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bstract

Methane steam reforming over Ni on high surface area (HSA) CeO2 and Ce-ZrO2 supports, synthesized by surfactant-assisted method, was
tudied and compared to conventional Ni/CeO2, Ni/Ce-ZrO2, and Ni/Al2O3. It was firstly observed that Ni/Ce-ZrO2 (HSA) with the Ce/Zr ratio of
/1 showed the best performance in terms of activity and stability. This catalyst presented considerably better resistance toward carbon formation
han conventional Ni/CeO2, Ni/Ce-ZrO2, and Ni/Al2O3; and the minimum inlet H2O/CH4 ratio requirement to operate without the detectable of
arbon are significantly lower. These benefits are related to the high oxygen storage capacity (OSC) of high surface area Ce-ZrO2 support. During
he reforming process, in addition to the reactions on Ni surface, the redox reactions between the absorbed CH4 and the lattice oxygen (Ox) on
eO2 and Ce-ZrO2 surface also take place, which effectively prevent the formation of carbon on the surface of Ni.
The effects of possible inlet co-reactant, i.e. H2O, H2, CO2, and O2 on the conversion of CH4 were also studied. It was found that H2 presented

ositive effect on the CH4 conversion when small amount of H2 was introduced; nevertheless, this positive effect became less pronounced and

ventually inhibited the conversion of CH4 at high inlet H2 concentration particularly for Ni/CeO2 (HSA) and Ni/Ce-ZrO2 (HSA). The dependence
f H2O on the rate was non-monotonic due to the competition of the active sites, as have also been presented by Xu [1], Xu and Froment [2,3],
lnashaie et al. [4] and Elnashaie and Elshishini [5]. Addition of CO2 inhibited the reforming rate, whereas addition of O2 promoted the CH4

onversion but reduced both CO and H2 productions.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Methane steam reforming is a widely practiced technology
o produce hydrogen or synthesis gas for utilization in chemi-
al processes and solid oxide fuel cells (SOFCs). Three main
eactions take place as in the following equations.

H4 + H2O = CO + 3H2 (1)

O + H2O = CO2 + H2 (2)
H4 + 2H2O = CO2 + 4H2 (3)

Both the water-gas shift reaction (Eq. (2)) and reverse metha-
ation (Eq. (3)) are always associated with catalytic steam

∗ Corresponding author.
E-mail address: navadol l@jgsee.kmutt.ac.th (N. Laosiripojana).
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eforming at elevated temperatures. Due to their overall high
ndothermic nature, these reactions are carried out at high-
emperature (700–900 ◦C) to achieve high conversions.

Commercial catalysts for the methane steam reforming reac-
ion are nickel on supports, such as Al2O3, MgO, MgAl2O4 or
heir mixtures. Selection of a support material is an important
ssue as it has been evident that metal catalysts are not very
ctive for the steam reforming when supported on inert oxides
6]. Various support materials have been tested, for example,
-Al2O3 [7], �-Al2O3 and �-Al2O3 with alkali metal oxide and

are earth metal oxide [8], CaAl2O4 [9] and Ce-ZrO2 [10]. A
romising catalyst system for the reforming reactions appears
o be a metal on Ce-ZrO2 support, where the metal can be Ni, Pt

r Pd [11–19]. Ni/Ce-ZrO2 has also been successfully applied
o partial oxidation and autothermal reforming of methane [20].

It is well-established that cerium oxide (CeO2) and ceria-
irconia (Ce-ZrO2) are useful in a wide variety of applications

mailto:navadol_l@jgsee.kmutt.ac.th
dx.doi.org/10.1016/j.cej.2007.05.035
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nvolving oxidation or partial oxidation of hydrocarbons (e.g.
utomotive catalysis) and as components of anodes for SOFCs.
his material has high oxygen storage capacity, which is benefi-
ial in oxidation processes and carbon combustion. The excellent
esistance toward carbon formation from methane cracking reac-
ion over CeO2 compared to commercial Ni/Al2O3 was also
eported recently [21]. The addition of zirconium oxide (ZrO2)
o cerium oxide (CeO2) has been found to improve the oxygen
torage capacity, redox property, thermal stability, and catalytic
ctivity [22–31]. Nevertheless, the major limitations for apply-
ng CeO2 and to a lesser extent Ce-ZrO2 in high-temperature
team reforming are their low specific surface and surface area
eduction due to sintering [21]. Therefore, the use of high sur-
ace area (HSA) ceria-based materials as the catalyst support
ould be a good alternative to improve the methane steam

eforming performance. Several methods have been described
ecently for the preparation of high surface area (HSA) CeO2
nd Ce-ZrO2 solid solutions. Most interest is focused on the
reparation of transition-metal oxides using templating path-
ays [32–34]. However, only a few of these composites showed
regular pore structure after calcination [35–37]. A surfactant-

ssisted approach was employed to prepare high surface area
eO2 and Ce-ZrO2 with improved textural, structural and chem-

cal properties for environmental applications [38]. They were
repared by reacting a cationic surfactant with a hydrous mixed
xide produced by co-precipitation under basic conditions.
y this preparation procedure, materials with good homo-
eneity and stability especially after thermal treatments were
chieved.

In the present work, high surface area (HSA) CeO2 and Ce-
rO2 were synthesized by the surfactant-assisted approach. Ni
as selected as a metal catalyst and impregnated on these high

urface area CeO2 and Ce-ZrO2. It should be noted that, for
i/Ce-ZrO2, different ratios of Ce/Zr were firstly investigated to
etermine a suitable composition ratio. The stability and activity
f Ni on high surface area CeO2 and Ce-ZrO2 were then studied
nd compared to Ni on low surface area CeO2 and Ce-ZrO2, and
lso conventional Ni/Al2O3. Furthermore, the resistance toward
arbon formation and the influences of possible inlet co-reactant,
.e. H2, H2O, CO2, and O2 (as oxidative steam reforming) on the

ethane steam reforming over these catalysts were determined

y adding and varying the partial pressures of these components
t the inlet feed, as these are important issues in the industrial
pplications.

s
o
w
a

able 1
pecific surface areas, pore volume, and pore size of catalysts after treatments

atalysts Surface area after
calcination (m2 g−1)

i/Ce-ZrO2 (HSA) (Ce/Zr = 1/3) 45
i/Ce-ZrO2 (HSA) (Ce/Zr = 1/1) 44
i/Ce-ZrO2 (HSA) (Ce/Zr = 3/1) 41.5
i/CeO2 (HSA) 24
i/Ce-ZrO2 (LSA) (Ce/Zr = 1/3) 20
i/Ce-ZrO2 (LSA) (Ce/Zr = 1/1) 18
i/Ce-ZrO2 (LSA) (Ce/Zr = 3/1) 19
i/CeO2 (LSA) 8.5
ering Journal 138 (2008) 264–273 265

. Experimental

.1. Material preparation and characterization

Conventional Ce-ZrO2 supports (Ce-ZrO2 (LSA)) with dif-
erent Ce/Zr molar ratios were prepared by co-precipitation
f cerium chloride (CeCl3·7H2O), and zirconium oxychloride
ZrOCl2·8H2O) from Aldrich. The starting solution was pre-
ared by mixing 0.1 M of metal salt solutions with 0.4 M of
mmonia at a 2 to 1 volumetric ratio. This solution was stirred
y magnetic stirring (100 rpm) for 3 h, then sealed and placed in
thermostatic bath maintained at 90 ◦C. The ratio between each
etal salt was altered to achieve nominal Ce/Zr molar ratios of

/3, 1/1 and 3/1. The precipitate was filtered and washed with
eionised water and acetone to remove the free surfactant. It was
ried overnight in an oven at 110 ◦C, and then calcined in air at
000 ◦C for 6 h.

High surface area (HSA) Ce-ZrO2 supports were pre-
ared by the surfactant-assisted method [38]. An aqueous
olution of an appropriate cationic surfactant and 0.1 M
etyltrimethylammonium bromide solution from Aldrich were
dded to an 0.1 M aqueous solution containing CeCl3·7H2O
nd ZrOCl2·8H2O in a desired molar ratio. The molar ratio of
[Ce] + [Zr])/[cetyltrimethylammonium bromide] was kept con-
tant at 0.8. The mixture was stirred and then aqueous ammonia
as slowly added with vigorous stirring. The mixture was con-

inually stirred for 3 h, then sealed and placed in the thermostatic
ath maintained at 90 ◦C. After that, the mixture was cooled
nd the resulting precipitate was filtered and washed repeatedly
ith water and acetone. The filtered powder was dried in the
ven at 110 ◦C for 1 day and then calcined in air at 1000 ◦C
or 6 h. Similarly, CeO2 (LSA and HSA) were prepared using
he same procedures as Ce-ZrO2, but without the addition of
rOCl2·8H2O.

Ni/Ce-ZrO2, Ni/CeO2 and Ni/Al2O3 with 5 wt.% Ni were
repared by impregnating the respective supports with NiCl3
olution at room temperature. These solutions were stirred by
agnetic stirring (100 rpm) for 6 h. The solution was dried

vernight in the oven at 110 ◦C, calcined in air at 1000 ◦C and
educed with 10%H2 for 6 h. The BET measurements of all

ynthesized Ni/CeO2 and Ni/Ce-ZrO2 were then carried out in
rder to determine the specific surface area. These values as
ell as the observed pore volume and pore size of the catalysts

re presented in Table 1. It can be seen that the introduction of

Pore volume
(cm3 g−1)

Pore size (Å)

0.15 63.71
0.14 63.90
0.14 63.15
0.13 63.02
0.13 63.67
0.11 61.19
0.11 62.42
0.08 61.20
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Table 2
Physicochemical properties of the synthesized catalysts

Catalyst Metal-load (wt.%) Metal-reducibility (%) Ni-dispersion (%)

Ni/Ce-ZrO2 (HSA) (Ce/Zr = 1/3) 4.9 91.8 9.67
Ni/Ce-ZrO2 (HSA) (Ce/Zr = 1/1) 4.9 91.0 8.82
Ni/Ce-ZrO2 (HSA) (Ce/Zr = 3/1) 5.0 92.6 8.95
Ni/CeO2 (HSA) 5.0 92.2 6.41
Ni/Ce-ZrO2 (LSA) (Ce/Zr = 1/3) 4.8 90.8 4.69
Ni/Ce-ZrO2 (LSA) (Ce/Zr = 1/1) 4.9 91.6 4.73
Ni/Ce-ZrO2 (LSA) (Ce/Zr = 3/1) 4.9 92.1 4.68
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the most suitable ratio of Ce/Zr for the main studies. The results
shown in Fig. 2 revealed that at steady state, the Ni/Ce-ZrO2
i/CeO2 (LSA) 5.0
i/Al2O3 5.0

rO2 stabilizes the surface area of catalyst, which is in good
greement with the results obtained on catalysts prepared by
onventional routes [21]. It should be noted that the catalysts
ere also characterized with several physicochemical methods

fter reduction. The weight content of Ni in Ni/Al2O3, Ni/Ce-
rO2 (with different Ce/Zr ratio), and Ni/CeO2 were determined
y X-ray fluorescence (XRF) analysis. The reducibility and dis-
ersion percentages of nickel were measured from temperature
rogrammed reduction (TPR) with 5% H2 in Ar and temperature
rogrammed desorption (TPD), respectively. All physicochem-
cal properties of the synthesized catalysts are presented in
able 2.

.2. Experimental set-up

Fig. 1 shows the schematic diagram of the experimental reac-
or system. It consists of three main sections: feed, reaction, and
nalysis sections. The main obligation of the feed section is to
upply the components of interest, such as CH4, H2O, H2, or
2 to the reaction section, where an 8 mm internal diameter

nd 40 cm length quartz reactor was mounted vertically inside
furnace. The catalyst (with the weight of 50 mg) was loaded

n the quartz reactor, which was packed with a small amount
f quartz wool to prevent the catalyst from moving. Preliminary
xperiments were carried out to find suitable conditions in which
nternal and external mass transfer effects are not predominant.
onsidering the effect of external mass transfer, the total flow

ate was kept constant at 100 cm3 min−1 at a constant residence
ime of 5 × 10−4 g min cm−3 in all testing. The suitable aver-
ge sizes of catalysts were also verified in order to confirm that
he experiments were carried out within the region of intrinsic
inetics. In our system, a Type-K thermocouple was placed into
he annular space between the reactor and furnace. This ther-

ocouple was mounted in close contact with the catalyst bed
o minimize the temperature difference. Another Type-K ther-

ocouple, covering by closed-end quartz tube, was inserted in
he middle of the quartz reactor in order to re-check the possible
emperature gradient.

After the reactions, the exit gas was transferred via trace-

eated lines to the analysis section, which consists of a Porapak

column Shimadzu 14B gas chromatography (GC) and a
ass spectrometer (MS). The gas chromatography was applied

n order to investigate the steady state condition experiments,

w
o
C
f

91.3 3.12
94.5 4.85

hereas the mass spectrometer was used for the transient carbon
ormation and water-gas shift reaction experiments.

.3. Temperature programmed techniques (TP)

In the present work, temperature programmed technique
TP) was applied for studying carbon formation and water-gas
hift reaction experiments. Temperature programmed methane
dsorption (TPMA) was done in order to investigate the reac-
ion of methane with the surface of catalyst. Five percent CH4
n He with the total flow rate of 100 cm3 min−1 was introduced
nto the system, while the operating temperature increased from
oom temperature to 900 ◦C by the rate of 10 ◦C min−1. Then,
he system was cooled down to the room temperature under
elium flow. After the TPMA experiment, the carbon deposited
n the catalyst was investigated by the temperature programmed
xidation (TPO). Ten percent O2 in He with the total flow rate
f 100 cm3 min−1 was introduced into the system, after a He
urge. Similar to TPMA, the temperature was increased from
oom temperature to 900 ◦C. The amount of carbon formation
n the surface of each catalyst was then determined by measuring
he CO and CO2 yield obtained from the TPO result.

The temperature programmed reaction (TPRx) of
O/H2O/He gas mixture was also carried out in order to

nvestigate the water-gas shift reaction. The mixture of 5%CO
nd 10%H2O in He was introduced into the system during
eating up period by the rate of 10 ◦C min−1 before reaching
he isothermal condition at 900 ◦C.

. Results

.1. Selection of suitable Ce/Zr ratio for Ni/Ce-ZrO2

Ni/Ce-ZrO2 catalysts with different Ce/Zr ratios (1/3, 1/1, and
/1) were firstly tested in methane steam reforming conditions
t 900 ◦C for both HSA and LSA materials in order to select
ith Ce/Zr ratio of 3/1 shows the best performance in terms
f stability and activity for both high and low surface areas.
onsequently, Ni/Ce-ZrO2 with Ce/Zr ratio of 3/1 was selected

or further investigations.
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Fig. 1. Schematic diagra

.2. Stability and activity toward methane steam reforming

The reactivity of methane steam reforming over Ni/CeO2
HSA), Ni/Ce-ZrO2 (HSA) with Ce/Zr ratio of 3/1, Ni/Al2O3,
i/Ce-ZrO2 (LSA) and Ni/CeO2 (LSA) were then tested. The

nlet components were CH4/H2O/H2 in helium with the inlet
atio of 1.0/3.0/0.2 (with the inlet CH4 partial pressure of
kPa). The main products from the reactions over these cata-

ysts were H2 and CO with some CO2, indicating a contribution
rom the water-gas shift, and the reverse methanation at this

igh-temperature. The steam reforming rate was measured as a
unction of time in order to indicate the stability and the deac-
ivation rate. The variations in CH4 conversion with time for
ifferent catalysts are shown in Fig. 3. At steady state, Ni/CeO2

ig. 2. Steam reforming of methane at 900 ◦C for Ni/Ce-ZrO2 with differ-
nt Ce/Zr ratios using the inlet CH4/H2O/H2 ratio of 1.0/3.0/0.2 (Ni/Ce-ZrO2

HSA) Ce/Zr = 3/1 (©), Ni/Ce-ZrO2 (HSA) Ce/Zr = 1/1 (�), Ni/Ce-ZrO2

HSA) Ce/Zr = 1/3 (�), Ni/Ce-ZrO2 (LSA) Ce/Zr = 3/1 (�), Ni/Ce-ZrO2 (LSA)
e/Zr = 1/1 (×), and Ni/Ce-ZrO2 (LSA) Ce/Zr = 1/3 (�)).

o
i
o
c
(

F
i
(

the experimental set-up.

HSA) and Ni/Ce-ZrO2 (HSA) presented much higher reactivity
oward the methane steam reforming than Ni/Al2O3, Ni/Ce-
rO2 (LSA), and Ni/CeO2 (LSA). As seen from the figure, the
team reforming activities of Ni/CeO2 (LSA) and Ni/Al2O3 sig-
ificantly declined with time before reaching a new steady state
ate at a much lower value, while the activity of Ni/CeO2 (HSA),
i/Ce-ZrO2 (HSA), and Ni/Ce-ZrO2 (LSA) declined slightly.
atalyst stabilities expressed as a deactivation percentage are
iven in Table 3. In order to investigate the reason of the cat-
lyst deactivation, the post-reaction temperature programmed
xidation (TPO) experiments were then carried out. TPO exper-
ments detected small amount of carbon formation on the surface

f Ni over ceria-based supports, whereas significant amount of
arbon deposited was observed from the TPO over Ni/Al2O3
1.31 mmol g−1

cat ). According to these TPO results, the deacti-

ig. 3. Steam reforming of methane at 900 ◦C for different catalysts using the
nlet CH4/H2O/H2 ratio of 1.0/3.0/0.2 (Ni/Ce-ZrO2 (HSA) (©), Ni/CeO2 (HSA)
�), Ni/Al2O3 (×), Ni/Ce-ZrO2 (LSA) (�), and Ni/CeO2 (LSA) (�)).
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Table 3
Physicochemical properties of the synthesized catalysts after running the reaction at 900 ◦C for 10 h

Catalyst Deactivation (%) Surface area after reaction (m2 g−1) C. formationa (mmol g−1
cat ) Ni-dispersion (%)

Ni/Ce-ZrO2 (HSA) (Ce/Zr = 1/3) 7.0 42 0.08 9.62
Ni/Ce-ZrO2 (HSA) (Ce/Zr = 1/1) 12 40 0.11 8.71
Ni/Ce-ZrO2 (HSA) (Ce/Zr = 3/1) 3.0 40 ∼0 8.75
Ni/CeO2 (HSA) 8.7 22 ∼0 6.33
Ni/Ce-ZrO2 (LSA) (Ce/Zr = 1/3) 11 18 0.21 4.52
Ni/Ce-ZrO2 (LSA) (Ce/Zr = 1/1) 12 15 0.19 4.61
Ni/Ce-ZrO2 (LSA) (Ce/Zr = 3/1) 5.1 18 ∼0 4.62
N 0.14 3.06
N 1.31 4.81
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catalysts.

As seen in Fig. 5, carbon monoxide and carbon dioxide were
also produced together with hydrogen for Ni catalysts on ceria-
i/CeO2 (LSA) 24 6.2
i/Al2O3 16 40

a Measured from temperature programmed oxidation (TPO).

ation of Ni/Al2O3 during the methane steam reforming was
ainly related to the carbon formation. In contrast, the deac-

ivations of Ni/CeO2 and Ni/Ce-ZrO2 were not caused by the
arbon formation; the BET measurement (Table 3) suggested
hat the deactivations of Ni/CeO2 and Ni/Ce-ZrO2, particularly
or the low surface area supports, could be due to reduction of
urface area. The lower magnitude of the reduction for Ni/CeO2
HSA) and Ni/Ce-ZrO2 (HSA) than for the LSA materials indi-
ates a higher thermal stability for CeO2 (HSA) and Ce-ZrO2
HSA). It should be noted from the BET and TPO studies that
lthough Ni/Al2O3 was thermally stable at high operating tem-
erature, it was more susceptible to carbon formation which led
o the catalyst deactivation.

.3. Resistance toward carbon formation

More investigations on the resistance toward the formation
f carbon species for all catalysts were investigated by Tem-
erature programmed techniques, i.e. TPMA and TPO. In order
o provide the best conditions for testing and obtain the actual
esistance toward carbon formation, the influences of exposure
ime and methane concentration on the amount of carbon for-

ation were firstly determined. Five percent CH4 in He was
ed to the catalyst bed at the isothermal condition (900 ◦C) for
everal exposure times (15, 30, 60, 90, 120, 150, and 180 min).
he profiles of carbon formation over different catalysts with
everal exposure times are shown in Fig. 4. Clearly, the quan-
ity of carbon formed on the catalyst surface increased with
ncreasing CH4 exposure time, and reached its maximum value
fter 120 min for all catalysts. The influence of inlet CH4
oncentration on the amount of carbon formation was then inves-
igated by introducing different inlet methane partial pressures
2.0–10.0 kPa) with the constant exposure time of 120 min. The
mount of carbon deposition seemed to be independent of the
nlet methane partial pressure at the same operating conditions.
t should be noted that although the rate of carbon formation
eaction (CH4 → C + H2) should vary with the methane partial
ressure, the reaction time of 120 min may be sufficiently long
nough to achieve its maximum carbon formation on the surface

f each catalyst and, therefore, the influence of methane par-
ial pressure on coke deactivation was not obviously observed.
herefore, in all experiments, TPMA was carried out by intro-
ucing 5% CH4 in He for 120 min before investigating the degree

F
N

ig. 4. Influence of exposure time on the amount of carbon formation
mmol g−1

cat ) for different catalysts at 900 ◦C (Ni/Ce-ZrO2 (HSA) (©), Ni/CeO2

HSA) (�), Ni/Al2O3 (×), Ni/Ce-ZrO2 (LSA) (�), and Ni/CeO2 (LSA) (�)).

f carbon formation by TPO. Fig. 5 presents the TPMA results
or Ni/Ce-ZrO2 (LSA), Ni/CeO2 (HSA), Ni/Ce-ZrO2 (HSA),
nd Ni/Al2O3, while Fig. 6 presents the TPO results for those
ig. 5. TPMA over (�) Ni/CeO2-ZrO2 (HSA), (×) Ni/CeO2 (HSA), (©)
i/CeO2-ZrO2 (LSA), (�) Ni/CeO2 (LSA), and (�) Ni/Al2O3.
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was found that the conversion increased with increasing inlet
H2O partial pressure at low values but H2O then presented a
negative effect on the reforming rate at higher inlet H2O/CH4
ratio. It should be noted that the steam requirement for Ni/CeO2
ig. 6. Temperature programmed oxidation over (�) Ni/CeO2-ZrO2 (HSA),
×) Ni/CeO2 (HSA), (©) Ni/CeO2-ZrO2 (LSA), (�) Ni/CeO2 (LSA), and (�)
i/Al2O3 following TPMA to 900 ◦C.

ased supports, whereas only hydrogen peak was detected for
PMA over Ni/Al2O3. The CO and CO2 formations from TPMA
f Ni catalysts on ceria-based supports comes from the gas–solid
eaction of CH4 with the lattice oxygen (Ox) on ceria surface (Eq.
4)):

H4 + Ox = 2H2 + CO + VO•• + 2e′ (4)

VO•• denotes an oxygen vacancy with an effective charge 2+,
’ is an electron which can either be more or less localized on a
erium ion or delocalized in a conduction band. The quantities
f carbon deposited (mmol g−1

cat ) on the surface of each catalyst,
hich could be calculated by measuring the CO and CO2 yields,

re presented in Table 4. Clearly, Ni/CeO2 (HSA) and Ni/Ce-
rO2 (HSA) provided higher resistance toward carbon formation

han Ni/Al2O3, Ni/Ce-ZrO2 (LSA), and Ni/CeO2 (LSA).
The influence of adding H2O along with CH4 at the feed on

he amount of carbon formation was studied by varying the inlet
2O/CH4 ratio from 0.0/0.05 to 0.15/0.05. As seen in Table 4,

t was observed that the carbon deposition over nickel catalyst
n ceria-based supports rapidly decreased with increasing inlet
team partial pressure. Nickel catalyst on low surface area (LSA)
e-ZrO2 required inlet H2O/CH4 ratio of 3.0 in order to prevent

he formation of carbon species on catalyst surface, while nickel
atalyst on high surface area (HSA) Ce-ZrO2 required inlet
2O/CH4 ratio as low as 1.0. It should be noted that Ni/Al2O3

equired much higher H2O/CH4 ratio to reduce the carbon for-
ation, and the carbon species remains detectable on the surface

f Ni/Al2O3 even the inlet H2O/CH4 ratio is higher than 3.0.

.4. Effect of inlet co-reactant compositions

The influences of possible co-reactant compositions, i.e. H2,
2O, CO2, and O2 on the conversion of CH4 over these Ni cat-

lysts were investigated. First, various inlet H2 partial pressures

ere added along with CH4 and H2O to the feed in order to

nvestigate the influence of this component on the CH4 conver-
ion. The inlet CH4 and H2O partial pressures were kept constant
t 4.0 and 12.0 kPa, respectively. As shown in Fig. 7, with the

F
c
(

ig. 7. Effect of hydrogen partial pressure on steam reforming rate over different
atalysts at 800 ◦C (Ni/Ce-ZrO2 (HSA) (©), Ni/CeO2 (HSA) (�), Ni/Al2O3

×), Ni/Ce-ZrO2 (LSA) (�), and Ni/CeO2 (LSA) (�)).

resence of low H2 partial pressure (0–5 kPa), H2 presented pos-
tive effect on the CH4 conversion. Without inlet hydrogen, the
H4 conversions for all catalysts were apparently low, suggest-

ng that some hydrogen must be fed together with methane and
team to obtain significant reforming rate. Similar result was
arlier reported over Ni/ZrO2 [1]. Table 5 gives the reaction
rders in H2 for all catalysts in this range of H2 partial pres-
ure. Compared to Ni/Al2O3, the reaction orders in hydrogen
or Ni catalyst on ceria-based supports, especially on high sur-
ace area (HSA) supports were significantly lower. The CH4
onversion at higher inlet H2 partial pressures (>5 kPa) was also
easured. When the inlet hydrogen partial pressure was greater

han 8–10 kPa, a strong reduction in rate was observed for all
atalysts, Fig. 7, as expected.

Fig. 8 shows the effect of steam on the CH4 conversion. It
ig. 8. Effect of steam partial pressure on steam reforming rate over different
atalysts at 800 ◦C (Ni/Ce-ZrO2 (HSA) (©), Ni/CeO2 (HSA) (�), Ni/Al2O3

×), Ni/Ce-ZrO2 (LSA) (�), and Ni/CeO2 (LSA) (�)).
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Table 4
Dependence of inlet H2O/CH4 ratio on the amount of carbon formation on the catalyst surface (900 ◦C)

Catalysts Amount of carbon formation at various H2O/CH4 ratios (mmol g−1
cat )

0 0.2 0.4 0.6 0.8 1.0 2.0 3.0

Ni/CeO2 (HSA) 0.90 0.73 0.59 0.26 0.14 0.09 ∼0 ∼0
Ni/Ce-ZrO2 (HSA) 1.04 0.85 0.54 0.21 0.07 ∼0 ∼0 ∼0
Ni/CeO2 (LSA) 1.26 1.24 1.09 0.73 0.50 0.34 0.23 0.14
Ni/Ce-ZrO2 (LSA) 1.30 1.18 0.79 0.56 0.32 0.18 0.09 ∼0
Ni/Al2O3 2.37 2.37 2.25 2.16 2.06 1.99 1.49 1.35

Table 5
Reaction orders in hydrogen from the methane steam reforming reaction at low hydrogen partial pressure (4 kPa CH4, 12 kPa H2O, and up to 5 kPa H2)

Catalysts Reaction order in hydrogen at different temperatures

650 ◦C 700 ◦C 750 ◦C 800 ◦C 850 ◦C

Ni/CeO2 (HSA) 0.16 0.18 0.16 0.16 0.17
Ni/Ce-ZrO2 (HSA) 0.17 0.18 0.19 0.16 0.17
N
N
N

(
i

t
(
t
b
f
c
o
N
C
a
s
t
p

F
d
N

(
f
o
i
H
f
F
a
t
t
o
T

i/CeO2 (LSA) 0.17 0.18
i/Ce-ZrO2 (LSA) 0.18 0.19
i/Al2O3 0.34 0.31

HSA) and Ni/Ce-ZrO2 (HSA) to achieve the maximum reform-
ng reactivity were lower than the others.

The methane steam reforming in the presence of CO2 was
hen investigated by adding different inlet CO2 partial pressures
1–5 kPa) to the feed gas. Fig. 9 presents the effect of CO2 on
he reforming rate for each catalyst by plotting the relationship
etween ln(Ratewith CO2/Ratewithout CO2 ) and ln(PCO2 ). As seen
rom this figure, CO2 presented a negative effect on the CH4
onversion for all catalysts; however, in contrast to the influence
f H2, the weaker inhibition effect by CO2 was observed for
i on ceria-based supports. According to the reaction order in
O2 calculation, the reaction order in CO2 for Ni/Al2O3 was
pproximately −0.12, whereas those over Ni on ceria-based

upports were around −0.06 to −0.03, which clearly indicated
he weaker inhibitory effect of CO2 for Ni on ceria-based sup-
orts.

ig. 9. Effect of carbon dioxide partial pressure on steam reforming rate over
ifferent catalysts at 800 ◦C (Ni/Ce-ZrO2 (HSA) (©), Ni/CeO2 (HSA) (�),
i/Al2O3 (×), Ni/Ce-ZrO2 (LSA) (�), and Ni/CeO2 (LSA) (�)).

t
w
a
t
t

F
c
(

0.19 0.18 0.17
0.18 0.20 0.18
0.28 0.30 0.29

Finally, the methane steam reforming in the presence of O2
as autothermal reforming) was then carried out by adding dif-
erent O2 partial pressures (1–4 kPa) into the feed gas at several
perating temperatures. The rate increased with increasing the
nlet oxygen partial pressure for all catalysts as shown in Fig. 10.
owever, H2 and CO/(CO + CO2) production selectivity were

ound to decrease with increasing O2 concentration as shown in
ig. 11 for Ni/Al2O3, Ni/Ce-ZrO2 (LSA), and Ni/CeO2 (LSA)
nd Fig. 12 for Ni/Ce-ZrO2 (HSA) and Ni/CeO2 (HSA), respec-
ively. It should be noted that, at the same operating conditions,
he CO/(CO + CO2) production selectivity for Ni/Al2O3 was
bserved to be higher than that over Ni on ceria-based supports.
he difference in this production selectivity is due to the reac-

ivity toward the water-gas shift reaction of each support. The

ater-gas shift reaction (WGS) activities of each support was

lso carried out in the present work to ensure the influence of
his reaction on the CO/(CO + CO2) selectivity. Fig. 13 shows
he activities of all supports toward this reaction at several tem-

ig. 10. Effect of oxygen partial pressure on steam reforming rate over different
atalysts at 800 ◦C (Ni/Ce-ZrO2 (HSA) (©), Ni/CeO2 (HSA) (�), Ni/Al2O3

×), Ni/Ce-ZrO2 (LSA) (�), and Ni/CeO2 (LSA) (�)).
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ig. 11. Effect of oxygen partial pressure on the H2 selectivity (solid lines)
nd CO/(CO + CO2) (dot lines) at isoconversion from steam reforming over
i/Al2O3 (×), Ni/Ce-ZrO2 (LSA) (�), and Ni/CeO2 (LSA) (�) at 800 ◦C.

eratures. Among the supports, the activity toward this reaction
ver CeO2 (HSA) was the highest.

. Discussion

Improvements of stability and activity toward methane steam
eforming were achieved for Ni on high surface area (HSA)
eria-based supports. The high stability is due to the lower sin-
ering rate compared to Ni on low surface area (HSA) ceria-based
upports and the higher resistance toward carbon deposition
ompared to Ni/Al2O3, while the high reforming activity is
ossibly due to the improvement of Ni-dispersion on the high
urface area support (Table 2), and also the strong gas–solid
edox reaction between methane and the high surface area (HSA)
eria-based supports. It has been reported that the solid–gas
eaction between CeO2 and CH4 produces synthesis gas with
H2/CO ratio of two (Eq. (4)), while the reduced ceria can
eact with CO2 and H2O to recover CeO2 and also produce CO
nd H2 (Eqs. (5) and (6)) [39–41]. Importantly, we reported
n our previous work that these redox reactions (Eqs. (4)–(6))

ig. 12. Effect of oxygen partial pressure on the H2 selectivity (solid lines)
nd CO/(CO + CO2) (dot lines) at isoconversion from steam reforming over
i/Ce-ZrO2 (HSA) (©), and Ni/CeO2 (HSA) (�) at 800 ◦C.
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ig. 13. The activities of each catalyst toward the water-gas shift reaction.

ncrease with increasing the specific active surface area of CeO2
42].

O•• + 2e′ + CO2 = Ox + CO (5)

O•• + 2e′ + H2O = Ox + H2 (6)

The addition of suitable ratio of ZrO2 over ceria, as Ce-ZrO2,
as also been widely reported to improve the oxygen storage
apacity, and the redox reactivity of material [22–31]. These
enefits were associated with enhanced reducibility of cerium
IV) in Ce-ZrO2, which is a consequence of high O2− mobility
nside the fluorite lattice. The reason for the increasing mobility

ight be related to the lattice strain, which is generated by the
ntroduction of a smaller isovalent Zr cation into the CeO2 lattice
Zr4+ has a crystal ionic radius of 0.84 ´̊A, which is smaller than

.97 ´̊A for Ce4+ in the same co-ordination environment).
The high resistance toward carbon deposition, which was

bserved from the catalyst over high surface area ceria-based
upports, is also related to the facile redox reaction. During the
team reforming of methane, the following reactions are theo-
etically the most probable reactions that could lead to surface
arbon formation:

CO = CO2 + C (7)

H4 = 2H2 + C (8)

O + H2 = H2O + C (9)

O2 + 2H2 = 2H2O + C (10)

Reactions (9)–(10) are favorable at low-temperatures,
hereas the Boudouard reaction (Eq. (7)) and the decompo-

ition of methane (Eq. (8)) are the major pathways for carbon
ormation at high-temperatures as they show the largest change
n Gibbs energy. According to the range of temperature in this
tudy, carbon formation would be formed via the decomposition
f methane and Boudouard reactions. By applying ceria-based

upports, the formation of carbon species via both reactions
ould be inhibited by the redox reactions with the lattice oxy-
en (Ox) forming H2 and CO2, which is thermodynamically
nfavored to form carbon species in this range of conditions.
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herefore, significant lower amount of carbon deposition were
onsequently observed even at low inlet H2O/CH4 ratio.

The experiments on the effect of co-reactants yielded non-
inear positive hydrogen trend. The positive effect at the low
ydrogen appearance could be due to the reduction of oxidized
tate on the surface active site of nickel, while the inhibitory
ffect at high hydrogen partial pressure is due to the reverse
ethane steam reforming methanation, and the reverse water-

as shift reactions [1–3]. In addition, the presence of hydrogen
tom on some active sites of nickel particle could also lead to the
ecrease in methane conversion [1–3]. Regarding the observed
eaction order in hydrogen, the inhibitory impact for Ni catalysts
n ceria-based supports (both HSA and LSA) is stronger than
hat for Ni/Al2O3 due to the redox property of the ceria-based
aterials. As described earlier, the gas-solid reaction between

he ceria-based materials and CH4 can generate CO and H2,
hile the reduced state can react with steam and CO2 to pro-
uce H2 and CO, respectively. For Ni/Ce-ZrO2 and Ni/CeO2,
lthough hydrogen prevents the oxidized state of nickel, this
omponent can also reduce ceria via the reverse of Eq. (6) and
onsequently results in the inhibition of methane conversion via
q. (4). This explanation is in good agreement with the previ-
us studies [43] which investigated kinetics parameters for the
ethane steam reforming on ceria-based materials and reported

he negative effect of hydrogen on methane conversion over these
aterials due to the change of Ce4+ to Ce3+.
The dependence of H2O on the CH4 conversion is non-

onotonic due to adsorption competition between CH4 and
2O on the catalyst active sites. Previous works [4,5] also

eported the same results and explanation. The CH4 conversion
ncreased with increasing the inlet O2 partial pressure. However,
he CO/(CO + CO2) production selectivity and H2 production
ates strongly decreased with increasing O2 partial pressure. This
ould be due to the combustion of H2 and CO productions and
he inhibition of H2O adsorption on the catalyst surface active
ites by O2.

. Conclusion

High surface area CeO2 and Ce-ZrO2 with Ce/Zr ratio of 3/1
re the good candidates to be used as the support for Ni catalysts
or the steam reforming of CH4 producing H2 for later utilization
n SOFC. The great advantages of Ni on high surface area (HSA)
eria-based supports are the high reforming reactivity, and also
he high stability due to their excellent resistance toward carbon
ormation. Lower inlet H2O/CH4 ratio is required for Ni on high
urface area (HSA) CeO2 and Ce-ZrO2 to prevent the carbon
ormation.

According to the effect of co-reactants (i.e. H2O, H2, CO2,
nd O2), the effects of H2O on the methane steam reform-
ng over Ni/CeO2 (HSA) and Ni/Ce-ZrO2 (HSA) are similar
o those for Ni/Al2O3 in terms of reaction orders, whereas

stronger negative effect of H2 was observed over Ni/CeO2

HSA) and Ni/Ce-ZrO2 (HSA) as H2 inhibits the gas-solid reac-
ion between CeO2 and CH4. Additional of CO2 inhibited the
eforming rate, whereas addition of O2 promoted the CH4 con-
ersion but reduced both CO and H2 productions due to the

[

[
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urther combustion and/or the inhibition of H2O adsorption on
he catalyst surface active sites. Lastly, the difference between
i/CeO2 (HSA) and Ni/Ce-ZrO2 (HSA) is the CO/(CO + CO2)
roduction selectivity. This selectivity for Ni/Ce-ZrO2 is higher
han that for Ni/CeO2 due to the high reactivity toward water-gas
hift reaction of CeO2 compared to Ce-ZrO2.
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