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Abstract

Steam reforming of methane has been carried out aimed at the development of new and highly active catalysts for H2

production. The catalytic properties of Ni catalysts supported on various supports have been investigated in connection
with characterization results obtained from XRD, H2 chemisorption, TPR and CO2-TPD. Among the catalysts examined,
Ni/Ce–ZrO2 exhibited the best activity and stability. The remarkable catalytic performance is interpreted as a combined result
of high oxygen storage capacity of ceria in Ce–ZrO2, strong interaction between Ni and Ce–ZrO2, basic property of the
catalyst and rather high capability of H2 uptake. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hydrogen production has received much atten-
tion in recent years because hydrogen is considered
as a clean energy source and its demand has in-
creased in chemical industry [1–3]. Steam reforming
of methane (SRM) is a widely practiced technology
for hydrogen production [4,5]. Conventionally, steam
reforming catalysts use supports such as alumina and
magnesium-aluminate due to their stabilities at high
temperature [5]. However, a large amount of energy is
necessary because SRM is highly endothermic reac-
tion and excess steam is introduced to prevent carbon
formation. As a consequence of excess steam, the
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cost of operating SRM plant increases, H2/CO ratio
(>3) increases and CO yield decreases. Therefore,
from the industrial point of view, it is necessary to
develop new catalysts exceeding commercial steam
reforming catalysts in activity and stability so that
they can be employed under severe conditions such
as high gas hourly space velocity (GHSV). Moreover,
catalytic engineering is required to reduce the size
and weight of the reactor for on-site H2 production,
especially for the fuel cell application. To make the
small equipment, a highly active catalyst is necessary
so that it can give almost complete conversion even
at very high space velocity and it should be stable
enough to endure at high temperature.

Very recently, we have successfully applied zirco-
nia support to CO2 reforming of methane [6,7]. More-
over, we have also successfully applied Ni/Ce–ZrO2
to partial oxidation of methane (POM) reaction [8]
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and oxy-SRM reaction [9]. Based on the previous
results, in this study, we have applied Ni/Ce–ZrO2
to the steam reforming reaction at high GHSV
condition aiming at the development of a suit-
able catalyst for a compact system of on-site H2
generation.

2. Experimental

2.1. Catalyst preparation

Supports employed in this study were�-Al2O3
(99.5%, Strem Chemicals), SiO2 (99%, PQ Corp.),
MgAl2O4 (99%, Johnson Matthey), CeO2 (99%,
Aldrich Chemicals), monoclinic ZrO2 (99%, Strem
Chemicals), and Ce-doped ZrO2. Ce-doped zirconia
support (CeO2/ZrO2 wt. ratio, 1:4) was prepared by
sol–gel method using the mixture of zirconyl chlo-
ride and the corresponding salt of Ce [7–9]. The
modified zirconia support was calcined at 800◦C
for 6 h in air. Ni (15 wt.%) catalysts were prepared
by molten-salt method using its nitrate source [10].
The catalyst samples were calcined at 550◦C for
6 h in air.

2.2. Catalyst characterization

The BET specific surface areas were measured
by nitrogen adsorption at 77 K (Micromeritics,
ASAP-2400). XRD patterns were recorded using a
Rigaku 2155D6 diffractometer (Ni-filtered Cu K�,
40 kV, 50 mA).

H2 uptake was measured using pulse technique.
About 200 mg of catalyst was placed in a quartz
reactor. Prior to pulse chemisorption, the sample was
reduced in 5% H2/Ar at 700◦C for 3 h. Then the
sample was purged in Ar at 720◦C for 1 h and cooled
to 50◦C in flowing Ar. A hydrogen pulse (5% H2/Ar,
1 ml) was injected into the catalysts at 50◦C. The
calculation methods of metal dispersion, surface area
and average crystallite diameter are same as that in
reference [11] by assuming the adsorption stoichiom-
etry of one hydrogen atom per nickel surface atom
(H/Nis = 1).

Temperature programmed reduction (TPR) experi-
ments were carried out in a conventional apparatus.
Typically, 50 mg of precalcined sample was loaded

into quartz reactor. The TPR was performed using 5%
hydrogen in nitrogen, 15 ml/min, with a heating rate
of 10◦C/min, from 100 to 900◦C. The sensitivity of
the detector was calibrated by reducing known weight
of NiO. H2 consumption was obtained from the inte-
grated peak area of the reduction profiles relative to
the calibration curve.

CO2 temperature programmed desorption (TPD)
experiment was carried out using a flow system
equipped with a thermal conductivity detector (TCD).
Prior to the experiment, the sample was pretreated at
700◦C for 1 h in He. Then it was cooled down and
CO2 was adsorbed at 50◦C. After being purged with
He to remove the weakly adsorbed CO2, the sample
was heated again from 50 to 650◦C at a heating rate
of 10◦C/min in He flow.

2.3. Catalytic reaction

Catalytic activity measurements were conducted
in a fixed-bed quartz reactor with inner diameter of
4 mm at atmospheric pressure. About 50 mg of each
catalyst was loaded into a quartz reactor. The reac-
tion temperature was measured and controlled by a
thermocouple inserted directly into the top layer of
the catalyst bed. Prior to each catalytic measurement,
the catalyst was reduced in H2/N2 (5% H2 in vol.)
at 700◦C for 2 h. The reactant gas stream consisted
of CH4 and H2O with a molar ratio of 1:3. H2O was
injected using a micro-syringe pump, and evaporated
at 300◦C in a preheating zone. N2 was introduced
with the flow rate of 30 cm3/min as a reference gas
for GC analysis. Effluent gases from the reactor
were analyzed by a gas chromatograph (Chrompack
CP9001) equipped with a TCD and a CarboPLOT
P7 column.

In this study, H2 yield and CO yield were defined
considering only the steam reforming reaction as
shown in the following equations.

H2 yield (%)

= (moles of H2 formed/moles of CH4 fed× 3)

×100 (1)

CO yield(%)

= (moles of CO formed/moles of CH4 fed)

×100 (2)
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Fig. 1. XRD patterns of Ni/Ce–ZrO2 and Ni/ZrO2 catalysts.

3. Results and discussion

3.1. Characteristics of the catalysts

Fig. 1 illustrates the XRD patterns of Ni/Ce–ZrO2
and Ni/ZrO2. Whereas Ce–ZrO2 solid solution in
Ni/Ce–ZrO2 is identified as a tetragonal phase, the
XRD pattern of Ni/ZrO2 shows characteristic peaks
of monoclinic phase.

Table 1 summarizes BET surface area, H2 uptake,
metallic Ni dispersion, surface area and average crys-
tallite diameter of Ni. The dispersion data indicate that
Ni particles are better dispersed on MgAl2O4, ZrO2,
and Ce–ZrO2 than on Ni/Al2O3 and Ni/CeO2. The
latter do not adsorb hydrogen.

3.2. Catalytic performance

Various Ni catalysts (Ni content: 15 wt.%) on
supports mentioned above were examined at 750◦C
and space velocity of 144,000 cm3/gcath for CH4

Table 1
Characteristics of supported Ni catalysts

Catalyst Surface area
(m2/g)

H2 uptake
(�mol/gcat)

Dispersion
(%)

Surface area
of Ni (m2/g)

Average crystallite
diameter (nm)

Ni/Ce–ZrO2 40 9.39 0.86 0.76 112
Ni/ZrO2 13 12.78 1.07 1.04 90.1
Ni/CeO2 3 0.0 – – –
Ni/MgAl 2O4 18 24.1 2.23 1.96 43
Ni/Al 2O3 1 0.0 – – –

Fig. 2. Activity comparison for supported Ni catalysts (reac-
tion conditions:P = 1 atm, T = 750◦C, H2O/CH4 = 3.0, GHSV
= 144,000 cm3/gcat h).

conversion, H2 yield, and CO yield (Fig. 2). Ni/SiO2
showed a low initial activity (23% CH4 conver-
sion). Its activity decreased dramatically with time on
stream, and after 60 min it showed no activity. This in-
dicates that Ni/SiO2 system does not have high activity
in SRM or hydrothermal stability either. It is likely that
there is an interaction between silica and Ni resulting
in the deactivation of the catalysts. Ni/Al2O3 catalyst
showed rather high activity (72% CH4 conversion) at
the initial stage, but the activity decreased gradually
with increasing time. It showed 57% CH4 conversion
after 200 min. It would be due to the fact that SRM
reaction in this work was operated with rather lower
H2O/C ratio than that in commercial processes. On
the Ni/Al2O3 catalyst, carbon was deposited slowly,
and thus the catalyst was deactivated gradually. In
contrast to these two systems, Ni/MgAl2O4 showed
high activity (79% CH4 conversion) as well as high
stability. Because MgAl2O4 is less acidic than Al2O3,
less coke is formed on it resulting in high stability.
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Ni/CeO2 did not show high activity, but the acti-
vity was maintained as time on stream increased.
Ni/ZrO2 showed high activity (77% CH4 conversion)
and high thermal stability also. Ni/Ce–ZrO2 showed
the highest activity (97% CH4 conversion) as well
as high stability. The H2 concentration in the reac-
tor effluent was 62%. The values of CH4 conversion
and H2 concentration reached very close to their own
equilibrium values (CH4 conversion: 99.4% and H2
concentration: 62.7%).

Ni/Ce–ZrO2 showed the highest H2 yield among
the tested catalysts. It showed the 115% yield, which
indicates that the quantity of hydrogen obtained
exceeds the limit which is obtainable only from SRM.
It is due to the water gas shift (WGS) reaction result-
ing from excess supply of steam. This also explains
the fact that H2 yield is always higher than CH4 con-
version irrespective of catalyst. However, all the other
catalysts gave hydrogen yield below 100%.

CO yields were relatively low (<70%) because of
the WGS reaction. The values were relatively high
at the initial stage of the reaction time, and they
decreased gradually. The values reached a steady state
after 100 min.

H2/CO and H2/(CO + CO2) ratios are summa-
rized in Table 2. The trends of H2/CO ratio were
opposite to those of methane conversion or hydro-
gen yield. The lower H2/CO ratio was observed,
as the higher CH4 conversion was attained. On the
catalysts, Ni/Ce–ZrO2, Ni/ZrO2 and Ni/MgAl2O4,
about 3.5 mol of hydrogen was produced per 1 mol
of methane reacted in SRM. The higher value than 3
indicates that WGS reaction was carried out as a side
reaction during SRM reaction. In the case of Ni/CeO2,

Table 2
H2/CO ratio and H2/(CO+ CO2) over supported Ni catalysts in
SRMa

Catalyst H2/CO H2/(CO+ CO2)

144,000b 288,000 144,000 288,000

Ni/Ce–ZrO2 4.9 7.1 3.4 3.7
Ni/ZrO2 6.3 7.8 3.4 3.8
Ni/CeO2 11.1 38.0 3.8 3.9
Ni/MgAl 2O4 6.4 9.2 3.5 3.8
Ni/Al 2O3 10.1 3.7

a Reaction data obtained at time on stream: 200 min.
b GHSV (cm3/gcat h).

Fig. 3. Activity changes of supported Ni catalysts depending
on time on stream at high GHSV (reaction conditions:P = 1 atm,

T = 750◦C, H2O/CH4 = 3.0, GHSV = 288,000 cm3/gcat h).

the highest H2/CO ratio was observed, implying that
considerable WGS reaction was executed.

In order to investigate the activity and the stability
at high GHSV, CH4 conversions with time on stream
were recorded at 288,000 cm3/gcath over Ni/Ce–ZrO2,
Ni/ZrO2, Ni/CeO2, and Ni/MgAl2O4 (Fig. 3). All the
catalysts tested at this condition showed stable activ-
ity at 144,000 cm3/gcath. However, in this high GHSV,
Ni/MgAl 2O4 did not show stability. Its CH4 conver-
sion was initially 56%, but it decreased to 40% after
3 h. This catalyst does not have stability at high GHSV
(>288,000 cm3/gcath). In contrast to this catalyst, the
others showed stable activities regardless of the initial
activities. H2/CO and H2/(CO + CO2) ratios under
this condition are also summarized in Table 2. H2/CO
ratios at 288,000 cm3/gcath were higher than those at
144,000 cm3/gcath. The WGS reaction became pre-
dominant at this high GHSV resulting in low CO yield,
because relatively a large amount of unreacted steam
reacts with relatively a small amount of CO produced.

According to the above results, Ni/Ce–ZrO2 showed
the highest activity and excellent stability, showing
the possibility that it can replace the widely employed
Ni/MgAl 2O4 steam reforming catalysts.

3.3. TPR results

TPR patterns on pure NiO and supported Ni cat-
alysts are presented in Fig. 4. The calculated total
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Fig. 4. TPR patterns of supported Ni catalysts.

hydrogen consumption (THC), support hydrogen
consumption (SHC) and reduction degree of Ni from
TPR results are also summarized in Table 3. Gener-
ally, for supported Ni catalysts the lower temperature
peaks are attributed to the reduction of the relatively
free NiO particles, while the higher temperature peaks
are assigned to the reduction of complex NiO species
in intimate contact with the oxide support. Pure NiO
shows sharp reduction peak at about 420◦C followed
by a small hump. The TPR curve of Ni/Al2O3 is
similar to that of pure NiO, indicating that there is no
strong interaction between NiO and Al2O3 support.
In the case of Ni/MgAl2O4, the maximum peak shifts
toward the high temperature (470◦C) followed by a

Table 3
TPR results on supported Ni catalysts

Catalysts THCa

(mmol/gcat)
SHCb

(mmol/gcat)
Reduction degree
of Ni (%)

Ni/Ce–ZrO2 5.03 0.70 84.7
Ni/ZrO2 4.73 0 92.5
Ni/CeO2 4.49 0 87.8
Ni/MgAl 2O4 4.29 0 83.9
Ni/Al 2O3 4.94 0 96.7

a Total hydrogen consumption in TPR over supported Ni cat-
alysts.

b Hydrogen consumption of support in Ni/supports.

small peak at 620◦C. This suggests that there are two
kinds of NiO species. The first peak can be assigned
to relatively free NiO weakly interacting with support,
and the second peak is attributable to complex NiO
strongly interacting with support. Ni/CeO2 shows
sharp reduction peak at about 420◦C followed by a
small tail. At 880◦C, a broad peak appears attributed
to partial reduction of CeO2, which is consistent with
the TPR curve of only CeO2 support [8,9]. Thus,
there is no strong interaction between NiO and CeO2.
For Ni/ZrO2, broad and unresolved reduction peaks
with maxima at about 400 and 510◦C are observed.

Ni/Ce–ZrO2 exhibits two peaks without any obvi-
ous peak at 640◦C. This is possibly due to the fact
that strong interaction between Ni and Ce–ZrO2 makes
ceria more reducible, which probably helps to produce
mobile oxygen during the reforming reaction. The first
sharp peak can be assigned to relatively free NiO and
the second broad peak to complex NiO species which
strongly interact with CeZrO2, and it seems to be con-
current with ceria reduction. The reducibility of the
support is most likely to be related with the abun-
dance of mobile oxygen. Ce–ZrO2 solid solution has
a higher concentration of mobile oxygen than CeO2
or ZrO2 [9].

3.4. CO2 TPD results

CO2 TPD results on the supported Ni catalysts are
illustrated in Fig. 5. Ni/Al2O3 shows a desorption
peak at 100◦C. Ni/MgAl2O4 presents large desorp-
tion peak at 150◦C. Ni/CeO2 has a desorption peak
at 100◦C, which is same as that of Ni/Al2O3 but the
peak intensity is large and it has a long tail, indicating
continuous desorption or dissociation of CO2 up to
500◦C. In the case of Ni/ZrO2, a strong peak at 130◦C
appears followed by a big tail and a small peak at
500◦C. Ni/Ce–ZrO2 exhibits three peaks at 130, 350,
and 490◦C, respectively. The areas under the peaks at
350 and 490◦C increase with the addition of Ce, sug-
gesting that both the medium and strong basic sites
increase with the addition of Ce to ZrO2.

The high oxygen storage capacity of ceria in
Ce–ZrO2 solid solution enables it to store and release
reversibly a large amount of active oxygen species.
In addition, basic sites strongly inhibit carbon forma-
tion. Finally, the high adsorption of H2 promotes the
methane reforming reactions.
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Fig. 5. CO2-TPD patterns of supported Ni catalysts.

4. Conclusions

Based on the above results, the following conclu-
sions are drawn.

1. Ni/Ce–ZrO2 showed outstanding activity and sta-
bility.

2. The remarkable catalytic performance of Ni/Ce–
ZrO2 is attributed to the combination of several
advantages, i.e. high oxygen storage capacity of
ceria in Ce–ZrO2 solid solution, strong interac-
tion between Ni and Ce–ZrO2, basic property, and
rather high capability for H2 uptake.
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