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Methane  steam  reforming  performances  of  Ni  on  high  surface  area  (HSA)  CeO
2
  and  CeO

2
-ZrO

2

supports have been studied under solid oxide fuel cell (SOFC) operating conditions. Their performances

were compared to general Ni/CeO
2
, Ni/CeO

2
-ZrO

2
, and Ni/Al

2
O

3
. It was firstly observed that Ni/CeO

2
-ZrO

2

(HSA) with the Ce/Zr ratio of 3/1 showed the best performance in terms of activity and stability toward the

methane steam reforming among those with the Ce/Zr ratios of 1/1, 1/3, and 3/1. Both Ni/CeO
2
-ZrO

2
 (HSA)
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and Ni/CeO
2
 (HSA) presented better resistance toward carbon formation than the general Ni/CeO

2
, Ni/CeO

2
-

ZrO
2
, and Ni/Al

2
O

3
 at the same operating conditions. These benefits are related to the high oxygen storage

capacity (OSC) of CeO
2
-ZrO

2
. During the steam reforming process, in addition to the reactions on Ni surface

(*), the redox reactions between the gaseous components presented in the system and the lattice oxygen (O
x
)

on CeO
2
-ZrO

2
 surface also take place. Among these reactions, the redox reactions between the high carbon

formation potential compounds (CH
4
, CH

x
-*n and CO) and the lattice oxygen (O

x
) can prevent the form-

ation of carbon species from the methane decomposition and Boudard reactions at the inlet H
2
O/CH

4
 ratio

of 3.0/1.0.

Key words : Methane steam reforming, carbon formation, high surface area, ceria,
solid oxide fuel cell
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The methane steam reforming is a widely
practised technology to produce hydrogen or
synthesis gas for later utilization in solid oxide fuel
cell (SOFC). Three main reactions are taken place
as presented in the following equations.

CH
4
 + H

2
O ⇔ CO + 3H

2
(1)

CO + H
2
O ⇔ CO

2
 + H

2
(2)

CH
4
 + 2H

2
O ⇔ CO

2
 + 4H

2
(3)

Both water-gas shift reaction (Eq. 2) and
reverse methanation (Eq. 3) are always associated
with the steam reforming over a catalyst at elevated
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temperatures. Due to the overall high endothermic
nature of the reactions, these reactions are carried
out at high temperature (700-900ºC).

Commercial catalysts for the methane steam
reforming reaction are nickel catalysts on supports
such as Al

2
O

3
, MgO, MgAl

2
O

4
 or their mixtures.

Selection  of  a  support  material  is  an  important
issue as it has been evident that metal catalysts
are not very active for the steam reforming when
supported  on  inert  oxides  (Wang  et  al.,  2002).
Various  support  materials  have  been  tested,  for
example, α-Al

2
O

3
, γ-Al

2
O

3
 and γ-Al

2
O

3
 with alkali

metal oxide and rare earth metal oxide, CaAl
2
O

4

(Lemonidou et al., 1998) and CeO
2
-ZrO

2
. A pro-

mising catalyst system for the reforming reactions
appeared  to  be  a  metal  on  CeO

2
-ZrO

2
  support,

where  the  metal  can  be  Ni,  Pt  or  Pd.  Ni/CeO
2
-

ZrO
2
 has also been successfully applied to partial

oxidation and autothermal reforming of methane.
It  is  well  established  that  cerium  oxide

(CeO
2
) and ceria-zirconia (CeO

2
-ZrO

2
) are useful

in a wide variety of applications involving oxid-
ation  or  partial  oxidation  of  hydrocarbons  (e.g.
automotive  catalysis)  and  as  anodes  for  SOFC.
This material has high oxygen storage capacity,
which is beneficial in oxidation processes. The
excellent resistance toward carbon formation from
methane cracking reaction over CeO

2
 compared to

commercial  Ni/Al
2
O

3
  was  also  reported  recently

(Laosiripojana, 2003). The addition of zirconium
oxide (ZrO

2
) to cerium oxide (CeO

2
) has been found

to  improve  the  oxygen  storage  capacity,  redox
property, thermal stability, and catalytic activity
(Ozawa et al., 1993). However, some of the main
limitations to apply CeO

2
 and CeO

2
-ZrO

2
 in the

high  temperature  steam  reforming  reaction  are
their low specific surface and their high surface
area reduction percentage due to the high surface
sintering (Laosiripojana, 2003). It was observed
that the reduction for CeO

2
 and CeO

2
-ZrO

2
 after

exposure in methane steam reforming conditions
at 900ºC were 23% and 28%, respectively. The
corresponding post-reaction specific surface areas
were only 1.9 and 8.7 m

2
 g

-1
, respectively (Laosiri-

pojana, 2003).

The use of high surface area (HSA) ceria-
based materials as the catalyst support would be
a  good  alternative  procedure  to  improve  the
methane steam reforming performance. Several
methods  have  recently  been  described  for  the
preparation of high surface area (HSA) CeO

2
 and

CeO
2
-ZrO

2
 solid solutions. Most interest is focused

on the preparation of transition-metal oxides using
templating  pathways.  Several  meso-structured
surfactant-oxide composites have been synthe-
sized by this approach. However, only a few of these
composites showed a regular pore structure after
calcination. A surfactant-assisted approach was
employed to prepare high surface area CeO

2
 and

CeO
2
-ZrO

2
 with improved textural, structural and

chemical properties for environmental applications
(Terribile  et  al.,  1998).  They  were  prepared  by
react a cationic surfactant with a hydrous mixed
oxide  produced  by  co-precipitation  under  basic
conditions.  By  this  preparation  procedure,  the
supports  with  good  homogeneity  and  stability
especially after thermal treatments were achieved.
CeO

2
-ZrO

2
 with the specific surface area higher

than 230 m
2
 g

-1
 was obtained after calcination at

723 K. The value dropped to ca. 40 m
2
 g

-1
 after the

following treatment at 1173 K.
In the present work, high surface area (HSA)

CeO
2
  and  CeO

2
-ZrO

2
  were  synthesized  by  the

surfactant-assisted approach. Ni was selected as
a metal catalyst and impregnated on these high
surface area supports. For Ni/CeO

2
-ZrO

2
, different

ratios of Ce/Zr were firstly investigated to deter-
mine a suitable catalyst composition. The stability
and activity of Ni on high surface area CeO

2
 and

CeO
2
-ZrO

2
 were then studied and compared to Ni

on low surface area CeO
2
 and CeO

2
-ZrO

2
, and also

conventional  Ni/Al
2
O

3
.  The  resistance  toward

carbon formation and the influences of possible
inlet compositions of CH

4
, H

2
, H

2
O, and CO

2
 on

the methane steam reforming over these catalysts
were also determined. In addition, the autothermal
reforming,  the  combination  between  the  steam
reforming with the partial oxidation reaction in a
single process, was investigated by adding oxygen
the inlet feed.
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Experimental

Material preparation and characterization

Low surface area (LSA) CeO
2
-ZrO

2
 supports

with different Ce/Zr molar ratios were prepared by
co-precipitation of cerium chloride (CeCl

3
·7H

2
O),

and zirconium oxychloride (ZrOCl
2
·8H

2
O) from

Aldrich.  The  starting  solution  was  prepared  by
mixing 0.1 M of metal salt solutions with 0.4 M of
ammonia at a 2 to 1 volumetric ratio. This solution
was stirred by magnetic stirring (100 rpm) for 3 h,
then  sealed  and  placed  in  a  thermostatic  bath
maintained  at  90ºC  for  three  days.  The  ratio
between  each  metal  salt  was  altered  to  achieve
nominal Ce/Zr molar ratios of 1/3, 1/1 and 3/1. The
precipitate was filtered and washed with deionised
water and acetone to remove the free surfactant.
It was dried overnight in an oven at 110ºC, and
then calcined in air at 1000ºC for 6 h. Although,
in  these  experiments,  the  sample  abilities  were
tested at a temperature around 900ºC, the calcin-
ation  temperature  actually  comes  from  the  real
reforming temperature which can increase as high
as  1000ºC.  So  the  surface  area  of  the  samples
should also be estimate at 1000ºC.

High surface area (HSA) CeO
2
-ZrO

2
 supports

were prepared by the surfactant-assisted method
(Terribile et al., 1998). An aqueous solution of an
appropriate cationic surfactant and 0.1 M cetyltri-
methylammonium bromide solution from Aldrich
were added to an 0.1 M aqueous solution contain-
ing  CeCl

3
·7H

2
O  and  ZrOCl

2
·8H

2
O  in  a  desired

molar ratio. The molar ratio of ([Ce]+[Zr])/[cetyl-
trimethylammonium bromide] was kept constant
at 0.8. The mixture was stirred and then aqueous
ammonia was slowly added with vigorous stirring.
The mixture was continually stirred for 3 h, then
sealed  and  placed  in  the  thermostatic  bath
maintained at 90ºC for three days. After that, the
mixture was cooled and the resulting precipitate
was filtered and washed repeatedly with water and
acetone. The filtered powder was dried in the oven
at 110ºC for one day and then calcined in air at
1000ºC for 6 h.

Similarly, CeO
2
 (both high and low surface

areas) were prepared using the same procedures

as CeO
2
-ZrO

2
, but without the addition of ZrOCl

2
·

8H
2
O. Ni/CeO

2
-ZrO

2
, Ni/CeO

2
 and Ni/Al

2
O

3
 with

5wt%  Ni  were  prepared  by  impregnating  the
respective supports with NiCl

3
 solution at room

temperature.  These  solutions  were  stirred  by
magnetic stirring (100 rpm) for 6 h. The solution
was dried overnight in the oven at 110ºC, and then
calcined  in  air  at  1000ºC  for  6  h.  The  catalysts
were reduced with 10%H

2
 in Ar before use. The

BET measurements of CeO
2
 and CeO

2
-ZrO

2
 were

carried out before and after the calcinations in
order to determine the specific surface area.

In addition to the above characterizations,
the redox properties of the catalysts were deter-
mined by the temperature programmed reduction
(TPR) at high temperature. Regarding this exper-
iment, 5% H

2
/Ar was used, while the temperature

of the system increased from room temperature to
900ºC.

Experimental set-up

Figure 1 shows the schematic diagram of the
experimental reactor system. It consists of three
main sections: feed, reaction, and analysis sections.

The main obligation of the feed section is to
supply the components of interest such as CH

4
,

H
2
O, H

2
, or O

2
 to the reaction section, where an 8-

mm internal diameter and 40-cm length quartz
reactor was mounted vertically inside a furnace.
The catalyst was loaded in the quartz reactor, which
was already packed with a small amount of quartz
wool  to  prevent  the  catalyst  from  moving.  The
residence time was kept constant at 5 x 10

-4
 g min

cm
-3
. The weight of catalyst loading was 10-100

mg, while a typical range of total gas flow was 20-
200 ml/min depending on the desired gas velocity.
The gas mixture flowed though the catalyst bed
in the quartz reactor. A type-K thermocouple was
inserted into the annular space between the reactor
and the furnace. The thermocouple was mounted
on the reactor in close contact with the catalyst bed
to minimize the temperature difference between
the catalyst bed and the thermocouple. After the
reactions, the exit gas was transferred via trace-
heated lines to the analysis section, which consists
of a Porapak Q column Shimadzu 14B gas chro-
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matography (GC) and a mass spectrometer (MS).
The gas chromatography was applied in order to
investigate the steady state condition experiments,
whereas the mass spectrometer was used for the
transient and carbon formation experiments. In
addition, the mass spectrometer was also applied
together with the gas chromatography in order to
investigate the effect of O

2
 partial pressure on the

steam reforming rate, as an O
2
 peak in the chro-

matogram  (TCD  detector)  occurred  at  the  same
retention time as a CO peak.

In  the  present  work,  the  outlet  of  the  GC
column was directly connected to a thermal con-
ductivity detector (TCD). In order to satisfactorily
separate CH

4
, CO, CO

2
, and H

2
O, the temperature

setting inside the GC column was programmed
varying with time. In the first 3 min, the column
temperature was constant at 60ºC. Then, it was

increased steadily by the rate of 15ºC per min until
120ºC. Finally, the temperature was decreased to
60ºC. The analytical method applied is an internal
standardization. The peak area is related to the
molar concentration through the response factor
(RF).

RF =
conventration ( ppm)

peak area

Table 1  presents  the  absolute  response
factor (RF) for all components concerned in this
research. In order to study the formation of carbon
species on catalyst surface, the transient exit gas
from the catalytic reactor was analyzed using the
mass spectrometer. Sampling of the exit gas was
done by a quartz capillary and differential pump-
ing.  The  calibrations  of  CO  and  CO

2
  were

performed by injecting a known amount of these

Table 1. Absolute response factors and retention

time of each component

Gas RF Retention time

H
2

0.35 0.7
O

2
0.28 1.11

CO 0.19 1.15
CH

4
0.09 1.59

CO
2

0.21 2.65
H

2
O 0.17 5.5

Figure 1.  Schematic diagram of the experimental set-up.
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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.
This process was performed before each exper-
iment  to  achieve  maximum  accuracy  in  the
quantitative carbon analysis.

Temperature programmed techniques (TP)

In the present work, temperature programm-
ed technique (TP) was applied for studying carbon
formation and water gas shift reaction experiments.
Temperature  Programmed  Methane  Adsorption
(TPMA)  was  done  in  order  to  investigate  the
reaction of methane with the surface of catalyst.
5% Methane in helium with the total flow rate of
100 ml min

-1
 was introduced into the system, while

the operating temperature increased from room
temperature  to  900ºC  by  the  rate  of  10ºC/min.
Then,  the  system  was  cooled  down  to  the  room
temperature under helium flow. After the TPMA
experiment, the carbon deposited on the catalyst
was investigated by the temperature programmed
oxidation (TPO). 10% Oxygen in helium with the
total flow rate of 100 ml min

-1
 was introduced into

the system, after a He purge. Similar to TPMA, the
temperature was increased from room temperature
to 900ºC at the rate of 10ºC/min.

In  addition,  the  temperature  programmed
reaction (TPRx) of CO/H

2
O/He gas mixture was

also carried out in order to investigate the water

gas shift reaction. The mixture of 5%CO and 10%
H

2
O  in  helium  was  introduced  into  the  system

during heating up period by the rate of 10ºC/min
before reaching the isothermal condition at 900ºC.

Results

1. Investigate surface area by BET (Brunauer-

Emmett-Teller)

The BET measurements of CeO
2
 and CeO

2
-

ZrO
2
 were carried out before and after the cal-

cinations in order to determine the specific surface
area. The values are presented in Table 2. After
drying in oven, surface areas of 105 and 115-135
m

2
 g

-1
 were observed for high surface area CeO

2

and CeO
2
-ZrO

2
 (with different Ce/Zr ratio), res-

pectively  and,  as  expected,  the  surface  area
dramatically decreased at high calcination temper-
atures. However, the values are still appreciable
after calcination at 1000ºC. By using the surfact-
ant-assisted method, CeO

2
 and CeO

2
-ZrO

2
 with high

surface area of 29 and 40-42 m
2
 g

-1
, respectively,

after calcination at 1000ºC were obtained. They
are 2-3 times higher than those of low surface area
supports. It should be noted that the introduction
of ZrO

2
 can stabilize the surface area of ceria, which

is in good agreement with the results obtained on
catalysts prepared by conventional routes (Lao-
siripojana,  2003).  This  is  probably  due  to  the
inhibition of the sintering process induced by the
dopant ion (Terribile et al., 1998).

Table 2. Surface area of the support before and after calcination at 1000ºC

                  Catalysts Surface area before Surface area after calcination

calcination(m2 g-1) at 1000ºC(m2 m2 g-1)

ZrO
2
 (HSA) 147 47

CeO
2
-ZrO

2
 (HSA)(Ce/Zr = 1/3) 135 42

CeO
2
-ZrO

2
 (HSA)(Ce/Zr = 1/1) 120 41

CeO
2
-ZrO

2
 (HSA)(Ce/Zr = 3/1) 115 40

CeO
2
 (HSA) 105 24

ZrO
2
 (LSA) 94 31

CeO
2
-ZrO

2
 (LSA)(Ce/Zr = 1/3) 82 20

CeO
2
-ZrO

2
 (LSA)(Ce/Zr = 1/1) 74 18

CeO
2
-ZrO

2
 (LSA)(Ce/Zr = 3/1) 70 19

ZrO
2
 (LSA) 55 8.5
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2. Investigation  of  the  redox  properties  and

redox reversibility of the catalysts

As described earlier, the oxygen storage
capacities and the degree of redox properties for
catalysts were investigated by using temperature
programmed reduction (TPR) due to the amount
of hydrogen uptake relates to the amount of free
oxygen on the surface of the particles. TPR was
done by introducing 5%H

2
 in argon while heating

the system up to 900ºC and the results of hydrogen
uptakes from the mass spectrometer signal (a.u.)
were detected from varieties ratio of Ce/Zr includ-
ing pure ZrO

2
, Ce/Zr = 1/1, 1/3 and 3/1 as shown

in Figure 2. From this experiment, the amount of
hydrogen  uptake  significantly  decreased  for
samples  which  included  more  Ce,  whereas  no
hydrogen uptakes were observed from pure ZrO

2
.

The  results  indicated  that,  according  to  these
experimental conditions, the occurrence of redox
properties  for  samples  which  have  the  combin-
ation with the Ce/Zr have much more activity than
the pure ceria and these properties were decreased
when Ce content increased. For comparison, the
redox  properties  of  samples  when  prepared  by
different methods, the amount of hydrogen uptakes
of  CeO

2
  and  CeO

2
-ZrO

2
  (1/3  ratios  of  Ce/Zr)

samples were studied.
As  presented  in  Figure  3,  the  amount  of

hydrogen  uptakes  of  1/3  ratio  of  Ce/Zr  sample
prepared by surfactant assisted method was sig-
nificant higher than the other samples while pure
ceria  prepared  by  precipitation  method  had  the
lowest amount of hydrogen consumption.

Figure 2. Temperature  Programmed  Reduction  (TPR)  of  CeO
2
-ZrO

2
  prepare  by  precipit-

ation method in the different ratio of Ce/Zr

Figure 3. Temperature Programmed Reduction (TPR) of CeO
2
 and 1/3 ratio of Ce/Zr sample

prepared by precipitation method (LSA) and surfactant assisted method (HSA)
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3. Methane steam reforming reactivity for Ni/

CeO
2
-ZrO

2
 with different Ce/Zr

Ni/CeO
2
-ZrO

2
 catalysts with different Ce/Zr

ratios  (1/3,  1/1,  and  3/1)  were  firstly  tested  in
methane steam reforming conditions at 900ºC for
both high (HSA) and low (LSA) surface areas in
order to select the most suitable ratio of Ce/Zr for
the main studies. The results shown in Figure 4
revealed that at steady state, Ni/CeO

2
-ZrO

2
 with

Ce/Zr ratio of 3/1 shows the best performance in
terms of stability and activity for both high and
low  surface  areas.  It  should  be  noted  that  the
reforming activities in that figure are presented as
the relative reforming activity, which is calculated
from  comparing  the  amount  of  the  methane
conversion at that point with the greatest value in
the experiment. According to these experimental
results, Ni/CeO

2
-ZrO

2
 with Ce/Zr ratio of 3/1 was

selected for further investigations.

4. Stability  and  activity  of  several  catalysts

toward methane steam reforming

In  order  to  study  the  influence  of  high
surface area (HSA) ceria-based supports, Ni/CeO

2

(HSA) and Ni/CeO
2
-ZrO

2
 (HSA) were tested and

the performances were compared with general
metal-support catalysts including Ni/Al

2
O

3
, Ni/

CeO
2
-ZrO

2
 (LSA) and Ni/CeO

2
 (LSA) (low specific

surface area CeO
2
 and CeO

2
-ZrO

2
). The inlet com-

ponents were CH
4
/H

2
O/H

2
 in helium with the inlet

ratio of 1.0/3.0/0.2. The main products from the
reactions  over  these  catalysts  were  H

2
  and  CO

with some CO
2
, indicating a contribution from the

water-gas shift, and the reverse methanation at this
high temperature. The steam reforming rate was
measured as a function of time in order to indicate
the stability and the deactivation rate. The varia-
tions in relative reforming activity with time for
different catalysts are shown in Figure 5. At steady
state,  Ni/CeO

2
  (HSA)  and  Ni/CeO

2
-ZrO

2
  (HSA)

presented  much  higher  reactivity  toward  the
methane steam reforming than Ni/Al

2
O

3
, Ni/CeO

2
-

ZrO
2
 (LSA), and Ni/CeO

2
 (LSA).

The steam reforming activities of Ni/CeO
2

(LSA)  and  Ni/Al
2
O

3
  significantly  declined  with

time before reaching a new steady-state rate at a
much lower value, while the activity of Ni/CeO

2

(HSA),  Ni/CeO
2
-ZrO

2
  (HSA),  and  Ni/CeO

2
-ZrO

2

(LSA)  declined  slightly.  Catalyst  stabilities
expressed as a deactivation percentage are given
in Table 3 where the deactivation percentages are
the percentage of the methane conversion decreas-
ing  at  the  reaction  time.  In  order  to  investigate
the reason of the catalyst deactivation, the post-
reaction temperature-programmed oxidation (TPO)
experiments were then carried out. TPO exper-
iments detected no carbon formation on the surface
of  Ni  on  ceria-based  supports.  In  contrast,  the
quantities of carbon deposited on the surface of
Ni/Al

2
O

3
 were 1.35 monolayers.

Figure 4. Methane steam reforming of the different ratio of Ce/Zr and different preparation

method at operation temperature 900ºC
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The  BET  measurement,  as  presented  in
Table 3, suggested that the deactivations of Ni/
CeO

2
  and  Ni/CeO

2
-ZrO

2
  were  mainly  due  to  the

reduction of surface area. However, the reduction
percentages of Ni/CeO

2
 (HSA) and Ni/CeO

2
-ZrO

2

(HSA) are lower than those with low surface area,
indicating the high stability of CeO

2
 (HSA) and

CeO
2
-ZrO

2
 (HSA) toward the thermal sintering.

It  should  be  noted  that  although  Ni/Al
2
O

3
  was

thermally stable at high operating temperature, it
was more susceptible to carbon formation which
led to the catalyst deactivation.

5. Resistance toward carbon formation

The resistances of Ni/CeO
2
 (HSA) and Ni/

CeO
2
-ZrO

2
 (HSA) toward the formation of carbon

Figure 5.  Methane steam reforming activity of different kinds of catalyst at 900ºC

Table 3. Specific surface area of the catalysts before and after reaction.

                      Catalysts Deactivation Specific surface area before Surface area reduced

(%) and after reaction (m2 g-1) (%)

Ni/CeO
2
 (HSA) 8.7 24 and 22 8.3

Ni/CeO
2
-ZrO

2
 (HSA) (Ce/Zr = 1/3) 7 42 and 39 7.1

Ni/CeO
2
-ZrO

2
 (HSA) (Ce/Zr = 1/1) 12 41 and 36 12

Ni/CeO
2
-ZrO

2
 (HSA) (Ce/Zr = 3/1) 3 40 and 39 2.5

Ni/CeO
2
 (LSA) 24 8.5 and 6.2 27

Ni/CeO
2
-ZrO

2
 (LSA) (Ce/Zr = 1/3) 11 20 and 18 10

Ni/CeO
2
-ZrO

2
 (LSA) (Ce/Zr = 1/1) 12 18 and 15 13

Ni/CeO
2
-ZrO

2
 (LSA) (Ce/Zr = 3/1) 5.1 19 and 18 4.5

Ni/Al
2
O

3
16 40 and 40 ~ 0

species were investigated and compared to other
Ni catalysts on low surface area (LSA) ceria-based
supports,  and  also  Ni/Al

2
O

3
.  The  temperature

programmed techniques; i.e., TPMA and TPO,
were carried out. The former is for determining the
reaction between methane and the catalyst surface
while the latter is for determining the amount of
carbon deposited on the catalyst. Figure 6 presents
the TPMA results for Ni/CeO

2
-ZrO

2
 (LSA), Ni/

CeO
2
  (HSA)  and  Ni/CeO

2
-ZrO

2
  (HSA),  while

Figure  7  presents  the  TPO  results  for  those
catalysts and Ni/Al

2
O

3
.

As seen in Figure 6, carbon monoxide and
carbon dioxide were also produced together with
hydrogen for Ni catalysts on ceria-based supports
due  to  the  gas-solid  reaction  of  CH

4
  on  Ce

4+
,
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whereas  only  hydrogen  peak  was  detected  for
TPMA over Ni/Al

2
O

3
. According to Figure 7, the

gas-solid reactions of methane on Ni/CeO
2
 (HSA)

and Ni/CeO
2
-ZrO

2
 (HSA) were significantly higher

than that on Ni/CeO
2
-ZrO

2
 (LSA). The amount of

carbon formation on the surface of each catalyst
was then determined by measuring the CO and
CO

2
 yield obtained from the TPO results. Using a

value  of  0.026  nm
2
  for  the  area  occupied  by  a

carbon atom in a surface monolayer of the basal
plane in graphite (Otsuka et al., 1985), the quan-
tities of carbon deposited on the surface of each
catalyst at different temperatures were determined

(Table 4). Clearly, Ni/CeO
2
 (HSA) and Ni/CeO

2
-

ZrO
2
  (HSA)  provided  higher  resistance  toward

carbon  formation  than  Ni/Al
2
O

3
,  Ni/CeO

2
-ZrO

2

(LSA), and Ni/CeO
2
 (LSA).

Discussion

According to the redox testing, CeO
2
-ZrO

2

prepared by surfactant assisted method with the
ratio of Ce/Zr 1/3 provided the greatest ability of
redox properties compared to those from other
experimental candidates. This is mainly due to the
relation  between  the  specific  surface  area  of

Figure 6. Temperature Programmed Methane Adsorption (TPMA) over ∆∆∆∆∆ Ni/CeO
2
-ZrO

2

(HSA), ××××× Ni/CeO
2
 (HSA), οοοοο Ni/CeO

2
-ZrO

2
 (LSA),    Ni/CeO

2
 (LSA), and ••••• Ni/Al

2
O

3

Figure 7. Temperature Programmed Oxidation over ∆∆∆∆∆ Ni/CeO
2
-ZrO

2
 (HSA), ××××× Ni/CeO

2

(HSA), οοοοο Ni/CeO
2
-ZrO

2
 (LSA),    Ni/CeO

2
 (LSA), and ••••• Ni/Al

2
O

3
 at 900ºC
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material and the redox properties. According to the
experiment, adding ZrO

2
 provided higher surface

area than those from pure CeO
2
 and led to the high

hydrogen uptake during the TPR testing, which
means the increasing of oxygen storage capacity.
It should be noted that although pure ZrO

2
 has the

highest specific surface area, the hydrogen uptake
during  the  TPR  is  0,  which  is  due  to  the  zero
oxygen storage capacity of ZrO

2
.

Improvements  of  stability  and  activity
toward methane steam reforming were achieved
for  Ni  on  high  surface  area  (HSA)  ceria-based
supports. The higher stabilities are due to the lower
surface area reduction percentage compared to Ni
on low surface area (LSA) ceria-based supports,
while the higher reforming activities of Ni/CeO

2

(HSA) and Ni/CeO
2
-ZrO

2
 (HSA) is possibly due to

the  improvement  of  Ni  dispersion  on  the  high
surface area support, and also the increasing in
solid-gas reaction between the high surface area
(HSA) ceria-based supports and CH

4
.

Regarding the well known methane steam
reforming  mechanism  over  conventional  Ni
catalyst proposed by (Dicks et al., 2000), methane
will only adsorb on the active surface site of Ni (*)
and forms CH

x
-*n. Simultaneously, the adsorption

of inlet steam also takes place on the surface site
of Ni catalyst forming O-*.  These elements, O-*
and CH

x
-*n, eventually reacts each other producing

CO and H
2
, and also recovers the active surface

site of Ni (*) as illustrated below.

CH
4

+ n* → CH
x
-*n + (4-x)/2H

2
(4)

H
2
O + * ⇔ O-* + H

2
(5)

CH
x
-*n + O-* → CO + x/2H

2
 + (n+1)* (6)

For the steam reforming of methane over Ni/
CeO

2
-ZrO

2
,  in  addition  to  the  reactions  on  Ni

surface, the redox reaction between inlet CH
4
 and

the lattice oxygen (Ox) on CeO
2
-ZrO

2
 surface will

also take place producing H
2
 and CO. Moreover,

the reduced CeO
2
-ZrO

2
 can react with inlet H

2
O to

produce  more  H
2
  and  recover  O

x
  (Laosiripojana

et al., 2005). The proposed mechanism for these
redox reactions, involving the reactions between
methane  and/or  an  intermediate  surface  hydro-
carbon species with the lattice oxygen (O

x
) on

CeO
2
-ZrO

2
 surface and the recovery of O

x
 by steam,

is presented schematically below.

CH
4

+ 2S ⇔ CH
3
-S + H-S (7)

CH
3
-S + S ⇔ CH

2
-S + H-S (8)

CH
2
-S + S ⇔ CH-S + H-S (9)

CH-S + S ⇔ C-S + H-S (10)

C-S + O
x

⇔ CO + O
x-1

   +   S (11)

CO + O
x

⇔ CO
2

+ O
x-1

(12)

2H-S ⇔ H
2

+ 2S (13)

H
2
O + O

x-1
⇔ O

x
+ H

2
(14)

Table 4. Amount of carbon remaining on catalyst surface after dry

reforming of methane (0.05 atm CH
4
, and without H

2
O)

      Amount of carbon deposition (monolayers)
        Catalysts

900ºC 925ºC 950ºC 975ºC 1000ºC

Ni/CeO
2
 (HSA) 0.9 1.35 1.77 2.09 2.44

Ni/CeO
2
-ZrO

2
 (HSA) 1.04 1.42 1.84 2.16 2.53

Ni/CeO
2
 (LSA) 1.25 1.78 2.27 2.89 3.42

Ni/CeO
2
-ZrO

2
 (LSA) 1.29 1.8 2.33 2.94 3.47

Ni/Al
2
O

3
2.35 3.47 4.64 5.83 6.98
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The surface site (S) can be either a unique
site, or can also be considered to be the same site
as the catalyst oxidized site (O

x
) (Laosiripojana et

al., 2005). It has been reported that the controlling
step of these redox reactions is the reaction of
methane  on  CeO

2
-ZrO

2
  surface;  in  addition,  the

lattice oxygen is replenished by a significant rapid
surface  reaction  of  the  reduced  state  CeO

2
-ZrO

2

with H
2
O.

According  to  the  possible  formation  of
carbon species on the surface of catalyst during the
steam reforming process, the following reactions
are theoretically the most probable reactions that
could lead to carbon formation:

2CO ⇔ CO
2

+ C (15)

CH
4

⇔ 2H
2

+ C (16)

CO + H
2

⇔ H
2
O + C (17)

CO
2

+ 2H
2

⇔ 2H
2
O + C (18)

C is the carbonaceous deposits. Reactions
(16-17) are favorable at low temperature, while
reaction (14-15) is thermodynamically unflavored
(Dicks et al., 2000). At such a high temperature,
the Boudard reaction (Eq. 14) and the decompos-
ition of methane (Eq. 15) are the major pathways
for  carbon  formation  as  they  show  the  largest
change in Gibbs energy (Aguiar et al., 2004).

In the present work, we also observed high
amount of carbon formation on the surface of Ni/
Al

2
O

3
 after exposure in methane steam reforming

condition. By applying CeO
2
-ZrO

2
 as support, the

formation  of  carbon  species  could  be  inhibited
by  the  redox  reactions  of  methane  and  carbon
monoxide (produced during the steam reforming
process) with the lattice oxygen (O

x
) at CeO

2
-ZrO

2

surface  forming  hydrogen  and  carbon  dioxide,
which is thermodynamically unflavored to form
carbon species in this range of conditions. There-
fore,  significantly  lower  amounts  of  carbon
deposition were consequently observed for Ni/
CeO

2
-ZrO

2
. In addition, the reaction between the

lattice oxygen (O
x
) at CeO

2
-ZrO

2
 surface with the

adsorbed  methane  on  Ni  surface  (CH
x
-*n)  and

the  rapid  recovery  of  the  lattice  oxygen  by  the
simultaneous  supply  of  oxygen  from  H

2
O  also

result  in  the  higher  resistance  toward  carbon
formation and less inlet H

2
O/CH

4
 requirement for

Ni/CeO
2
-ZrO

2
.

CH
x
-*n + O

x
 → CO + x/2H

2
 + n* + O

x-1
(19)

Conclusion

High surface area CeO
2
 and CeO

2
-ZrO

2 
with

Ce/Zr ratio of 3/1 are the good candidates to be
used as the support for Ni catalysts for reforming
methane  and  producing  hydrogen  for  later
utilization in SOFC. The great advantages of using
Ni on high surface area (HSA) ceria-based supports
are the high reforming reactivity, and also the high
stability due to their excellent resistance toward
carbon formation even at such a high temperature
(900ºC). Ni/CeO

2
 (HSA) and Ni/CeO

2
-ZrO

2
 (HSA)

with  Ce/Zr = 3/1  provided  the  same  range  of
stability and activity toward the methane steam
reforming.
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