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Abstract

Doping of CeO2 as an additive promoter on Ni/Al2O3 was found to improve dry reforming activity for H2 and CO productions at solid oxide
f oward
c f ceria.
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uel cell (SOFC) operating temperature (800–900◦C). The catalyst provides significantly higher reforming reactivity and resistance t
arbon deposition compared to conventional Ni/Al2O3. These enhancements are mainly due to the influence of the redox property o
uring dry reforming process, in addition to the reactions on Ni surface, the gas–solid reactions between the gaseous componen

n the system (CH4, CO2, CO, H2O, and H2) and the lattice oxygen (Ox) on ceria surface also take place. The reactions of adsorbed m
nd carbon monoxide (produced during dry reforming process) with the lattice oxygen (Ox) on ceria surface (CH4 + Ox → CO + H2 + Ox−1

nd CO + Ox ⇔ CO2 + Ox−1) can prevent the formation of carbon species on Ni surface from methane decomposition reaction and
eaction.

In particular, CeO2 doped Ni/Al2O3 with 8% ceria content showed the best reforming activity among those with the ceria content be
nd 14%. The amount of carbon formation decreased with increasing Ce content. However, Ni was oxidized when more than 10% o
oped. According to the post-XPS measurement, a small formation of Ce2O3 was observed after exposure in dry methane reforming cond
ith low inlet CH4/CO2 ratio (1.0/0.3). The intrinsic reaction kinetics of 8% CeO2 doped Ni/Al2O3 was studied by varying inlet CH4 and CO2

oncentrations, and by adding H2 and CO to the system at different temperatures. The dry reforming rate increased with increasing
artial pressure and the operating temperature. The reaction orders in methane were always closed to 1.0 in all conditions. Car
lso presented weak positive impact on the methane conversion, whereas adding of carbon monoxide and hydrogen inhibited th
ate.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cell (SOFC) with an indirect internal
eforming operation (IIR), called IIR-SOFC, is expected to
e an important technology for energy generation in the near

uture due to the high efficiency and its low environmental
mpact. Regarding this operation, the endothermic reforming
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reaction takes place at the reformer, which is in close the
contact with the anode side of fuel cell where the exothe
electrochemical reaction takes place (Fig. 1). IIR gives the
advantage on eliminating the requirement for a sep
fuel reformer and providing good heat transfer betw
the reformer and the fuel cell. In addition, the reform
part and the anode side for IIR operation can be ope
separately. Therefore, the catalyst for reforming reac
at the reformer part and the material for electrochem
reactions at the anode side of fuel cell can be diffe
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Fig. 1. Diagram of IIR-SOFC operation.

and optimized individually. This operation is expected to
simplify the overall system design, making SOFC more
attractive and efficient for producing electrical power[1].

The aim of the reformer unit is to reform and maximize
the yield of hydrogen production and supply this component
to the anode side of SOFC. Theoretically, hydrogen can be
produced from several natural hydrocarbon sources including
natural gas, bio-ethanol, coal, biomass, and biogas. Biogas
consists mainly of methane and carbon dioxide is expected to
be the attractive raw material for hydrogen production in the
near future due to its economic availability. Due to the rich
CO2 for biogas, carbon dioxide (or dry) reforming reaction
would be one of the most suitable processes to convert biogas
to hydrogen or synthesis gas (CO and H2). Compared to the
steam reforming, both steam and dry reforming reactions
have similar thermodynamic characteristics except that the
carbon formation in the dry reforming is more severe than
in the steam reforming due to the lower H/C ratio of this
reaction [2]. The attractive feature of the dry reforming
reaction is the utilisation of CO2, which is a greenhouse
effect gas. In general, the dry reforming reaction (Eq.(1))
is typically accompanied by the simultaneous occurrence of
the reverse water-gas shift reaction (RWGS) (Eq.(2)).

CH4 + CO2 ⇔ 2CO + 2H2 �H = 247 kJ/mol (1)
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reactivity for this reaction was Ru > Rh > Ni∼ Ir > Pt > Pd, in
which similar to their proposed order for steam reforming.
They also observed that the replacing of steam with carbon
dioxide gave similar activation energies, which indicated a
similar rate-determining step in these two reactions. In addi-
tion, low levels or no carbon formation was detected from
dry reforming over Rh metal at low temperature and CO2
content[9]. Erdöhelyi et al.[10,11]studied the influence of
the catalyst support on the dry reforming of rhodium-based
catalyst, and reported that the support had no effect on the
activity of Rh. In contrast, Nakamura et al.[12] and Zhang et
al. [13] observed that the initial turnover frequency (specific
activity) of Rh crystallities was significantly affected by their
supports. Zhang et al.[13] also reported that the deactivation
of Rh crystallities was strongly dependent on their supports.

In this present study, it is aimed at the development of
an alternative catalyst for dry methane reforming reaction,
which provided high stability, and activity toward this reac-
tion at such a high temperature (800–900◦C) for later appli-
cation in IIR-SOFC. According to the economical point of
view, Ni/Al2O3 was selected as a based catalyst rather than
the precious metals. Cerium oxide (CeO2) was chosen as an
additive promoter. This material (called ceria) is an important
material for a variety of catalytic reactions involving oxida-
tion of hydrocarbons (e.g. automobile exhaust catalysts). It
contains a high concentration of highly mobile oxygen vacan-
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O2 + H2 ⇔ CO + H2O ∆H = 41.1 kJ/mol (2)

The hydrogen to carbon monoxide production r
H2/CO ratio) from the dry reforming reaction is always l
han 1. Vannice and Bradford[3] presented the apparent a
ation energies for the consumption of methane and ca
ioxide, as well as the production of carbon monoxide, hy
en, and water in order to investigate the influence o
WGS reaction. They observed that the apparent activ
nergy for hydrogen formation is greater than that for the
ation of carbon monoxide, in which supported the influe
f the reverse water-gas shift reaction on the reaction m
ism. Sodesawa et al.[4] studied the dry reforming reactio
t a stoichiometric feed ratio over several catalysts. T

ound that the activities of most catalysts deactivated ra
ue to the carbon deposition. Topor et al.[5] suggested tha

he use of excess carbon dioxide could avoid carbon fo
ion. Chubb et al.[6,7] studied the carbon dioxide reformi
sing an excess of carbon dioxide with carbon dioxid
ethane ratios of 3:1 and 5:1 over Ni/Al2O3. They reporte

hat the rate of disintegration is smaller for the higher
ostrup-Nielsen and Bak Hansen[8] investigated the activ

ty toward dry reforming over several metals. Their orde
ies, which act as local sources or sinks for oxygen invo
n reactions taking place on its surface. Nowadays, a p
ial application of ceria is in solid oxide fuel cells applicat
s a reforming catalyst for in-stack (called indirect inter
eforming of methane, since it is high resistant toward ca
eposition compared to Ni[14]. Recently, the successful te
f ceria for the methane steam reforming reaction has
eported[15–17]. Due to the high resistance toward car
ormation, ceria should be a good additive promoter for
eforming process.

Recently, the use of ceria-based materials as the su
nd promoter for the catalytic reforming reaction has b
eported by several researchers. As the support, it has
eported to be promising support among�-Al2O3 [18], �-
l 2O3, and�-Al2O3 with alkali metal oxide and rare ear
etal oxide[19] and CaAl2O4 [18–21], while the selecte
etals were Ni, Pt, or Pd[22–31]. As the promoter, cer
as also reported to be a good promoter for the dry met

eforming at intermediate temperature[32]. Wang and Lu
32] prepared CeO2 doped Ni/Al2O3 by adding CeO2 on
-Al2O3 powder before impregnated Ni on CeO2–Al2O3
upport and tested the dry methane reforming reactivi
00–800◦C. They found that the doping of CeO2 signifi-
antly improved the resistance of catalyst toward the ca
eposition.

In this work, various amounts of cerium oxide were fir
oped on the surface of Ni/Al2O3 in order to determin

he suitable doping ratio. The reactivity toward dry refo
ng and the resistance toward carbon formation over C2
oped Ni/Al2O3 was studied and compared to conventio
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Ni/Al 2O3 at the temperature range of 800–900◦C. In addi-
tion, the intrinsic kinetics of the dry methane reforming reac-
tion over this catalyst was also studied by varying inlet CH4,
CO2, and by adding CO and H2 at different temperatures.
The reaction orders in each component and the possible rate
isotherm with the fitting parameters were determined. These
kinetic informations are important in order to determine the
behavior of the catalyst toward this reaction for the large
scale or industrial application. By fitting the rate isotherm
and parameters in the modeling, the behavior of the whole
reformer and the IIR-SOFC system can be predicted.

2. Experimental

2.1. Catalyst preparations

Ni/Al 2O3 (5 wt.% Ni) was prepared by impregnating�-
Al2O3 (from Aldrich) with NiCl3 solution at room tempera-
ture. This solution was stirred by magnetic stirring (100 rpm)
for 6 h, dried overnight in an oven at 110◦C, and calcined in
air at 900◦C for 6 h. The catalyst powder was then reduced
with 10% H2/Ar at 700◦C for 6 h. CeO2 doped Ni/Al2O3
was prepared by impregnate different concentration of cerium
nitrate (Ce(NO3)3·6H2O (99.0%), Fluka) on Ni/Al2O3 pow-
der. Similarly, this solution was stirred by magnetic stirring
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Fig. 2. Effect of the total gas flow rate on the turnover frequencies (N) for dry
reforming over 8% CeO2 doped Ni/Al2O3 at different temperatures (4 kPa
CH4 and 12 kPa CO2).

indicating that the mass transfer effect is unimportant in this
flow rate range.Fig. 2shows the effect of the total gas flow
rate on the reforming rate over 8% CeO2 doped Ni/Al2O3
at different temperatures. The reactions on different average
sizes (from 100 to 500�m) of catalysts were also carried
out. It was observed that there were no significant changes
in the methane conversion for the catalyst with the particle
size between 100 and 200�m, which indicated that the
intraparticle diffusion limitation was negligible in this range
of operating conditions. Consequently, the weight of catalyst
loading was 50 mg, while the total gas flow was kept constant
at 100 cm3 min−1. The catalyst particle size diameter was
between 100 and 200�m in all experiments.

A type-K thermocouple was placed into the annular space
between the reactor and the furnace. This thermocouple was
mounted on the tubular reactor in close contact with the cata-
lyst bed to minimize the temperature difference between the
catalyst bed and the thermocouple. Another type-K thermo-
couple was inserted in the middle of the quartz tube in order
to re-check the possible temperature gradient. The record
showed that the maximum temperature fluctuation during the
reaction was always±0.75◦C or less from the temperature
specified for the reaction.

After the reactions, the exit gas mixture was transferred via
trace-heated lines to the analysis section, which consists of a
Porapak Q column Shimadzu 14B gas chromatograph (GC)
a raphy
w ondi-
t hich
t illary
a car-
b n of
c mmed
o n in
h rat-
i 0
b
p nt of
100 rpm) for 6 h before filtered and washed with deion
ater and ethanol to prevent an agglomeration. The sa
as dried and calcined in air at 1000◦C for 6 h. It was reduce
ith 10% H2/Ar at 700◦C for 6 h before use.

.2. Apparatus and procedures

In order to investigate the dry reforming and its associ
eactions, an experimental reactor system was constru
he feed gases including the components of interest su
H4, CO2, H2, or CO were introduced to the reaction s

ion, in which an 8-mm internal diameter and 40-cm len
uartz reactor was mounted vertically inside a furnace.
atalyst (50 mg) was loaded in the quartz reactor, which
acked with a small amount of quartz wool to prevent the
lyst from moving. In order to observe the intrinsic reac
inetics, the methane conversions from dry reforming w
lways kept below 20% in all experiments.

In the present work, the desired space velocity
uitable catalyst particle size were achieved from se
reliminary tests, which were carried out to avoid any lim

ions by intraparticle diffusion in the experiments. Regard
o these testing, the total flow rate was varied betw
0 and 200 cm3 min−1 under a constant residence time
× 10−4 g min cm−3. When the total flow rate was belo
0 cm3 min−1, the reforming rate increased with increas

he gas flow rate, suggesting that the mass transfer be
he bulk gas and the catalyst particles is the rate-determ
tep. The reforming rate was almost constant in the r
here the gas flow rate was higher than 80 cm3 min−1,
nd a mass spectrometer (MS). The gas chromatog
as applied in order to investigate the steady state c

ion experiments, whereas the mass spectrometer in w
he sampling of the exit gas was done by a quartz cap
nd differential pumping was used for the transient and
on formation experiments. In order to study the formatio
arbon species on catalyst surface, temperature-progra
xidation (TPO) was applied by introducing 10% oxyge
elium into the system, after purged with helium. The ope

ng temperature increased from room temperature to 100◦C
y the rate of 10◦C/min. The calibrations of CO and CO2
roductions were performed by injecting a known amou
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these calibration gases from a loop, in an injection valve in the
bypass line. The response factors were obtained by dividing
the number of moles for each component over the respective
areas under peaks. In addition to the TPO method, the amount
of carbon deposition was confirmed by the calculation of car-
bon balance in the system. The amount of carbon deposited
on the surface of catalyst would theoretically be equal to the
difference between the inlet carbon containing components
(CH4 and CO2) and the outlet carbon containing components
(CO, CO2, and CH4). The amount of carbon deposited per
gram of catalyst is given by the following equation:

Cdeposition= molecarbon (in)− molecarbon (out)

mcatalyst
(3)

3. Results and discussion

3.1. Catalyst characterizations

After reduction, the catalysts were characterized with sev-
eral physicochemical methods. The weights content of Ni and
Ce loadings were determined by X-ray fluorescence (XRF)
analysis. The reducibility and dispersion percentages of
nickel were measured from temperature-programmed reduc-
tion (TPR) with 5% H2 in Ar and temperature-programmed
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Fig. 3. Effect of Ce doping content on the turnover frequencies (N) for dry
reforming (900◦C, 4 kPa CH4, and 12 kPa CO2).

molecule 16.2× 10−20 m2 [14]) were active.

N = rNAAN2

mcS
(4)

wherer is the reaction rate (moles CH4 per unit time),NA the
Avagadro’s number,AN2 the area occupied by an adsorbed
nitrogen molecule (16.2× 10−20 m2), mc the weight of cat-
alyst used (50 mg), andS is the specific surface area of
the catalyst. The figure indicates that 8% CeO2 doping on
Ni/Al 2O3 presents the highest turnover frequencies.

The post-reaction temperature-programmed oxidation
experiments were then carried out after a helium purge by
introducing of 10% oxygen in helium in order to determine
the degree of carbon deposition on the surface of each sample.
Table 2presents the important physicochemical properties of
the spent catalysts after exposure in dry reforming conditions
for 10 h. According to TPO, the amount of carbon formation
decreased with increasing Ce content. No carbon species was
observed when the Ce doping content was higher than 8%.
The decreasing in the reactivity when more than 10% CeO2
was doped could be due to the oxidized of Ni, as the reducibil-
ity of Ni reduced after exposure in dry reforming for 10 h,
regarding to the TPR experiments.

It should also be noted that, at steady state, the main prod-
ucts from this reaction were H2 and CO with H2/CO always
l ter-

T
P

C T surfa

N .2
2 .8
4 .7
6 .5
8 .1
1 .8
1 .4
1 .9

hydr
drogen
esorption (TPD), respectively. The catalyst specific su
reas were obtained from BET measurement. All phy
chemical properties of the synthesized catalysts are
ented inTable 1. The catalyst specific surface areas slig
ncreased by the doping of Ce.

.2. Selection of suitable Ce doping content

After reduction, various Ce contents (from 2 to 14
oped on Ni/Al2O3 were studied in dry reforming at 900◦C.
he feed was CH4/CO2 in helium with the CH4/CO2 ratio of
.0/0.3.Fig. 3presents the steady state turnover frequen
N) for CeO2 doped Ni/Al2O3 with different CeO2 contents
he turnover frequencies were calculated from the met
onversion following the below equation by assuming
ll surface sites accessible by nitrogen adsorption (are

able 1
hysicochemical properties of the catalysts after reduction at 700◦C

atalyst Ni loada (wt.%) Ce loada (wt.%) BE

i/Al 2O3 4.91 0.0 40
% Ce-Ni/Al2O3 4.84 1.87 40
% Ce-Ni/Al2O3 4.93 4.02 42
% Ce-Ni/Al2O3 5.01 5.94 46
% Ce-Ni/Al2O3 4.96 8.03 49
0% Ce-Ni/Al2O3 4.88 9.86 49
2% Ce-Ni/Al2O3 4.93 12.1 50
4% Ce-Ni/Al2O3 4.92 13.9 50
a Measured from X-ray fluorescence analysis.
b Measured from temperature-programmed reduction (TPR) with 5%
c Measured from temperature-programmed desorption (TPD) of hy
ess than 1, indicating a contribution of the reverse wa

ce area (m2 g−1) Ni-reducibilityb (Ni%) Ni-dispersionc (Ni%)

92.1 4.87
93.5 4.54
91.4 5.12
90.6 4.54
91.1 4.65
89.9 4.77
90.3 4.64
91.0 4.20

ogen.
after TPR measurement.
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Table 2
Methane conversions, H2/CO production ratio, and physicochemical properties of the catalysts after exposure in dry reforming (4 kPa CH4 and 12 kPa CO2)
at 900◦C

Catalyst CH4 conversions (%)
at steady state

H2/CO
ratio

Ni and Ce
loada (wt.%)

Carbon formationb

(monolayers)
BET surface
(m2 g−1)

Ni reducibilityc

(Ni%)
Ni dispersiond

(Ni%)

Ni/Al 2O3 3.32 0.89 4.89/0.0 3.48 40.0 92.1 4.84
2% Ce-Nie 9.43 0.88 4.86/1.87 3.01 40.8 93.2 4.48
4% Ce-Ni 12.2 0.84 4.96/4.00 1.62 42.0 91.0 5.07
6% Ce-Ni 14.7 0.81 4.97/5.98 0.43 43.9 90.0 4.52
8% Ce-Ni 15.3 0.80 4.98/8.01 ∼0 44.4 90.4 4.60
10% Ce-Ni 14.9 0.77 4.83/9.93 ∼0 44.7 87.3 4.71
12% Ce-Ni 11.8 0.75 4.87/11.9 ∼0 45.1 70.1 4.55
14% Ce-Ni 10.7 0.71 4.94/14.0 ∼0 45.6 67.6 4.14

a Measured from X-ray fluorescence analysis.
b Calculated using CO and CO2 yields from temperature-programmed oxidation (TPO) with 10% oxygen.
c Nickel reducibility (measured from temperature-programmed reduction (TPR) with 5% hydrogen).
d Nickel dispersion (measured from temperature-programmed desorption (TPD) after TPR).
e CeO2 dopedNi/Al2O3.

gas shift reaction. Small amount of steam was also observed
from the reaction. The H2/CO ratio decreased with increas-
ing Ce doping content indicated the high reactivity toward the
reverse water-gas shift reaction of ceria (Table 2). The reac-
tivities toward the reverse water-gas shift reaction for CeO2
doped Ni/Al2O3 (with several Ce contents) and Ni/Al2O3
were tested in order to ensure the above explanation by using
TPRx in CO2/H2/He gas mixture (5 kPa CO2 and 10 kPa H2).
Fig. 4 shows the activities of all catalysts toward this reac-
tion. Clearly, the activity toward the RWGS reaction over
CeO2 doped Ni/Al2O3 with high Ce content was significantly
higher than that over Ni/Al2O3 at the same operating condi-
tions.

3.3. Reactivity toward dry reforming

Ni/Al 2O3 and 8% CeO2 doped Ni/Al2O3 were further
studied in dry reforming at 900◦C. The feed was CH4/CO2
in helium with different CH4/CO2 ratios of 1.0/0.3, 1.0/1.0,
and 1.0/3.0. The reforming rate was measured as a function of
time in order to indicate the stability and the deactivation rate.

F
e Rx in
C

The variations in turnover frequencies (N) with time at 900◦C
for different catalysts and different inlet CH4/CO2 ratio are
shown inFig. 5. The significant deactivations were detected
for Ni/Al 2O3 catalyst in all conditions especially at high
inlet CH4/CO2 ratio, whereas considerable lower deactiva-
tions were detected for 8% CeO2 doped Ni/Al2O3. At steady
state, the dry reforming over 8% CeO2 doped Ni/Al2O3 with
inlet CH4/CO2 of 1.0/3.0 showed the best activity. Catalyst
stabilities expressed as deactivation percentages are given in
Table 3.

The characterization of these spent catalysts by X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) were then carried out to determine the formation or
the changing of chemical states in the spent catalysts, com-
pared to the fresh one after reduction. X-ray diffraction was
performed using X-ray defractometer with Cu K� radia-
tion (λ = 1.54060Å) and operating parameters of 40 kV and
40 mA. Diffraction patterns were acquired by a step-scanning
technique, using a step size (�2θ) of 0.020◦. The XPS spectra
were acquired on spectrometer with a hemispherical elec-
tron analyser detector, operated in a constant threshold pass
energy mode (50 eV), and using a non-monochromatic Al

F us
i

ig. 4. The activities of Ni/Al2O3 and CeO2 doped Ni/Al2O3 (with differ-
nt Ce contents) toward the reverse water-gas shift reaction using TP
O2/H2/He gas mixture (5 kPa CO2 and 10 kPa H2).
ig. 5. Dry reforming of methane at 900◦C for several catalysts and vario
nlet CH4/CO2 ratios.
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Table 3
Methane conversions, stabilities, and physicochemical properties of the catalysts after exposure in dry reforming conditions at 900◦C for 12 h

Catalyst CH4/CO2

ratio
CH4 conversions
(%) at steady state

Deactivation (%) Carbon formationa

(monolayers)
BET after reaction
(m2 g−1)

Ni reducibilityb

(Ni%)

Ni/Al 2O3 1.0/0.3 1.64 84.2 4.26 40.0 91.0
1.0/1.0 2.01 78.4 3.97 39.5 93.2
1.0/3.0 3.32 69.9 3.48 40.0 92.1

8% Ce-Nic 1.0/0.3 10.6 33.1 0.85 44.0 90.0
1.0/1.0 13.6 14.8 0.34 44.5 89.3
1.0/3.0 15.3 9.08 ∼0 44.4 90.4

a Calculated using CO and CO2 yields from temperature-programmed oxidation (TPO) with 10% oxygen.
b Nickel reducibility (measured from temperature-programmed reduction (TPR) with 5% hydrogen).
c CeO2 doped Ni/Al2O3.

K� (1.4866 eV) radiation source, which operated at 12 kV
and 20 mA.Fig. 6 presents the XRD patterns of the spent
and fresh Ni/Al2O3 and CeO2 doped Ni/Al2O3. From the
XRD results, Ni and NiAl2O4 reflectance were found in both
Ni/Al 2O3 and CeO2 doped Ni/Al2O3. It is clearly seen that
the intensities of NiAl2O4 peaks for CeO2 doped Ni/Al2O3
were lower than that for Ni/Al2O3. This implies that the inter-
action between NiO and Al2O3 was prevented by the doping
of CeO2. A significant carbon peak was observed for the spent
Ni/Al 2O3, indicated the high formation of carbon species on
the catalyst surface, whereas a smaller peak of carbon was
detect for the spent CeO2 doped Ni/Al2O3.

Table 4 presents the Ce3+/Ce4+ ratio for CeO2 doped
Ni/Al 2O3 before and after exposure in dry methane reform-
ing conditions, determined from XPS. It is seen that no Ce3+

(Ce2O3) formation was observed for the fresh CeO2 doped
Ni/Al 2O3 after reduction. Regarding the spent CeO2 doped
Ni/Al 2O3, no Ce3+ formation was detect after exposure in
dry methane reforming with the inlet CH4/CO2 ratios of

F osure
i

Table 4
Ce3+/Ce4+ ratio observed from the XPS measurement over CeO2 doped
Ni/Al 2O3 after reduction and after exposure in dry methane reforming
conditions

Ce3+/Ce4+ ratio

After reduction 0

After exposure in dry methane reforming; with CH4/CO2 of
1.0/3.0 0
1.0/1.0 0
1.0/0.3 0.21

1.0/3.0 and 1.0/1.0, however, a small formation of Ce2O3 was
observed over CeO2 doped Ni/Al2O3 catalyst after exposure
in dry methane reforming with the inlet CH4/CO2 ratio of
1.0/0.3. This Ce2O3 formation is obviously due to the remain-
ing non-oxidation CeO2, which will be explained at the end
of this section.

The post-reaction temperature-programmed oxidation
experiments were then carried out after a helium purge by
introducing of 10% oxygen in helium in order to determine
whether the observed deactivation is due to the carbon for-
mation. From the TPO results shown inFig. 7, the huge peaks
of carbon dioxide and carbon monoxide were observed for
Ni/Al 2O3 at 600◦C, while smaller peaks of both components
were detected for 8% CeO2 doped Ni/Al2O3. The amount
of carbon formations on the surface of these catalysts with

F
C n-
d

ig. 6. XRD patterns of the catalysts after reduction (1) and after exp
n dry methane reforming at 900◦C with the inlet CH4/CO2 of 1.0/1.0 (2).
ig. 7. Temperature-programmed oxidation (TPO) of Ni/Al2O3 and 8%
eO2 doped Ni/Al2O3 (10 kPa O2) after exposure in dry reforming co
itions for 10 h.
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different inlet CH4/CO2 ratios were determined by mea-
suring the CO and CO2 yields from the TPO results (using
Microcal Origin Software). Using a value of 0.026 nm2 for
the area occupied by a carbon atom in a surface monolayer
of the basal plane in graphite[17], the quantities of carbon
deposited over Ni/Al2O3 were observed to be approximately
4.26, 3.97, and 3.48 monolayers, while those over 8% CeO2
doped Ni/Al2O3 were 0.85, 0.34, and∼0 monolayers for
the inlet CH4/CO2 ratios of 1.0/0.3, 1.0/1.0, and 1.0/3.0,
respectively. The total amounts of carbon deposited were
ensured by the calculation of carbon balance in the system.
Regarding to the calculation for the inlet CH4/CO2 ratios of
1.0/0.3, 1.0/1.0, and 1.0/3.0, the moles of carbon deposited
per gram of 8% CeO2 doped Ni/Al2O3 were 1.34, 0.49, and
∼0 mmol g−1. By the same assumption for the area occupied
by a carbon atom[17], these values are equal to 0.87, 0.32,
and 0 monolayers, respectively, which is in good agreement
with the values observed from the TPO method described
above. The results clearly indicated the strong resistance
toward carbon formation for 8% CeO2 doped Ni/Al2O3 com-
pared to Ni/Al2O3. The BET measurements, as presented
in Table 3, indicated that deactivations of 8% CeO2 doped
Ni/Al 2O3 are also due to the slight sintering of CeO2. Several
researchers also reported the high thermal sintering rate of
ceria-based materials at high operating temperature[15,16].

The improvement of dry reforming reactivity and resis-
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CO2 + Ox−1 ⇔ Ox + CO (11)

Regarding the possible carbon formation during the
reforming processes, the following reactions are the most
probable reactions that could lead to carbon formation:

2CO ⇔ CO2 + C (12)

CH4 ⇔ 2H2 + C (13)

CO + H2 ⇔ H2O + C (14)

CO2 + 2H2 ⇔ 2H2O + C (15)

At low temperature, reactions(14)and(15)are favorable,
while reaction(12) is thermodynamically unflavored[37].
The Boudard reaction (Eq.(12)) and the decomposition of
methane (Eq.(13)) are the major pathways for carbon forma-
tion at such a high temperature as they show the largest change
in Gibbs energy[38]. According to the range of temperature
in this study, 800–900◦C, carbon formation would be formed
via the decomposition of methane and Boudard reactions. By
doping CeO2 as the promoter, both reactions (Eqs.(12) and
(13)) could be inhibited by the gas–solid reactions between
methane and carbon monoxide with the lattice oxygen (Ox) at
CeO2 surface forming hydrogen and carbon dioxide, which
i .
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ance toward carbon formation for CeO2 doped Ni/Al2O3
ould be mainly due to the redox property of ceria. Du
he dry reforming, in addition to the reactions on Ni surfa
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ynthesis gas with a H2/CO ratio of two, while the reduce
eria, CeO2−x, can react with CO2 to produce CO[33–35].
his solid–gas mechanism involves the reactions betw
ethane and/or an intermediate surface hydrocarbon sp
ith the lattice oxygen (Ox) at CeO2 surface, as illustrate
chematically below[36].

H4 + 2S ⇔ CH3 S + H S (5)

H3 S + S ⇔ CH2 S + H S (6)

H2 S + S ⇔ CH S + H S (7)

H S + S ⇔ C S + H S (8)

S + Ox ⇔ CO + Ox−1 + S (9)

H S ⇔ H2 + 2S (10)

During the dry reforming, methane is adsorbed on e
unique site (S) or the lattice oxygen (Ox), whereas CO2 can

eact with the reduced site of ceria, Ox−1. The steady sta
eforming rate is mainly due to the continuous supply of
xygen source by CO2 (Eq.(11)). Therefore, the Ce2O3 for-
ation observed by XPS measurement inTable 4over spen
eO2 doped Ni/Al2O3 after exposure in dry methane refor

ng with high inlet CH4/CO2 ratio is due to the insufficien
s thermodynamically unflavored to form carbon species

.4. Effects of temperature and inlet components

The inlet methane partial pressure was varied fro
o 4 kPa, while inlet carbon dioxide partial pressure
ept constant at 12 kPa. The operating temperature
as 825–900◦C. Fig. 8 illustrates the influence of the inl
ethane partial pressure on the turnover frequencies (N) for
ry reforming over 8% CeO2 doped Ni/Al2O3 at different
perating temperatures. The activities of catalyst incre
ith increasing inlet methane partial pressure as we
perating temperature.Fig. 9 shows an Arrhenius-type pl

ig. 8. Effect of methane partial pressure on the turnover frequencieN)
or dry reforming over 8% CeO2 doped Ni/Al2O3 at different temperature
12 kPa inlet CO2).
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Fig. 9. Arrhenius plot of turnover frequencies (N) for dry reforming of
methane over 8% CeO2 doped Ni/Al2O3 with different inlet methane/carbon
dioxide ratio.

for dry reforming over CeO2 doped Ni/Al2O3 with various
methane/carbon dioxide ratios over the temperature range
825–900◦C. The corresponding activation energy observed
for this catalyst is 178± 9 kJ/mol, slightly depending on the
gas composition.

The reaction order in methane (n) for CeO2 doped
Ni/Al 2O3 was observed to be 0.96–1.04, and seemed to
be essentially independent of the operating temperature and
other inlet compositions in the range of conditions studied.
These valuesn were obtained experimentally by plotting
ln(−rCH4) versus ln(PCH4) according to the equation below.

ln(−rCH4) = ln(k) + n ln(PCH4) (16)

where−rCH4 is the dry reforming rate (mol kgcat
−1 h−1),

while PCH4 the methane partial pressure.k is the apparent
reaction rate constant andn is the reaction order in methane.
The reaction orders in other components (CO2, H2, and CO)
were achieved using the same approach by varying the inlet
partial pressure of the component of interest and keeping
other inlet component partial pressures constant.

In order to investigate the influence of CO2 on the dry
reforming rate, several inlet carbon dioxide partial pressures,
from 9 to 12 kPa, were introduced to the feed with constant
methane partial pressure (3 kPa). Carbon dioxide presented
slight positive effect on the dry reforming rate as shown in
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Fig. 10. Effect of carbon dioxide partial pressure on the turnover frequencies
(N) for dry reforming over 8% CeO2 doped Ni/Al2O3 at different tempera-
tures (3 kPa CH4).

Fig. 11. Influence of inlet carbon dioxide/methane ratio on H2/CO produc-
tion ratio from dry reforming of methane over 8% CeO2 doped Ni/Al2O3 at
different temperatures (12 kPa CO2).

concentrations. Unlike CH4 and CO2, both components
inhibited the dry reforming rate as shown inFigs. 12 and 13.
The reaction order in carbon monoxide was in the range of
−0.42 to−0.37, while the reaction order in hydrogen was
between−0.55 and−0.45 in the range of conditions studied.

Fig. 12. Effect of carbon monoxide partial pressure on the turnover fre-
quencies (N) for dry reforming of methane over 8% CeO2 doped Ni/Al2O3

at different temperatures (4 kPa CH4 and 12 kPa CO2).
ig. 10. The reaction order in carbon dioxide was obse
o be a positive value between 0.44 and 0.54, and seem
e independent of the operating temperature for the ran
onditions studied. At 900◦C, the proportion of H2/CO in
he products reduced from 0.80 to 0.67 as the CO2/CH4 ratio
as increased from 3.0 to 12.0 (Fig. 11). This is as expecte

rom an increasing contribution from the reverse water
hift (RWGS) reaction.

The dry reforming in the presences of carbon mono
nd hydrogen were then investigated by adding either ca
onoxide or hydrogen to the feed gas at several oper

emperatures. The results show that the reforming rate
lso dependent on both carbon monoxide and hydr
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Table 5
Reaction orders for the components of interest (CH4, CO2, CO, and H2) from dry reforming over 8% CeO2 doped Ni/Al2O3 at different operating conditions

Components of interest Temperature (◦C) Other inlet compositions Reaction order for components of interest

Methane (1–4 kPa) 825 12 kPa CO2 1.00
850 12 kPa CO2 0.97
900 12 kPa CO2 0.98
850 15 kPa CO2 1.01
850 17 kPa CO2 0.99
825–900 12 kPa CO2/1 kPa H2 1.01± 0.03
825–900 12 kPa CO2/3 kPa H2 0.98± 0.01
825–900 12 kPa CO2/1 kPa CO 0.99± 0.03

Carbon dioxide (9–12 kPa) 825 3 kPa CH4 0.44
850 3 kPa CH4 0.54
900 3 kPa CH4 0.50
850 3 kPa CH4/3 kPa H2 0.48

Hydrogen (1–3 kPa) 825–900 3 kPa CH4/12 kPa CO2 −0.49± 0.04
825–850 1 kPa CH4/12 kPa CO2 −0.48± 0.03
825–850 3 kPa CH4/15 kPa CO2 −0.52± 0.03

Carbon monoxide (1–3 kPa) 825–900 3 kPa CH4/12 kPa CO2 −0.40± 0.01
825–850 3 kPa CH4/15 kPa CO2 −0.38± 0.01
825–850 3 kPa CH4/17 kPa CO2 −0.40± 0.02

Table 5presents the summary of observed reaction orders in
each component (CH4, CO2, CO, and H2) for CeO2 doped
Ni/Al 2O3 at different inlet conditions.

Regarding to the above experiments, the experimental data
can be fitted well to a simple relative rate coefficient, in which
captures the essential features.

−rCH4 = k(T )(PCH4)n(PCO2)m

1 + K1(T )Pa
CO + K2(T )Pb

H2

(17)

where Pi is the partial pressure of chemical component
i. The positive effects of methane and carbon dioxide on
the dry reforming rate were a consequence of the pres-
ence of thek(T )(PCH4)n(PCO2)m term, whereas negative
effects of carbon monoxide and hydrogen were a con-
sequence of theK1(T )Pa

CO and K2(T )Pb
H2

terms in the
denominator. According to the fitting, whenn, m, a, and
b were taken as 1.0, 0.5, 0.4, and 0.5, a good fit to

F s (
f
t

the data was observed in the range of conditions studied.
k(T) increased from 649.0 mol kg−1 h−1 atm−1.5 at 825◦C
to 954.3 mol kg−1 h−1 atm−1.15 at 900◦C, whileK1(T) and
K2(T), also temperature dependent parameters, were in the
range of 1.68–4.43 atm−0.4 and 0.93–3.94 atm−0.5, respec-
tively. It should be noted that the apparent activation energy
for this reaction, which were achieved by the Arrhenius plots,
was approximately 150 kJ/mol.

4. Conclusion

8% CeO2 doped Ni/Al2O3 is a good candidate catalyst
for the dry reforming of methane due to the high resistance
toward the deactivation from carbon formation. During dry
reforming process, the gas–solid reaction on ceria surface
takes place simultaneously with the reactions on the surface
of Ni, in which reduces the degree of carbon deposition on
catalyst surface from methane decomposition and Boudard
reactions. However, it should also be noted that the doping
of too high ceria content results in the oxidation of Ni, which
could reduce the reforming reactivity.

The intrinsic kinetic reaction of 8% CeO2 doped Ni/Al2O3
was studied in the conditions where the intraparticle diffusion
limitation was negligible. The dry reforming rate increased
w sures
a thane
c nox-
i ess.
I eO
d the
i C)
o

ig. 13. Effect of hydrogen partial pressure on the turnover frequencieN)
or dry reforming of methane over 8% CeO2 doped Ni/Al2O3 at different
emperatures (4 kPa CH4 and 12 kPa CO2).
ith increasing methane and carbon dioxide partial pres
s well as the operating temperature. In contrast, the me
onversion was inhibited when hydrogen and carbon mo
de were added to the system during dry reforming proc
t can be concluded from the present work that C2
oped Ni/Al2O3 seems to be a promise catalyst for

ndirect internal reforming solid oxide fuel cells (IIR-SOF
peration.
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