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bstract

A temperature-programmed methane reaction with self de-coking and a fixed-temperature methane reaction were performed over gadolinia-
oped ceria (GDC)-supported Ni catalysts. Experimental results reveal that, at below 810 ◦C, CO2 formation rate is higher than that of CO, where
elow 700 ◦C, the latter is practically zero. The O species that is needed to form CO and CO2 during and after CH4 decomposition are supplied
ainly from the bulk lattice of GDC. A drop in the supply rate of the O species from the GDC bulk lattice reduces the rates of CO and CO
2

ormation; the CO formation rate decreases much more than the CO2 formation rate. The CO and CO2 formation rates can be controlled by both
he mobility and the concentration of the bulk lattice oxygen. The concentration of the bulk lattice oxygen influences the self de-coking capability.
ow temperature, low concentration of methane gas, or a short methane supply time can result in the formation of only CO2 during self de-coking.
2007 Elsevier B.V. All rights reserved.
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. Introduction

For methane reactions, the nickel catalyst has been found to
xhibit promising catalytic performance for steam reforming of
ethane [1,2] or carbon dioxide reforming of methane [3,4],

oth with methane decomposition as a reaction step. Methane
ecomposition over the nickel catalyst is well known to be asso-
iated with carbon deposition (coking) [5], which may lead to
erious deactivation of the catalyst. However, the deposited car-
on can be removed by gasification with steam [6] or carbon
ioxide [7]. Recently, Huang et al. [8,9] demonstrated that, with
oped ceria as the support, the nickel catalyst may have a self
e-coking capability, i.e. the removal of the deposited carbon
pecies via gasification by the O species supplemented from
he lattice oxygen of the catalyst itself. In other words, “self
e-coking” means de-coking in the absence of gaseous oxygen.
uang et al. [8] reported that only CO but no CO2 was formed
uring CH4 decomposition.
In a direct methane solid oxide fuel cell (SOFC) [10,11],
H4 decomposition over the Ni cermet anode plays a critical

ole and the formation of only CO but not CO2 should lead to
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large difference in fuel efficiency for electricity generation.
his is because the electrochemical formation of CO2 involves

our electrons while that of CO involves only two electrons,
ith each oxygen ion carrying two electrons; consequently, the

urrent density associated with CO2 formation is double that
ith CO formation. However, when the direct methane SOFC is

dopted to carry out the cogeneration of syngas, the formation
f only CO but not CO2 is preferred. For SOFC with the
eposited carbon (coke) as fuel [12], self de-coking is the only
e-coking mechanism and CO or CO2 formation is crucial on
ts performance of current generation. In either type of SOFC,
he role of the bulk lattice oxygen in CO and CO2 formations
s important since the electrical current is produced with the
ransfer of oxygen species from the cathode to the anode via
he bulk lattice of the oxides, i.e. the oxygen-ion conducting

aterials.
On the other hand, gadolinia-doped ceria (GDC) has been

sed as a support material of the nickel catalyst for methane
ecomposition and carbon gasification [8], for steam reforming
f methane [9,13], and for carbon dioxide reforming of methane
9]. Additionally, GDC has been used as the anode cermet mate-

ials in direct methane SOFC [14]. However, a complete CO and
O2 formation mechanism for methane decomposition over Ni
atalysts supported on any of the oxygen-ion conducting mate-
ials has not yet been reported.

mailto:tjhuang@che.nthu.edu.tw
dx.doi.org/10.1016/j.cej.2007.01.024
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to be formed and, at temperature of over around 810 C, CO
formation rate becomes exceeding that of CO2. During CH4-
TPRx until cooling, the total amount of CO formation, with
2164 �mol/g catalyst, markedly exceeds that of CO2 with
8 T.-J. Huang, C.-H. Wang / Chemical

This work has derived the essential reaction steps in the CO
nd CO2 formation mechanism for self de-coking during and
fter CH4 decomposition over Ni supported on GDC, a mem-
er of the doped ceria family and of the oxygen-ion conducting
aterials. The role of the bulk lattice oxygen in CO and CO2 for-
ations is elucidated with these reaction steps and the associated

nalysis of CO and CO2 formation rates.

. Experimental

.1. Preparation of gadolinia-doped ceria

Gadolinia-doped ceria (GDC) was prepared by co-
recipitation. The details of the method have been reported
lsewhere [8]. Appropriate amounts of gadolinium nitrate and
erium nitrate were used to make a nominal atomic ratio of
d:Ce = 1:9. The GDC powders were calcined by heating in

ir at a rate of 10 ◦C/min to 300 ◦C and held for 2 h, and then
t a rate of 10 ◦C/min to 700 ◦C and held for 4 h before slow
ooling to room temperature. GDC prepared in this work is
GdO1.5)0.1(CeO2)0.9. The BET surface area is 14.35 m2/g.

.2. Preparation of supported catalysts

The supported nickel catalyst was prepared by impregnating
DC powders with an appropriate amount of aqueous solution
f nickel nitrate trihydrate, Ni(NO3)2·3H2O (99.999% purity,
HOWA, Japan) for 7 h. After excess water was evaporated at
0 ◦C, the catalysts were dried in vacuum at 110 ◦C for 10 h. The
atalysts were calcined by the same procedure as was used for
he GDC powder. In this work, Ni catalysts are always supported
ver GDC and the indicated metal loading is a weight percentage
ith respect to the weight of the GDC support. The Ni loading

s always 1 wt%, except noted otherwise.

.3. Temperature-programmed reaction of methane

The tests of temperature-programmed reaction of methane
CH4-TPRx) were conducted in a continuous flow reactor
harged with 100 mg of sample catalyst, which was fixed by
uartz wool and quartz sand downstream of the bed. The reac-
or was made of an 8 mm-ID quartz U-tube that was embedded
n an insulated electric furnace. A K-type thermocouple was
nserted into the catalyst bed to measure and control the bed
emperature. The gas feed was passed through an oxygen filter
o eliminate trace amounts of oxygen. A blank test was per-
ormed and the results indicated that no oxygen leak occurs in
his reactor system.

The test was carried out with or without pre-reduction, as
tated in the text. The catalyst was maintained in flowing argon
ntil the designated test temperature was reached. A mixture
f 1% CH4 in argon was then fed to the catalyst bed at a flow
ate of 20 ml/min and CH4-TPRx started from room temperature

o 880 ◦C at a rate of 10 ◦C/min and then held at 880 ◦C for
h before cooling. The reactor outflow was analyzed on-line
y gas chromatograph (China Chromatograph 8900, Taiwan),
O-NDIR (Beckman 880), and CO2-NDIR (Beckman 880).

F
0
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.4. Fixed-temperature reaction of methane

The fixed-temperature test was conducted in the same reactor
etup as the CH4-TPRx test, with 100 mg of sample catalyst.
he catalyst was reduced in 100 ml/min of 30% H2 for 1 h at
00 ◦C. The reactor was then purged with argon flow until no
ydrogen could be detected in the reactor outflow. Afterwards,
mixture of 25% CH4 in argon was fed to the catalyst bed at a
ow rate of 100 ml/min to conduct methane decomposition, in
rder to deposit carbon species at the catalyst surface, at 400 ◦C
or 40 min.

.5. Temperature-programmed self de-coking

After the above fixed-temperature test, the catalyst was
ooled in argon flow until room temperature and no methane was
etected in the reactor outflow. Then, temperature-programmed
elf de-coking test was performed in 20 ml/min flowing argon,
ith the temperature increased from room temperature at a rate
f 10 ◦C/min to the designated temperature, which was held for
h before cooling. Then, after cooling to room temperature, the

otal amount of the deposited carbon that remained on the tested
atalyst was measured using a method described elsewhere [15].

. Results

.1. Temperature-programmed and fixed-temperature
eaction of methane

Fig. 1 reveals that only CO2 was formed at a temperature of
ower than about 700 ◦C during the temperature-programmed
eaction of methane (CH4-TPRx). At over 700 ◦C, CO began

◦

ig. 1. Temperature-programmed reaction of methane over unreduced
.3Ni/GDC.
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Table 1
Average rates of CO and CO2 formations during methane reaction at 400 ◦C for
40 min

Average ratea (�mol/min g catalyst)

CO2 formation CO formation

GDC, 400 ◦C-reduced 26.4 1.4
Ni/GDC, 400 ◦C-reduced 28.5 21.7
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effect of the pre-reduction temperature on the self de-coking
a The average rate is calculated by dividing the integral reaction rate of 40 min
y the reaction time (40 min).

87 �mol/g catalyst. Notably, the total O content of NiO in
nreduced 0.3Ni/GDC is 51 �mol/g catalyst and that in GDC,
.e. (GdO1.5)0.1(CeO2)0.9, is 11236 �mol/g catalyst. This clearly
ndicates that bulk lattice oxygen species of GDC are extensively
nvolved in CO and CO2 formations.

Table 1 indicates that methane activity, in terms of the total
mount of CO and CO2 formed, over Ni/GDC is much higher
han that over pure GDC in the fixed-temperature reaction of

ethane at 400 ◦C. Over 400 ◦C-reduced Ni/GDC, the CO2 for-
ation at 400 ◦C exceeds that of CO. In Fig. 2, the CO formation

ate at 400 ◦C becomes negligible over catalysts pre-reduced at
00 and 700 ◦C, unlike over those pre-reduced at 400 ◦C. On
he other hand, although the CO2 formation rate also declines
s the pre-reduction temperature increases from 400 to 600 ◦C,
till a considerable amount of CO2 is formed, as shown in Fig. 3.
owever, the CO2 formation rate increases instead as the pre-

eduction temperature increases further to 700 ◦C. Furthermore,
he CO2 formation rates are higher or much higher than those
f CO, with the latter possibly negligible; this is a same trend as
hat during CH4-TPRx below 700 ◦C. Notably, the formations of
i-hydrogen and water were confirmed via GC measurements.
.2. Temperature-programmed self de-coking

Fig. 4 presents the self de-coking profiles of CO and
O2 formations over Ni/GDC, over which carbon deposition

ig. 2. CO formation during methane decomposition at 400 ◦C over 1Ni/GDC
re-reduced at various temperatures.

c
6
p

F
a

ig. 3. CO2 formation during methane decomposition at 400 ◦C over 1Ni/GDC
re-reduced at various temperatures.

coking) was performed with 40 min methane flow. Notably,
he CO peak at about 690 ◦C during self de-coking test is
bsent during CH4-TPRx. Additionally, the temperature of
his CO peak is approximately 100 ◦C higher than that of the
ower-temperature CO2 peak, at about 590 ◦C.

For a comparison, Fig. 5 shows that CO formation over GDC
s relatively negligible below 800 ◦C and only a very small CO2
eak is present at below 650 ◦C. In Fig. 6, with only 5 min
ethane flow over Ni/GDC, the CO2 formation is almost com-

lete, i.e. with a CO2 selectivity of 100%.
The Ni/GDC catalysts in Figs. 4 and 6 were pre-reduced at

00 ◦C. Temperature-programmed self de-coking tests with pre-
eduction at 600 and 700 ◦C were conducted to elucidate the
apability of Ni/GDC. As shown in Table 2, pre-reduction at
00 ◦C only slightly reduces the self de-coking capability while
re-reduction at 700 ◦C markedly reduces it. Fig. 7 reveals that

ig. 4. Temperature-programmed self de-coking over 400 ◦C-reduced 1Ni/GDC
fter 40 min of methane decomposition.
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Fig. 5. Temperature-programmed self de-coking over 400 ◦C-reduced GDC
after 40 min of methane decomposition.

Fig. 6. Temperature-programmed self de-coking over 400 ◦C-reduced 1Ni/GDC
after 5 min of methane decomposition.

Table 2
Amount of deposited carbon removed during temperature-programmed self de-
cokinga until cooled down to room temperature

Pre-reduction
temperature (◦C)

Amount of deposited carbon
(×102 �mol/g catalyst)

Self de-coking
capabilityb

Self de-
coking

Remainingc

GDC 400 4.8 7.6 0.38
Ni/GDC 400 8.7 8.8 0.50
Ni/GDC 600 5.6 5.9 0.49
Ni/GDC 700 1.5 16.4 0.08

a The time of methane flowing over the catalyst for carbon deposition was
40 min.

b Self de-coking capability = the ratio of the amount of deposited carbon
removed during self de-coking to that of total deposited carbon, where the total
deposited carbon is the sum of “self de-coking” plus “remaining”.

c Denotes the amount of deposited carbon removed with 20 ml/min of 20%
oxygen in argon at 900 ◦C after self de-coking.
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ig. 7. Temperature-programmed self de-coking over 700 ◦C-reduced 1Ni/GDC
fter 40 min of methane decomposition.

re-reduction at 700 ◦C markedly reduces the formation of CO2
nd almost totally eliminates that of CO; nevertheless, charac-
eristic peaks similar to those of CO and CO2 formations in
he temperature range 500–700 ◦C remain for 400 ◦C-reduced
i/GDC.
Table 3 shows that the CO2 selectivity over 400 ◦C-reduced

DC exceeds that over 400 ◦C-reduced Ni/GDC, as in the
xed-temperature methane reaction at 400 ◦C, as can be figured
ut by the results in Table 1. When the pre-reduction tem-
erature increases, the amounts of both CO and CO2 formed
uring the self de-coking test over Ni/GDC drop; however,
he amount of CO formation decreases much more than that
f CO2 and thus the CO2 selectivity increases, as shown in
able 3.

On the other hand, Table 2 demonstrates that the total amounts
f deposited carbon, i.e. the amount of self de-coked plus that
emained, over 400 and 700 ◦C pre-reduced Ni/GDC are about
he same, but that over 600 ◦C pre-reduced Ni/GDC is lower. The
atter result is attributed to catalyst deactivation as evidenced by
he drop of the CO2 formation rate over 600 ◦C pre-reduced
i/GDC, as shown in Fig. 3, which indicates a decrease in the
H4 decomposition activity and thus a decrease of the total
mount of deposited carbon.

. Discussion

.1. Role of bulk lattice oxygen in CO and CO2 formations

The decomposition of CH4 over Ni catalysts is usually con-
idered as [1,8,16]:

H4 → CHx + (4 − x)H (1)
ith x = 0–3. Notably, over Ni(1 1 1), the CH species has been
dentified as the surface species from CH4 decomposition and
s more stable than the CH3 species [16]. The formed C species
ay accumulate to become coke and cause catalyst deactivation,
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Table 3
Total amounts of CO and CO2 formations during temperature-programmed self de-cokinga until cooled down to room temperature

Pre-reduction
temperature (◦C)

Total amount (×102 �mol/g catalyst) CO2 selectivityb

CO2 formation CO formation

GDC 400 2.4 2.3 0.51
Ni/GDC 400 3.7 5.1 0.42
Ni/GDC 600 3.4 2.2 0.60
N

min.
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i/GDC 700 1.4

a The time of methane flowing over the catalyst for carbon deposition was 40
b CO2 selectivity = CO2 formation/(CO formation + CO2 formation).

s evidenced by the decrease of the CO2 formation rate shown
n Fig. 3.

In the presence of the surface O species, the CHx species can
e oxidized to form CO and CO2. However, the above results
f CH4-TPRx and self de-coking tests indicate that CO2 was
ormed first, at a temperature that is lower than that of CO for-
ation. Moreover, the fixed-temperature CH4 reaction at 400 ◦C

orms more CO2 than CO. Thus, at low temperature, the follow-
ng reactions to form CO2 are considered to occur first (x = 1–3):

Hx + O � CHO + (x − 1)H (2)

HO + O → CO2 + H (3)

here O denotes an O species over Ni or in the surface oxy-
en vacancy of GDC at the Ni-GDC interface. Bitter et al. [17]
roposed a mechanism of CO2/CH4 reforming over Pt-ZrO2 cat-
lyst, indicating that the CHO species is formed from the CH
pecies which is produced by the dissociation of CH4 over Pt
etal and the surface O species from CO2 over ZrO2. This is

eaction (2) with x = 1.
During self de-coking, the intermediate CHO species may be

ormed by the following reaction of the surface C species, which
re the CHx species with x = 0:

+ OH � CHO (4)

he OH species can be formed by subtracting H from methane
r its decomposition intermediates using the O species [18]:

+ O � OH (5)

otably, the combination of reactions (4) and (5) is reaction (2)
ith x = 1 if the dissociation of the CH species is regarded as
H → C + H [16]. Then, CO2 is formed via reaction (3).

The O species in the above reactions may be the lattice oxy-
en species that is initially present over surface, such as those in
iO, or may be supplemented from the bulk lattice oxygen of
DC, which results in “self de-coking”. Notably, the O species

n the surface oxygen vacancy may be removed and refilled due
o the mobility of oxygen. Before CO is formed during CH4-
PRx, at about 700 ◦C as shown in Fig. 1, the amount of CO2

ormation is 141 �mol/g catalyst, equivalent to the consump-
ion of 282 �mol/g catalyst of O species, which is much higher

han the total O content of 51 �mol/g catalyst in NiO of the
nreduced 0.3Ni/GDC catalyst. Notably, NiO can be reduced to
i at 400 ◦C [19]. This indicates that most of the O species for
O2 formation is from the bulk lattice oxygen of GDC. Notably,

o
t

0.1 0.93

lso, the O species may migrate via surface diffusion from the
i-doped ceria interface to the Ni surface [19].
With possible CHO species as an intermediate for CO2 for-

ation, CO may be formed by the dissociation of CHO [20]:

HO → CO + H (6)

eaction (3) is the oxidative dehydrogenation of the CHO
pecies and may be preferred over CHO dissociation, reaction
6). This agrees with the results of Table 1, which reveal that CO2
ormation rate is higher than that of CO. Furthermore, as shown
n Fig. 4, the CO2 peak at about 590 ◦C is at a temperature that
s 100 ◦C lower than the CO peak at about 690 ◦C. Therefore,
t can be concluded that the rate of reaction (3) to form CO2 is
igher than that of reaction (6) to form CO.

As stated above, at a temperature of lower than 700 ◦C, the
artial oxidation of the CHx species to CO directly rather than to
he intermediate CHO species is less likely since CO2 is formed
efore CO via the CHO intermediate. The formation of the inter-
ediate CHO species, by reaction (2) or (4), followed by its

xidation and dissociation to produce CO2 and CO, respectively,
eems to be the most probable explanation of the 100 ◦C dif-
erence between CO2 and CO peaks in the temperature range
00–700 ◦C.

Reaction steps (3) and (6) above are essential to the formation
f CO2 and CO, especially at low temperature. Nevertheless,
hese reactions may occur also at high temperature to remove
Hx, the coke precursor. Therefore, the removal of CHx by its
xidation with the O species from the bulk lattice is expected to
educe or even stop coke formation. Consequently, coking and
he resulting catalyst deactivation can be prevented.

At a temperature of higher than about 810 ◦C, the CO forma-
ion rate becomes higher than that of CO2, as shown in Fig. 1.
his may be attributed to higher CHO dissociation rate, reaction

6), due to higher temperature. However, since the rate of CO
ormation can greatly markedly exceed that of CO2, other reac-
ions to form CO but not CO2 should have occurred, such as the
artial oxidation of the CHx species. However, the results pre-
ented in Fig. 6 exclude the possibility of the gasification of the
urface C species by the formed CO2 species, C + CO2 → 2CO.

.2. Analysis of CO and CO2 formation rates
As discussed above, at temperature of below 700 ◦C, the rate
f oxidation of CHO to CO2 exceeds the rate of its dissocia-
ion to CO. Thus, the almost complete CO2 formation, shown in
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ig. 6, can be attributed to the complete oxidation of the CHO
pecies, rather than its dissociation, by the relatively abundant O
pecies, since the concentration of the deposited carbon species
o consume the O species in CHO formation beforehand is rel-
tively low. Notably, the very short period of methane flow is
esponsible for the very low concentration of the deposited car-
on species, as shown in Fig. 6. Then, increasing the rate of the
HO reaction to form CO2 rather than CO leads to the almost
omplete CO2 formation. Notably, the low concentration of the
eposited carbon species results in the low CHO concentration;
his reduces the formation rate of CO since it is lower than that
f CO2, as also shown in Fig. 7. Hence, it can be concluded that
low concentration of deposited carbon species can lead to the

ormation of only CO2 during self de-coking. Notably, a low
oncentration of the deposited carbon species can be obtained
sing a low concentration of CH4 gas, a short CH4 supply time,
r low temperature, all of which lead to low CH4 conversion.

At low temperature, the mobility of the lattice oxygen is low
nd the O species for CO and CO2 formations may not be able
o be fully supplied if the concentration of the deposited carbon
pecies is high. Therefore, the rate of carbon removal may not
e sufficiently high and coking occurs to deactivate the catalyst,
s in 600 ◦C pre-reduced Ni/GDC, shown in Fig. 3. Notably,
he 600 ◦C pre-reduction removes not only all of the surface
attice oxygen but also some of the bulk lattice oxygen near the
urface [18]; hence, the supply rate of the O species for carbon
emoval markedly decreases. Notably, also, the supply rate of
he O species from the bulk lattice depends on both the oxygen

obility and the concentration of the bulk lattice oxygen.
As the pre-reduction temperature increases to 700 ◦C, which

s close to the temperature at which the lattice oxygen to be
ighly mobile [21], the bulk lattice oxygen can be redistributed
lose to the surface at a sufficiently high rate [22]. Consequently,
he supply rate of the O species for CO and CO2 formations
an be restored to a particular level to reduce or even prevent
atalyst deactivation associated with coking. This explains why
he 700 ◦C pre-reduced Ni/GDC outperforms the 600 ◦C pre-
educed Ni/GDC, as displayed in Fig. 3.

As the pre-reduction temperature increases, the concentra-
ion of bulk lattice oxygen should drop because of the increased
eduction. Thus, the supply rate of the O species declines and
oth CO and CO2 formation rates should fall. This is in agree-
ent with the results that are presented in Table 3. Therefore, it

an be concluded that the concentration of the bulk lattice oxy-
en affects the rates of CO and CO2 formations. Furthermore,
he decrease of CO and CO2 formations during self de-coking
est means a drop of the self de-coking capability, as shown
n Table 2. Therefore, it can also be concluded that the con-
entration of the bulk lattice oxygen affects the self de-coking
apability.

Comparing Figs. 1 and 2 reveals the effect of the concen-
ration of CH4 in the gas phase. As shown in Fig. 2, CH4
ecomposition at 400 ◦C can result in the formation of a rela-

ively large amount of CO, in comparison to zero CO formation
t 400 ◦C during CH4-TPRx, in Fig. 1. Given that the tempera-
ure is the same, the major difference between Figs. 1 and 2 is in
he concentration of gaseous CH4. With CH4-TPRx, the gaseous
neering Journal 132 (2007) 97–103

H4 concentration is 1%, which is relatively low for revealing
he peak characteristics, while that for fixed-temperature CH4
ecomposition is 25%, which is relatively high for accelerating
arbon deposition. This verifies that a low concentration of CH4
as can result in the formation of CO2 only.

For direct methane SOFC, the above rate analysis indicates
hat intermediate-temperature SOFC (IT-SOFC) with an oper-
ting temperature of below 700 ◦C can achieve complete CO2
ormation, and thus high fuel efficiency in generating electricity.
n the other hand, high temperature SOFC, with an operating

emperature of over 900 ◦C, can produce mostly CO and is more
ffective in the cogeneration of electricity and syngas than is
T-SOFC.

. Conclusions

. For reaction temperatures at below 810 ◦C, CO2 formation
rate is higher than that of CO, where below 700 ◦C, the latter
is practically zero.

. The O species that is needed to form CO and CO2 for self
de-coking during and after CH4 decomposition are supplied
mainly from the bulk lattice of GDC.

. A drop in the supply rate of the O species from the GDC bulk
lattice reduces the rates of CO and CO2 formation; the CO
formation rate decreases much more than the CO2 formation
rate.

. The CO and CO2 formation rates can be controlled by both
the mobility and the concentration of the bulk lattice oxygen.

. The concentration of the bulk lattice oxygen influences the
self de-coking capability.

. Low temperature, low concentration of methane gas, or a
short methane supply time can result in the formation of only
CO2 during self de-coking.
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