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Abstract Temperature-programmed reaction of methane
and temperature-programmed reduction were performed
over gadolinia-doped ceria (GDC). It was found that CO,
formation can occur at very much lower temperature than
CO formation. The surface lattice oxygen acts as the active
site for CH, adsorption. This active site has a dynamic
characteristic due to the mobility of the lattice oxygen. The
rates of CO and CO, formations can be controlled by the
supply rate of the lattice oxygen from the GDC bulk; this
supply rate depends on the mobility and the concentration
of the bulk lattice oxygen. CO, formation is associated
with the existing surface lattice oxygen while CO forma-
tion depends on the oxygen species coming from the bulk
lattice during methane reaction.

Keywords Methane reaction - Carbon dioxide -
Carbon monoxide - Gadolinia-doped ceria - Lattice oxygen

1 Introduction

Gadolinia-doped ceria (GDC) has been frequently used as
the ceramic component in the anode cermet materials for
solid oxide fuel cells (SOFCs) operating on methane [1-5].
For methane reactions over high temperature SOFC
anodes, especially in the direct-methane SOFCs, carbon
deposition (coking) is usually a problem and can cause cell
failure [6]; however, the coking problem can be avoided if
GDC is used as the anode materials without metal [7, 8]. In
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these methane reactions, the lattice oxygen of GDC has
exhibited important roles [5, 9]. A new phenomenon of
electrochemical promotion of lattice oxygen extraction
from GDC bulk has been observed in the direct-methane
SOFCs for the cogeneration of synthesis gas [10].

For methane reactions in the direct-methane SOFCs [11,
12], the formation of only CO but not CO, should lead to a
large difference in the fuel efficiency for power generation.
This is due to that the electrochemical formation of CO,
involves four electrons while that of CO involves only two
electrons, with each oxygen ion carrying two electrons;
thus, the current density with CO, formation is two times
that with CO formation in terms of the utilization of carbon
in methane. On the other hand, when the direct-methane
SOFCs are employed to carry out the cogeneration of
synthesis gas, i.e., CO plus hydrogen, the formation of only
CO but not CO, is preferred. Therefore, it has some
importance to study the role of the lattice oxygen, either at
the surface or in the bulk, in forming CO, and CO during
methane reactions over GDC, a mixed ionic-electronic
conductor (MIEC) [13].

One characteristic of the MIEC materials is the oxygen-
ion conductivity, i.e., the mobility of the lattice oxygen;
this is also the characteristic of the oxygen-ion conducting
materials. Marchetti and Forni [14] reported that the lattice
oxygen species of perovskites, the MIEC materials, be-
come available at high temperature and boost the catalytic
activity of methane combustion. For the direct-methane
SOFCs, the electrochemical methane reaction over the
anode uses the lattice oxygen transported from the cathode
three-phase boundary through the electrolyte bulk to the
anode surface. Thus, the role of the bulk lattice oxygen on
the formation of CO or CO, during methane reaction
should be interesting to be investigated. However, the role
of the lattice oxygen, either at the surface or in the bulk of

@ Springer



104

T.-J. Huang, C.-H. Wang

the MIEC or oxygen-ion conducting materials, in forming
CO, and CO has not yet been clarified.

The main purposes of this work is the clarification of the
roles of the surface and bulk lattice oxygen in forming CO,
and CO during methane reactions over GDC in the absence
of gas-phase oxygen, i.e., a situation related to the direct-
methane SOFCs. Notably, GDC is a member of the doped-
ceria family and of the MIEC materials, which have gained
increasing importance as the materials of electrolyte and
electrodes in SOFCs.

2 Experimental
2.1 Preparation of Gadolinia-doped Ceria

Gadolinia-doped ceria (GDC) was prepared by a co-pre-
cipitation method. The details of the method have been
reported elsewhere [15]. The prepared GDC was
(GdOj 5)9.1(Ce0,)g.0. The calcinations of the GDC powders
were carried out by heating in air at a rate of 10 °C/min to
300 °C and held for 2 h, and then to 700 °C and held for
4 h, and then slowly cooled down to room temperature.

2.2 Temperature-programmed Reduction

Temperature-programmed reduction (TPR) was carried out
using hydrogen under atmospheric pressure in a continuous
flow reactor charged with 100 mg of sample catalyst,
which was fixed by quartz wool and quartz sand down-
stream of the bed. The reactor was made of an 8-mm-ID
quartz U-tube imbedded in an insulated electric furnace. A
K-type thermocouple was inserted into the catalyst bed to
measure and control bed temperature. TPR tests were
carried out with 30 mL/min of 10% H, in argon from room
temperature to the designated temperature at a rate of
10 °C/min and then held at the designated temperature, or
as described in the text. Some details of the TPR test have
been reported elsewhere [16].

2.3 Temperature-programmed Reaction of Methane

The temperature-programmed reaction of methane was
conducted in the same reactor setup as in the TPR test and
also charged with 100 mg of sample catalyst. The gas feed
was passed through an oxygen filter to eliminate trace
amounts of oxygen.

The test was carried out with or without pre-reduction as
stated in the text. The pre-reduction treatment was carried
out by 30 mL/min H, at the specified temperature for the
designated time. The catalyst was kept in argon flow until
the designated test temperature. A mixture of 1% CH, in
argon was then fed to the catalyst bed at a flow rate of
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20 mL/min, calculated to be a molar rate of methane feed
at 81.3 umol/(min g) by the ideal gas law, and CH4-TPR,
started from room temperature to 880 °C at a rate of
10 °C/min and then held at 880 °C for 1 h before cooled
down. The reactor outflow was analyzed on-line by gas
chromatograph (China Chromatograph 8900, Taiwan), CO-
NDIR (Beckman 880), and CO,-NDIR (Beckman 880).

3 Results and Discussion
3.1 Temperature-programmed Reaction of Methane

The result of temperature-programmed reaction of methane
(CH4~TPRy) over the unreduced GDC is presented in
Fig. 1. It is seen that there is a lowest-temperature CO,
peak at about 150 °C. This CO, peak almost disappears if
GDC has been pre-reduced at 700 °C, shown in Fig. 2.
This is due to the disappearance of surface oxygen by the
700 °C pre-reduction as evidenced by the temperature-
programmed reduction (TPR) profile shown in Fig. 3.
Notably, the lower-temperature TPR peak is considered to
be due to the reduction of the surface capping oxygen (the
surface oxygen species) [7, 17]. With this lower-tempera-
ture TPR peak at about 480 °C, shown in Fig. 3, the
700 °C pre-reduction should have removed almost all
existing surface oxygen species, i.e., the oxygen species
originally existing at the surface. Notably, also, the surface
oxygen species can be replenished from the GDC bulk, as
will be discussed in the following. Additionally, Fig. 3
shows that the lower-temperature TPR peak of the second
TPR profile almost disappears, indicating again the
removal of surface oxygen by the first reduction, similar to
the pre-reduction on GDC of Fig. 2. Thus, CO, formation
over GDC is associated with surface oxygen. In our case
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Fig. 1 Temperature-programmed reaction of methane over unre-
duced GDC
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Fig. 2 Temperature-programmed reaction of methane over GDC pre-
reduced at 700 °C for 1 h
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Fig. 3 Repeated H,-temperature-programmed reduction profiles of
GDC. The isothermal period during first reduction was 3 h

without gas-phase oxygen, the surface oxygen species is
the surface lattice oxygen.

At temperature below about 750 °C, Fig. 1 shows con-
siderable CH, oxidation activity, in terms of the rate of
carbon oxides formation, but Fig. 2 shows almost no CHy
activity. As described above, the difference is only the
700 °C pre-reduction, which removed almost all surface
lattice oxygen. Thus, it is reasonable to designate the sur-
face lattice oxygen as the active site for CH,4 reaction. CH4
adsorption may thus be considered as:

CHj + 20" — H;CO* + HO* (1)

where O* designates the surface lattice oxygen, i.e., the
oxygen species in the surface oxygen vacancy. In order to
designate O* as an active site, HO* instead of OH* is used
for the surface hydroxyl species. Notably, the removal of
surface lattice oxygen from ceria may lead to the formation

of surface oxygen vacancies [18]. Notably, also, the surface
lattice oxygen may be removed and refilled due to the
mobility of the lattice oxygen and thus the active site (O*)
has a dynamic characteristic; that is, if the oxygen species
is consumed in the oxidation process but is not replenished,
the site of O* becomes a surface oxygen vacancy and is no
longer active for CH, adsorption.

Reaction (1) is the oxidative dehydrogenation of meth-
ane [19]. The formation of the surface OH species is
considered to be via the interaction of the abstracted H
species with the surface lattice oxygen [20], or with the
oxygen species of the metal oxide as an active site [21].
This is in agreement with the above designation of the
surface lattice oxygen as the active site. For CO,/CHy
reforming over high surface area ceria, reaction similar to
that of (1) has been proposed; however, the active site has
been considered to be either a unique site at CeO, surface
or a catalytic oxidized site, with the latter formed via
oxygen from CO, [22]. This could also support the
occurrence of reaction (1).

Figure 1 shows also a second CO, peak starting at about
400 °C. This is considered to be due to some mobility of
bulk lattice oxygen, which enables the bulk lattice oxygen
near the surface to be replenished into the surface oxygen
vacancy. Consequently, surface lattice oxygen is produced
and CO, formation can start again. In other words, reaction
(1) can occur with the oxygen species coming from the
bulk lattice and filling into the surface oxygen vacancies.

Figures 1 and 2 show that, as the temperature increases
to about 750 °C, CH,4 reaction over GDC starts to form CO.
Since the initial surface lattice oxygen should have been
consumed almost completely at 700 °C, the needed surface
lattice oxygen for CH,4 adsorption should come from the
GDC bulk. Thus, the CO formation rate depends on the
supply rate of the oxygen species from the bulk lattice; this
supply rate is related to both the mobility and the con-
centration of the bulk lattice oxygen. During the isothermal
period in CH4-TPR,, with the same reaction temperature
and thus the same oxygen mobility, the CO formation rate
should be determined by the concentration of bulk lattice
oxygen alone. Notably, the mobility of lattice oxygen de-
pends on the temperature. However, Table 1 shows that the
total concentration of bulk lattice oxygen of GDC is rela-
tively high and may thus not decrease too much during CO
formation. This can explain the behavior of the slowly
decreasing CO formation rates during the isothermal peri-
od, shown in Figs. 1 and 2.

3.2 Temperature-programmed Reduction
The effects of the mobility and the concentration of bulk

lattice oxygen on hydrogen consumption during TPR can
be revealed by the results of Figs. 3 and 4. It is seen in
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Table 1 Total amounts of CO, and CO formations during tempera-
ture-programmed reaction of methane until cooled down

Total amount in pmol/g GDC?*

CO, Formation CO Formation

GDC, unreduced 450 408
GDC, 700 °C-reduced 1 h 95 389
GDC, 800 °C-reduced 1 h 176 238
GDC, 900 °C-reduced 1 h 133 73

% The total O content in GDC, ie., (GdOjs)y1(Ce0s)g9, is
11,270 pmol/g GDC

Fig. 3 that the second TPR profile shows a larger higher-
temperature peak than that of the first TPR profile. This
indicates that, during the first TPR run, only a portion of
oxygen species in the bulk lattice was consumed. During
the second TPR run, the higher-temperature peak becomes
larger because there is almost no lower-temperature peak to
activate the consumption of bulk lattice oxygen at lower
temperature, the latter being similar to the case that shared
oxygen species can be reduced at lower temperature [17].
Nevertheless, the total concentration of bulk lattice oxygen
is high enough and thus the hydrogen consumption rates
during the isothermal period for first and second TPR runs
are about the same.

Figure 4 shows that, with a multi-stepped operation, the
TPR profile shows a continuously decreasing trend during
the three isothermal periods. That is, after a TPR peak was
formed with programmed temperature increase, the
hydrogen consumption rate during the following isothermal
period shows a continuation from the previous isothermal
period. This indicates that both the mobility and the con-
centration of bulk lattice oxygen affect the hydrogen con-
sumption rate. Notably, additional TPR peak is formed due
to increased oxygen mobility at higher temperature. The
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Fig. 4 Multi-stepped H,-temperature-programmed reduction profile
of GDC
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behavior of the slowly decreasing hydrogen consumption
rate during the isothermal period is the same as the above-
described slowly decreasing CO formation rate, which has
been attributed to the effect of the concentration of bulk
lattice oxygen.

Although the lower-temperature peak during the second
TPR run is almost negligible, there is still some H, con-
sumption at the lower temperature range, indicating the
existence of some surface lattice oxygen species. This is
due to the movement of bulk lattice oxygen to the surface
and near the surface during the isothermal period of the
first TPR run. This is in agreement with the result of
temperature-programmed reaction of methane over GDC
pre-reduced at 700 °C for 12 h, as shown in Fig. 5 and will
be discussed in the following.

3.3 Variation of Concentration of Bulk Lattice Oxygen

The concentration of bulk lattice oxygen is varied by
varying the temperature and the duration of the pre-
reduction treatment. Notably, the supply rate of oxygen
species from the bulk onto the surface depends on the
mobility and the concentration of bulk lattice oxygen; this
oxygen supply rate affects the rate of methane oxidation
and thus the rates of CO, and CO formations.

3.3.1 CO, Formation

Figure 2 shows that, over GDC pre-reduced at 700 °C for
1 h, CO, formation is almost negligible before 800 °C
during CH4-TPR,. However, with the same pre-reduction
temperature of 700 °C but with the pre-reduction time in-
creases to 12 h, CO, formation starts at very low temper-
ature again, shown in Fig. 5. This is attributed to that,
although 700 °C pre-reduction consumes some lattice
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Fig. 5 Temperature-programmed reaction of methane over GDC pre-
reduced at 700 °C for 12 h
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oxygen species, the long stay at 700 °C leads to intensive
movement of the bulk lattice oxygen towards the surface.
Consequently, enough oxygen species can be left at the
surface and near the surface at the end of pre-reduction;
this means that the active sites of surface lattice oxygen are
created again and the surface lattice oxygen of these sites
can be replenished quickly; thus, during subsequent CHy-
TPR,, CO, formation is activated at a temperature as low
as that of unreduced GDC. Notably, 700 °C is lower than
the higher-temperature TPR peak temperature of 740 °C
for the reduction of bulk lattice oxygen; thus, some surface
lattice oxygen can exist.

With the pre-reduction duration kept at 1 h but with the
pre-reduction temperature increased to 800 °C, CO, for-
mation before 800 °C during CH4-TPR, occurs very much
again, shown in Fig. 6. However, the lowest-temperature
CO, peak, at below about 400 °C as shown in both Figs. 1
and 5, disappears. Additionally, CO, formation starts at a
temperature higher than that of the second CO, peak for
GDC pre-reduced at 700 °C for 12 h. Notably, almost no
CO, is formed before 750 °C for GDC pre-reduced at
700 °C for 1 h; this is due to a lack of movement of bulk
lattice oxygen at 700 °C. This is again the case when the
pre-reduction temperature increases further to 900 °C,
shown in Fig. 7. These reveals that 800 °C and 900 °C pre-
reduction treatments have removed the surface lattice
oxygen completely and also consumed the bulk lattice
oxygen extensively. Consequently, the concentration of
bulk lattice oxygen becomes lower and thus the replenish-
ment of bulk lattice oxygen to the surface becomes slower,
shown by the higher temperature for CO, formation.

Table 1 indicates that the amount of CO, formation
increases with increasing the pre-reduction temperature
from 700 °C to 800 °C, but decreases with increasing the
pre-reduction temperature further to 900 °C. This is similar

Formation Rate [umol / g(cat.) - min]

T T
880 isotherm 1hr cool

0 400

Temperature (°C)

Fig. 6 Temperature-programmed reaction of methane over GDC
pre-reduced at 800 °C for 1 h

to the TPR phenomena shown in Fig. 4 that the TPR peak
after temperature programmed to 850 °C becomes bigger
and then that to 950 °C becomes smaller.

3.3.2 CO Formation

Table 1 reveals also that the amount of CO formation de-
creases with increasing pre-reduction temperature. This
demonstrates that the CO formation rate depends on the
concentration of bulk lattice oxygen, which decreases with
increasing pre-reduction temperature. It is seen that the
amount of CO formation decreases only slightly over GDC
pre-reduced at 700 °C in comparison to that unreduced.
However, an increase of the pre-reduction temperature to
800 °C greatly decreases the CO formation. This is
attributed to the higher-temperature TPR peak being at
740 °C, which corresponds to the reduction of bulk lattice
oxygen. In fact, all results of this work indicate that CO
formation occurs almost exclusively at temperatures higher
than about 750 °C. Thus, it can be proposed that CO for-
mation is associated solely with the oxygen species coming
from the bulk lattice during methane reaction.

Figures 6 and 7 show that, during the isothermal period,
the CO formation rate can be kept almost constant. This
indicates that the CO formation rate is low enough for the
concentration of bulk lattice oxygen to be pseudo-constant.
Notably, the total amount of CO formation over the
800 °C-reduced GDC is relatively small and that over the
900 °C-reduced GDC is negligibly small in comparison to
the total O content in the unreduced GDC. This confirms that
CO formation is associated with the bulk lattice oxygen.

Figure 7 shows also that the CO, formation rate is al-
ways higher than that of CO formation rate, especially
during the isothermal period at 880 °C. This is similar to
the report of Huang and Huang [10] that, over Ni-GDC
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Fig. 7 Temperature-programmed reaction of methane over GDC
pre-reduced at 900 °C for 1 h

@ Springer



108

T.-J. Huang, C.-H. Wang

anodes in direct-methane solid oxide fuel cells at 800 °C,
CO formation rate depends on the oxygen-supply rate to a
higher extent than the CO, formation rate. Thus, a lowering
of the supply rate of bulk lattice oxygen is beneficial to the
formation of CO, but detrimental to that of CO. Notably,
the supply rate of bulk lattice oxygen becomes relatively
low due to relatively low concentration of bulk lattice
oxygen after 900 °C pre-reduction treatment. This confirms
the effect of the concentration of bulk lattice oxygen.

Additionally, Fig. 7 shows also that the CO, formation
rate is can be kept almost constant. This indicates that the
CO formation rate is low enough for the concentration of
bulk lattice oxygen to be pseudo-constant.

Therefore, the concentration of bulk lattice oxygen af-
fects the concentration of surface lattice oxygen and con-
sequently influences the reaction pathways of CO and CO,
formations. Additionally, the nature of oxygen species, i.e.,
strong or weak bonding to the catalyst surface, may also
influence the reaction pathways of CO and CO, formations.
The mobility of oxygen species may affect their bonding
strength to the catalyst surface and thus influences CO and
CO, formations.

4 Conclusions

(1) CO, formation can occur at very much lower tem-
perature than CO formation.

The surface lattice oxygen acts as the active site for
CH, adsorption. This active site has a dynamic
characteristic due to that the lattice oxygen is highly
mobile at high temperature and able to be supplied
from the bulk lattice.

The rates of CO and CO, formations can be con-
trolled by the supply rate of oxygen species from the

2)

3)
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bulk lattice; this supply rate depends on both the
mobility and the concentration of the bulk lattice
oxygen.

CO, formation is associated with the existing surface
lattice oxygen.

CO formation occurs only at temperatures higher than
750 °C and depends completely on the oxygen spe-
cies coming from the bulk lattice during methane
reaction.
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