
examined. Methanation of CO mainly occurs at the Ni metal
sites, where CO2 dissociation is suppressed by the addition of
Ru, which significantly improves selective CO methanation.11

However, a catalyst is required to effectively reduce CO in the
temperature range where CO2 does not react. A highly selective
Ru-doped Ni/Al2O3 catalyst has been used to methanate CO
and to block the adsorption of CO2.12,13 Nickel is an effective
support for CO2 methanation catalysts that do not contain Ru or
noble metals. Ni/TiO2 is more active than Ni/Al2O3, Co/TiO2,
and Fe/TiO2.14

Transition-metal carbides, such as nickel molybdenum and
nickel carbides, promote the dissociation of water in the water
gas shift reaction and ethanol steam reforming.15,16 Moreover,
ZrO2 protects against the oxidation of carbides and promotes the
exchange of the lattice oxygen with the oxygen atom of the
dissociated water,17 which in turn prevents the catalyst from
becoming deactivated. Thus, carburized nickel on zirconia is a
promising alternative to ruthenium. Furthermore, Cs-doped
Ni/ZrO2 efficiently promotes the watergas shift reaction for
hydrogen production, even in the presence of CO2.18 However,
alkali-metal-doped catalysts are needed that promote H2O

dissociation and prevent H2 consumption and CO2 methanation.
The catalyst must selectively methanate CO with no CO2

dissociation.
We have carburized Ni/ZrO2 doped with Li to prevent the

methanation of CO2. The Li-doped carburized Ni/ZrO2 increas-
ed the formation of NiC and prevented the dissociation of CO2.

The Ni catalysts were prepared by impregnating the ZrO2

support with Ni; an Al2O3-supported catalyst was also prepared
for comparison. An aqueous solution of Ni(NO3)2¢6H2O was
used to introduce NiO (20wt%) onto the support, which was
then oxidized at 500 °C in air. An aqueous solution of LiNO3 or
CsNO3 was added gradually to the oxidized precursor containing
Ni and the support, and the mixture was dried at 120 °C and
calcined at 500 °C for 5 h in air. The precursor (0.2 g) was
carburized from 450 to 550 °C in a stream of 20% CH4/H2 at the
rate of 60 °Ch¹1; the temperature was maintained at 550 °C for
2 h and then cooled to room temperature. The carburized catalyst
was then used for methanation or analysis without exposure to
air. The methanation activity was measured at 230 and 250 °C in
a stream of 1.0% CO, 20% CO2, 15% H2O, and 64% H2 in a He
balance gas at a flow rate of 3.6 L h¹1, and with ultrapure water
at the rate of 0.3mLh¹1. The feed and reaction products were
quantitatively analyzed by using an online gas chromatograph.
The carburized Ni catalysts were characterized by Brunauer
EmmettTeller (BET) surface area analysis, X-ray diffraction
(XRD), transmission electron microscopy (TEM), and X-ray
photoelectron spectroscopy (XPS). The effect of the Li doping
on the surface properties of the Ni/ZrO2 catalyst was determined
by temperature-programmed desorption (TPD). For the TPD
measurements, the catalyst was heated from room temperature to
900 °C at a rate of 10 °Cmin¹1 in a 0.9 L h¹1 stream of He, and
CO2 was added to the Li-doped and undoped Ni/ZrO2 catalysts
in a stream of He at 100 °C. CO2 (m/z = 44) was monitored by
using a quadruple mass spectrometer.

The XRD patterns confirmed the formation of metallic Ni
and NiC in the Li-doped and undoped Ni/ZrO2, carburized in
20% CH4/H2 at 550 °C (Figure 1). The carburized catalysts
contained NiC (2ª = 44.4 and 75.4°; PDF#14-0020) and me-
tallic Ni (2ª = 44.5 and 76.4°; PDF#87-0712), and NiO
(2ª = 37.3°) and Ni3C were not observed.19,20 In contrast, the
XRD analysis showed that the carburized Li-doped and undoped
Ni/Al2O3 contained metallic Ni and NiO (2ª = 37.3, 43.4, and
75.6°; PDF#75-0197) but no NiC. Although the metallic Ni
peak overlap with that of NiO at 2ª = 37.3°, these peaks were
separate from those of metallic Ni and NiC in the case of
carburization, and metallic Ni and NiO in the case of reduction.
The NiC peaks were observed after the reaction, indicating the
stability of nickel carbide during the reaction.

To examine the effect of Li doping on the surface
composition of metallic Ni and NiC, the XPS C1s peak of the
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1% Li-doped and undoped Ni/ZrO2 catalysts was determined
(Table 1). The Li-doped Ni/ZrO2 had a higher Ni/Zr ratio but
a lower C/Zr ratio than the undoped Ni/ZrO2, indicating that
the Li doping brought Ni to the surface and reduced carbon
deposition. Moreover, the ratio of carbide to graphite carbon for
the Li-doped Ni/ZrO2 was higher than that for the undoped
Ni/ZrO2. This indicates that the Li-doped Ni/ZrO2 had 1.2-fold
more carbide carbon than the undoped Ni/ZrO2.

The TEM images of the Li-doped and undoped Ni/ZrO2

catalysts are shown in Figure 2. A small Ni particle, approx-
imately 5 nm in diameter, was visible on a large ZrO2 particle
in the Li-doped Ni/ZrO2. In the undoped Ni/ZrO2, a 12-nm-
diameter Ni particle was visible on a ZrO2 particle. This indicates
that Li doping decreased the size of the Ni particles and that Ni
was highly dispersed on the ZrO2 in the Li-doped Ni/ZrO2.

The conversion of CO and CO2 on the Li-doped and
undoped Ni/ZrO2 and Ni/Al2O3 at 230 and 250 °C is shown in
Table 2. The conversion of CO on the Li-doped Ni/ZrO2

catalyst was 82.9 and 84.3% at 230 and 250 °C respectively.
In addition, the amount of hydrogen consumed was less than
11% and no significant CO2 conversion was observed below
250 °C. The Li-doped and undoped Ni/Al2O3 catalysts were less
active, and less selective during the CO methanation in the
presence of CO2, which suggests that the Li addition prevented
the conversion of CO2 to CH4 and reduced the H2 consumption.
The BET surface areas of the Li-doped and undoped Ni/ZrO2

were 5 and 6m2 g¹1, respectively, whereas the BET surface areas
of the undoped and Li-doped Ni/Al2O3 were 203 and 210
m2 g¹1, respectively. This result indicates that, despite having
1/20th the surface area of the Al2O3-supported catalyst, the
ZrO2-supported nickel catalyst was more active.

The methanation activity and selectivity of the nickel
carbide and metallic Ni were evaluated. The Li-doped Ni/ZrO2

carburized at 550 °C exhibited higher CO methanation activity
and lower H2 consumption (10.6%) than did the catalyst reduced
at 550 °C (40%), as well as CO2 conversion of 0% in contrast to
the reduced catalyst, which had 5% CO2 conversion at 250 °C.
NiC selectively promoted CO methanation, whereas metallic Ni
did not.

The 1.0wt% Li-doped 20wt% Ni/ZrO2 was compared
with the 1.0 and 10wt% Cs-doped 20wt% Ni/ZrO2 catalyst at
250 °C (Figure 3). Li doping increased CO conversion and CH4

formation and reduced H2 consumption and CO2 conversion.
Therefore, the addition of 1.0wt% Li prevented CO2 conversion
and promoted CO methanation. The same effect was also
observed for 0.5wt% Li-doped Ni/ZrO2 (data not shown). In
contrast, the 1.0 and 10wt% Cs-doped catalyst did not display
CO conversion and CH4 formation, although it consumed H2.
Thus, the addition of Li prevented CO2 methanation, whereas Cs
prevented CO methanation. We have recently studied the steam
reforming of ethanol on alkali-metal-doped Ni/ZrO2 and
reported that Cs-doped Ni/ZrO2 increases hydrogen production
more than Li-doped Ni/ZrO2 does.12 Cs doping promoted the
CH bond breaking through the CH3CO species formed from
CH3CHO but not the CO bond cleavage of CO and CO2 during
CO methanation.

To study the effect of Li, TPD was performed on the Li-
doped and undoped Ni/ZrO2 after injection of CO2 into the
stream of helium (Figure 4). A large CO2 peak at 692 °C and
small peaks at 471 and 534 °C were observed for Ni/ZrO2,
probably due to the three sites of CO2 adsorption/desorption.
However, Li doping blocked the main site for CO2 adsorption

Figure 1. XRD patterns for (a) undoped and (b) Li-doped
Ni/Al2O3 and (c) undoped and (d) Li-doped Ni/ZrO2. : NiC;
: Ni metal

Table 1. The ratio of carbidic to graphitic carbon calculated
from the XPS 1s binding energy for Li-doped and undoped Ni/
ZrO2 carburized at 550 °C

Ni/Zr C/Zr
Carbon total

/Ni
Carbidic

/graphitic carbon

NiLi/ZrO2 1.096 3.33 3.04 0.588
Ni/ZrO2 0.828 6.12 7.40 0.488

(a) (b)

Figure 2. TEM images for (a) Li-doped and (b) undoped Ni/
ZrO2.

Table 2. Comparison of the CO and CO2 conversion, H2
consumed, and methane formation for Li-doped and undoped
Ni/ZrO2 and Ni/Al2O3 carburized at 550 °C

CO Conv.
CO2

Conv.
H2

Consum.
Formed CH4

/mmol g¹1min¹1

NiLi/ZrO2 84.3a (82.9)b 0 (1.1) 10.6 (3.5) 0.172 (0.0911)
Ni/ZrO2 75.4 (77.6) 4.9 (0) 21.1 (9.8) 0.151 (0.077)
NiLi/Al2O3 32.0 (0) 0.6 (0.1) 0 (0) 0.262 (0.0981)
Ni/Al2O3 31.1 (22.0) 2.4 (0) 9.2 (4.2) 0.031 (0.0692)
aReaction temperature of 250 °C. bReaction temperature of
230 °C.
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which corresponded to the large peak. The XRD and XPS
analyses suggest that the Li doping of Ni/ZrO2 transformed the
Ni metal on the catalyst surface into electron-rich NiC. The Li-

doped Ni/ZrO2 catalyzed selective CO methanation with no
CO2 methanation. The Ni metal on the Ni/ZrO2 catalyzed the
methanation of CO2 and Li formed NiC from Ni metal.

In summary, Li-doped NiC catalyzed the methanation of CO
and reduced hydrogen consumption, whereas undoped NiC
catalyzed the methanation of both CO and CO2.
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Figure 3. CO and CO2 conversion, CH4 formation rate, and
H2 consumption at 250 °C for carburized Ni/ZrO2 that was (a)
undoped and doped with (b) 1wt% Li, (c) 1wt% Cs, and (d)
10wt% Cs.

Figure 4. Temperature-programmed surface reaction desorp-
tion for 20wt% Ni/ZrO2 (a) with and (b) without 0.1wt% Li in
a stream of He after CO2 adsorption.
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