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ABSTRACT

Hydrogen production by methane decomposition and catalytic partial oxidation of methane (CPOM)
over Pt/(Cep.91Gdo,09)O02 _x and Pt/(Ceps56Zrp.44)0; _ x were studied. Results show that during the methane
decomposition tests, in the absence of gaseous oxygen, hydrogen and CO were the main products and very
small quantities of CO, were recorded. The generation of these products lasted for about 2 h, indicating
that in the catalytic stability of these materials, the carrier plays an important factor. The addition of
Gd and Zr cations to ceria had a positive effect on the catalysts stability. Regarding the catalytic partial
oxidation of methane, a stable hydrogen production was recorded for 20 h. Here, it is proposed that
the formation of a Pt—-O-Ce bond causes high stability of Pt in Ce-containing supports under oxidizing
conditions at high temperatures because this bond may act as an anchor, inhibiting the sintering of Pt.
The deposited carbon during the catalytic tests was oxidized and the CO, profiles showed a sharper
peak appearing at a lower temperature and a broader peak at the higher temperature. The first peak
may correspond to the oxidation of coke on and in the vicinity of the metal and the second CO, peak
may represent the coke on the carrier. The CPOM as a function of O/C ratio was studied. It was observed
that the catalyst with a higher ionic conductivity, Pt/(Cepg91Gdoo9)02 _x, generated a lower amount of

deposited carbon.

Published by Elsevier B.V.

1. Introduction

Direct utilization of methane eliminates the need for pre-
reformers and greatly reduces the complexity, size, and cost of
the overall SOFC systems. However, due to severe carbon deposi-
tion caused by the cracking of methane, the conventional Ni-based
anodes are generally considered inappropriate for the direct uti-
lization of hydrocarbons. Ni-YSZ cermets are used as the anode
material almost exclusively in SOFC. However, when Ni catalysts
are tested with hydrocarbon feed stocks, they are prone to deactiva-
tion through the formation of carbonaceous deposits on the catalyst
surface. There is presently much interest in using methane feeds
in SOFCs directly, thus avoiding the endothermic steam reforming
stage. Development of economically feasible electrochemical reac-
tors requires, however, to achieve high currents and low electrode
polarization; this may be only possible using catalytically active
anode components containing ceria and Pt [1]. Solid oxide elec-
trolytes based on ceria doped oxides are considered to be one of
the most promising candidate materials for use in single-chamber
intermediate temperature solid oxide fuel cells, because they offer
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a considerably higher ionic conductivity than YSZ in the range of
450-800°C. The substitution of Ce** by suitable trivalent cations
such as Gd3*, Sm3*, Y3* or La3* has been carried out in ceria-based
electrolytes because they enhance the chemical stability, increase
the ionic conductivity and suppress the reducibility of ceria-based
materials. The most effective substitutes seem to be Gd,03 and
Sm;, 03, possibly due to the fact that they minimize the changes in
lattice parameter [2].

The thermodynamics of methane reforming reactions demand
elevated temperatures (~1073 K or above) to obtain a high methane
conversion and, under these conditions, metal agglomeration is
favored, leading to a decrease in activity with time on stream. At
high temperatures, the decomposition of methane occurs through
successive steps of dissociation of CHg, producing C* species
(CH4 — C*+2H;) and the disproportionation of CO at low tempera-
tures (2CO — C*+CO5). Under low oxygen/carbon ratio conditions,
required in the CPOM processes to obtain a H,/CO ratio around
2, the reaction rates can be un-equilibrated and decrease carbon
removal (C*+0* <~ CO*+*), which can result in carbon accumula-
tion on the metal surface [3]. Catalyst deactivation in the partial
oxidation of methane is often attributed to coking of the active
sites via concurrent carbon deposition [4]. As a result, overall reac-
tor operation—which admits coke minimization and/or catalyst
regeneration—has been a strategic objective. These two processes,


dx.doi.org/10.1016/j.cej.2010.11.076
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:maria.salazar@netl.doe.gov
dx.doi.org/10.1016/j.cej.2010.11.076

M.D. Salazar-Villalpando, A.C. Miller / Chemical Engineering Journal 166 (2011) 738-743 739

however, require reliable and adequate information on the struc-
tural characteristics and removal kinetics of the carbon residue.
Ceria, a stable fluorite-type oxide, has been studied for various reac-
tions utilizing its redox properties, which can be further enhanced
in the presence of a metal or metal oxide. Otsuka et al. [5,6] have
showed that ceria is able to directly convert methane to syngas
with Hy/CO =2 at temperatures higher than 600°C. Ceria has also
been examined as a promoter of both the activity and selectivity
of supported Ni or Pt catalysts for the partial oxidation of methane
[7,8,33,34]. Ceria-supported Ni with high Ni-loading (13 wt.%) was
reported by Tang et al. [9] to be an active catalyst for the POM at
temperatures above 750 °C. However, this catalyst rapidly deacti-
vates due to carbon deposition. Thus, the substitution of Ni by Pt
and the use of doped ceria carriers seem to be a practical approach
to mitigate carbon formation and reach stable performances.

The objective of this work was to study the catalytic behavior
of Pt/gadolinium-doped ceria and Pt/zirconia-doped ceria during
the catalytic decomposition of methane and the catalytic partial
oxidation of methane.

2. Experimental
2.1. Catalyst synthesis

The mixed oxides (Cegs6Zrp44)02_x (ZDC50) and
(Ceg.91Gdg9)02 _x (GDC10) were prepared by co-precipitation of
the precursors followed by hydrothermal crystallization. Then,
they were calcined at 800 °C for 4 h to stabilize the surface area and
ball milled to reduce particle size. The catalysts Pt(1 wt.%)/ZDC50
and Pt(1wt.%)/GDC10 were prepared using a modified incipient
wetness technique. Following, it was granulated within a particle
size range of 150-500 wm and then calcined at 500°C for 1h in
flowing air. The ionic conductivities as a function of temperature,
surface areas, XRD and temperature programmed profiles of these
materials have been published somewhere else [8].

2.2. Catalytic performance

In order to examine methane decomposition over Pt/ZDC50 or
Pt/GDC10, a sample of 100 mg was loaded into the sample chamber
of an Autochem 2910 system, and the test was carried out using
a CHy4(5 vol.%)-He mixture with a flow rate of 25 ml/min at stan-
dard temperature and pressure (STP). The instrument measured
the CH4 uptake by the catalyst while heating the sample at a rate
of 10°C/min; the experimental data was recorded at 1-s intervals
from ambient temperature to 760°C. A mass spectrometer was
connected online to analyze the feed and product gas streams. A
cold trap at the outlet of the reactor condensed any water out of
the latter stream. Regarding the stability tests for the CPOM reac-
tion, experiments were carried out in a tubular reactor (i.d. =8 mm)
with a time on stream of 24 h. In order to determine if low oxygen
concentrations would cause catalysts instability, tests were per-
formed at oxygen/carbonratio (O/C)=0.4. A ceramic furnace heated
the reactor and controlled the temperature with a thermocouple
centered within the catalyst bed. To analyze the feed and product
gas streams, an on line mass spectrometer was connected to the
reactor. The CPOM reaction experiments were carried out setting
the reactor temperature at 700°C and a gas hourly space veloc-
ity (GHSV)=146,000h~. In another set of experiments, the effect
of O/C ratio on the partial oxidation of methane of Pt-doped ceria
catalysts was studied varying O/C ratio over the range of 0.4-1.
The experiments were initiated by bringing the reactor to 700°C,
while purging with N,. Once the temperature was achieved, the
corresponding reacting mixture was delivered to the reactor and
the experiment started. Several mixtures of CHy, air and N, were
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Fig. 1. Product distribution of the methane decomposition reaction over Pt/ZDC50.

delivered to the reactor in order to meet these requirements. The
methane flow rate was constant and air and N, flows were adjusted
to meet the O/C ratio required in every test. In order to determine
the amount of carbon generated during the methane decomposi-
tion and the CPOM tests, a mixture of air and N, was delivered to
the reactor and CO, concentration was monitored by the on-line
mass spectrometer. The carbon oxidation was allowed to continue
until less than 0.05 vol% of CO, was detected. In order to study the
effect of the redox processes over the catalysts, five consecutive
tests were carried out to study the CPOM at a constant O/C=0.66,
following the same experimental conditions in every experiment.

3. Results
3.1. Methane decomposition

Fig. 1 shows the product distribution as a function of tempera-
ture and time on stream for the decomposition of methane over
Pt/ZDC50 obtained by temperature-programmed experiments.
Only methane was delivered to the reactor, without gaseous oxy-
gen. The direct oxidation of methane starts around 680 °C and the
maximum rate of conversion does not occur until the temperature
reaches 750 °C, as it can be observed by the signal of the mass spec-
trometer for methane. Hydrogen production lasted for about 2 h. It
has been explained [10] that in the stability of supported catalysts,
the carrier plays an important factor. The addition of promoters
to ceria, especially rare earth oxides, results in more stable cata-
lysts. Thus, it seems that in our work, the addition of Gd and Zr
cations to ceria had a positive effect on the catalysts stability. The
carriers GDC10 and ZDC50 contribute to metal dispersion making
the catalyst more resistant to poisoning by coke and to the sinter-
ing process. In addition, these materials participate to the reaction
mechanism as oxygen storage components. Hydrogen production
during this catalytic process has been suggested to form through
the following reaction mechanism [11]:

(1) Methane adsorption and dissociation on the active sites

(CHq )g — (CH3)ags + (H)ads
(2) Progressive dissociation releasing hydrogen-rich adsorbed

(CH3)ags = (CH2)ags + (H)ads

(CH3)ads = (CH)ags + (H)ags

(3) Crystallization and growth of the carbon deposits

(CH)ads = (C)ads + (H)ags

(C)ags +1/n(Cn)c
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Fig. 2. H, and CO mass spectrometer signals during the methane decomposition
reaction on Pt/ZDC50.

(4) Formation and desorption of H, gas

(H)ads + (HZ)g

Figs. 2 and 3 show the mass spectrometer signal for CO and H; for
Pt/ZDC50 and Pt/GDC10, respectively, during the methane decom-
position reaction. The concentration of H, was much higher than
CO with both materials. Otsuka et al. [5,6] have demonstrated that
the reaction of methane with ceria in the absence of gaseous oxy-
gen selectively produced a synthesis gas with a H,/CO ratio of 2,
while CO, and H,0 were formed as the main products in the pres-
ence of gaseous oxygen. Therefore, the use of an oxygen storage
component as oxidant in the absence of gas-phase oxygen could be
a promising approach to the direct partial oxidation of methane. It
has also been noted that the decomposition of methane may lead
to CO formation via reaction of the carbonaceous residue with the
oxygen of the oxide support [12]. Thus, here it is proposed that CO
and CO, may have formed through CHy species with the oxygen
from the catalyst, according to the following reactions [13]

CHx+0 — CHO + (x—1)H

The decomposition of CHO will lead to CO formation
CHO - CO + H

And further reaction of CHO will form CO,
CHO + O - CO;+H

Here, it is proposed that the surface and lattice oxygen of
Pt/GDC10 and Pt/ZDC50 are able to participate in catalytic reactions
in the absence of gaseous oxygen. It is known that doped ceria car-
riers, specifically ceria has stable oxidation states (Ce3*/Ce?*) and
mediates the amount of available oxygen in the catalytic reactions,
releasing oxygen under reducing conditions and taking up oxygen
under oxidizing conditions [14]. It has been reported that the for-
mation of hydrogen and CO was enhanced by the incorporation of
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Fig. 3. H, and CO mass spectrometer signals during the methane decomposition
reaction on Pt/GDC10.
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Fig. 4. Stability tests of the catalytic partial oxidation of methane.

zirconia into ceria up to a ZrO, 20% content. Further increase in the
content of ZrO,, decreased the rates of H, and CO formation [15].
Theresults obtained here showed that the main products are H, and
CO during the reaction of methane over Pt/GDC10 and Pt/ZDC50
in the absence of gaseous oxygen, which may lead to the conclu-
sion that the characteristics of these materials would allow its use
in the anodes of SOFCs for the direct electrochemical oxidation of
methane. Higher CO concentration was observed over Pt/GDC10
than over Pt/ZDC50. It has been proposed that the substitution of
Ce with Gd, Eu and Sm, whose ionic radii are close to the critical
radius value of CeO, causes neither expansion nor contraction of
fluorite lattice structure of ceria [16] and enhances oxygen ionic
conductivity. It has been reported a higher ionic conductivity value
for Pt/GDC10 than for Pt/ZDC50 [8], which may explain the higher
CO concentration over Pt/GDC10.

3.2. Catalyst stability for CPOM reaction

One of the main issues in the catalytic production of H; is the
development of stable catalysts. Hence, the stability of Pt/GDC10
and Pt/ZDC50 for the production of hydrogen during the CPOM was
evaluated as a function of time on stream. The CPOM was carried
out in the presence of oxygen, at O/C molar ratio=0.4, keeping the
reactor temperature at 700°C. Results of these stability tests are
shown in Fig. 4. Both catalysts showed similar hydrogen produc-
tion, a slightly higher concentration was observed over Pt/ZDC50
with respect to Pt/GDC10. Stable performance was observed for
about 20h. In our results, the higher activity of Pt/ZDC50 than
Pt/GDC10 may be due to the higher thermal activity of Pt/ZDC50.
It has been proposed that the formation of a Pt-O-Ce bond causes
high stability of Pt in Ce-containing supports under oxidizing condi-
tions at high temperature because this bond may act as an anchor,
inhibiting the sintering of Pt [10]. The stability of Pt/GDC10 and
Pt/ZDC50 may also be due to the redox properties of ceria. It has
been explained that cerium oxide has a very high oxygen exchange
capacity [14]. This capacity is associated with the ability of cerium
to act as an oxygen buffer through the storage/release of O, due to
the Ce**/Ce3* redox couple. The enhancement of the reducibility
of CeO, and doped-ceria has been observed after redox treatments
at high temperatures [17]. It has been observed that parameters
such as Pt dispersion, composition of the support, composition of
the reactant and reaction temperature can affect the stability and
activity of catalysts in reactions of methane reforming [10]. In addi-
tion, it has been suggested that carriers containing ceria have the
property to anchor metallic Pt which helps to maintain the surface
area and avoids the migration and coalescence of Pt crystallites.
During the CPOM, Pt is reduced by CH,4, decreasing the PtO, content
in the catalyst. Thus, Pt is predominantly in a reduced state, which
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Fig. 5. Temperature programmed oxidation of deposited carbon.

suppresses sintering via the formation of mobile and volatile PtO,.
Moreover, it has been proposed that carbon deposition is one of the
factors that cause catalyst deactivation [18]. Thus, in the stability
tests with Pt/GDC10 and Pt/ZDC50, it is reasonable to assume that
there is equilibrium between the rates of activation of CH4 and of
carbon removing.

3.3. Carbon deposition during the stability tests

The carbon generated on the catalysts during the stability tests
over the Pt/GDC10 and Pt/ZDC50 was oxidized by temperature
programmed oxidation and the CO, was recorded by a mass spec-
trometer connected on line, results are shown in Fig. 5. In general,
a higher amount of CO, was recorder for Pt/ZDC50 than Pt/GDC10.
Two peaks were observed for both catalysts tested. The first peak
appeared in the temperature range, 250-430°C, and the second
peak appeared in the temperature range 520-715 °C. Similar results
have been published [19], a sharper peak appearing at a lower tem-
perature and a broader peak at the higher temperature. It has been
proposed that the first peak corresponds to the oxidation of coke
on and in the vicinity of the metal. The second CO, peak may rep-
resent the coke on the carrier. Moreover, it has been suggested
that only a small part of the coke is located on the metal, while
a larger part is placed close to the metal and on the carrier. It has
been explained that coke initially blocks the metallic sites, but as it
grows, the carbonaceous material is deposited on carrier. Two dif-
ferent combustion kinetics rates have been calculated for the coke
that is located at the two positions [20]. In our tests with Pt/GDC10
and Pt/ZDC50, particularly, it seems that a higher carbon oxida-
tion rate was observed for the peak recorder at lower temperatures
(250-430°C). The oxidation rate of the carbon that presumably was
deposited on the carrier seemed to show a lower oxidation rate, this
peak appeared at high temperatures (520-715°C).

3.4. Partial oxidation of methane as a function of O/C ratio

Fig. 6 shows the product distribution during the CPOM as a
function of O/C ratio. At O/C=1, the mass spectrometer signal of
H, and CO is lower than at O/C=0.8. It has been suggested that
the CPOM depends on the catalyst temperature, which in turn is a
function of O/C. The CPOM generates high yields of H, and CO at
high catalyst temperatures (i.e., at high O/C). Optimal values have
been reached around O/C=1.2 [21]. Here, we observed optimal cat-
alytic performance at O/C=0.8, which may be due to the effect of
redox cycles that the catalyst undergo. Enhanced catalytic perfor-
mance during the CPOM has been observed under redox cycles [8].
In our work, catalytic tests as a function of redox treatments were
performed at constant O/C=0.66. Figs. 7 and 8 show hydrogen pro-
duction over Pt/GDC10 and Pt/ZDC50 as a function of redox cycles,
respectively. Higher H, production was observed as the number
of redox cycle was increased. Thus, these results in Figs. 7 and 8
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Fig. 6. Product distribution for the catalytic partial oxidation of methane.
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Fig. 7. Redox treatments during the CPOM over Pt/GDC10 at 700°C at constant
0/C=0.66.

may explain results in Fig. 6, a higher catalytic performance was
observed at O/C=0.8 than O/C=1 because the catalytic activity was
enhanced by redox treatments. Further results of the CPOM at dif-
ferent O/C ratios in Fig. 6 illustrated that decreasing the O/C ratio
in the feed caused the decrease of hydrogen and CO production.
At lower O/C, the CH,4 conversion dropped because O, is the stoi-
chiometrically limiting component. The reaction mechanism of the
CPOM is a combination of the partial oxidation and steam reform-
ing [22]. It has been proposed [21] that the reaction mechanism of
the CPOM at lower O/C ratios than the stoichiometric remains the
same as at O/C=1, only the ratio of H,/CO production varied. In our
results, a slightly higher H, and CO production were observed over
Pt/ZDC50 than over Pt/GDC10 during the CPOM as a function of O/C.
The higher catalytic activity of the former catalyst than Pt/GDC10
could be caused by the higher catalyst stability of Pt/ZDC50 than
Pt/GDC10. It is known that one of the major drawbacks of ceria is
its poor resistance towards sintering [23]. Ceria has a cubic related
structure and sinters equally along the three x, ¥, and z axis. One of
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Fig. 8. Redox treatments during the CPOM over Pt/ZDC50 at 700°C at constant
0/C=0.66.
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the main breakthroughs has been the use of zirconia as a dopant.
The metal oxide ZrO, is a refractory oxide having the same fluorite
structure as ceria. Despite slightly different ionic radii, i.e., 0.97 A
(Ce**)and 0.84 A (Zr**), zirconium anions can be introduced in ceria
lattice without too much stress. Solid solutions of ceria and zirconia
are more thermally stable than pure ceria. These oxides are more
resistance to sintering and have shown high oxygen storage capac-
ity. The addition of zirconia to ceria generates oxygen vacancies in
the solid and then provides a way of minimizing the stress gen-
erated in the ceria lattice by adopting the unfavorable eight-fold
coordination [24]. It has also been found that the creation of oxy-
gen vacancies can also improve the mobility of oxygen in the bulk,
increasing the efficiency of CeO, as oxygen storage material. More-
over, it has been observed that in addition to the stabilization of the
cubic phase, the use of dopants may favour both phase and surface
area [25]. It has also been observed that the addition of zirconium
into the CeO, lattice greatly improves the oxygen storage capac-
ity. An optimum has been observed for CexZr(; _x)O, oxides with
x between 0.6 and 0.8. These oxides have a fluorite-type structure,
which appears to be an important parameter. The largest OSC was
obtained for Ce( g3Zrg 370, with 219 pmol/g, which OSC calculated
to be four times larger than the OSC of pure ceria [26]. It has been
suggested that in the case of CeO,, the storage of oxygen at 400 °C s
restricted to the surface. On the opposite, in the case of Ceg g3Zrg 37,
oxygen storage takes place not only at the surface but also in the
bulk [27].

The carbon generated on the catalysts during the CPOM, varying
the O/C ratio, over the Pt/GDC10 and Pt/ZDC50 was oxidized at
850°C and the CO, generated was recorded by a mass spectrom-
eter connected on line, Figs. 9 and 10. As illustrated by the mass
spectrometer signals, it appears that a lower carbon deposition
was observed over Pt/GDC10 than over Pt/ZDC50. These results
may be due to the higher ionic conductivity of Pt/GDC10 than
Pt/ZDC50 [7]. According to Steele [28], the highest ionic single
crystal (bulk grain) conductivity of the doped ceria is exhibited
by the CeggGdg»019. Based on a number of studies [31,32], it
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Fig. 10. Temperature programmed oxidation of deposited carbon over Pt/ZDC50.

has been suggested that the most important parameter for oxide
ion conductivity in fluorites is the cation match with the critical
radius. This means that the highest ionic conductivity is obtained
when the radius of the dopant is as close to the critical radius of
ceria as possible. Doped ceria has shown higher ionic conductivity
than ceria. The oxygen ion conductivity mechanism is the hopping
of oxide ions to vacant sites. The total ionic conductivity may be
separated in bulk and grain boundary. Even in very pure materials,
the intrinsic limit of the grain boundaries remains 100-1000 times
lower than the bulk material. It was also found that very small
grains might affect the bulk conductivity adversely because the
dopant is extracted to the grain boundaries to an extent that the
grains become practically undoped [29]. In materials with grain
sizes of a micron and above the grain boundary phase constitutes
a very tiny fraction of the material, and therefore the total ionic
conductivity is not necessarily significantly affected. Moreover, it
has been suggested that oxygen diffusion coefficients are predicted
to be larger in bulk ceria than in nanocrystalline CeO,, and precious
metal doping suppresses the formation of grain boundaries when
the smaller dopant cation is more easily accommodated than large
Ce(Ill) ions in the partially reduced structure [30]. In our results,
lower carbon deposition was observed over Pt/GDC10 than over
Pt/ZDC50. These results may be due to the higher ionic conduc-
tivity of Pt/GDC10 than Pt/ZDC50. The high catalytic activity and
high resistance to carbon deposition may be caused by the higher
capacity of the Pt-0O-Ce bond, which acts as an anchor, to transfer
O* from the carrier to Pt atoms [10], resulting in carbon oxidation
and an improved accessibility of CH4 to the active sites, mitigating
carbon deposition. Thus, ionic conductivity of Pt/GDC10 than
Pt/ZDC50 played a major role in the amount of deposited carbon.

4. Conclusions

By studying the catalytic methane decomposition reaction and
the CPOM over Pt/(Cegg1Gdg 09)02 _x and Pt/(Ceq56Zrp.44)02 _x, it
is proposed that their characteristics would allow its use in SOFCs
for the direct electrochemical oxidation of methane. Regarding
the CPOM reaction, a stable production of syn-gas was recorded
for 20h. Here, it is suggested that the formation of a Pt-O-Ce
bond causes high stability of Pt in Ce-containing supports under
oxidizing conditions at high temperature because this bond may
act as an anchor, inhibiting the sintering of Pt. During the oxida-
tion of deposited carbon, the CO, profiles showed a sharper peak
appearing at a lower temperature and a broader peak at the higher
temperature. The first peak may correspond to the oxidation of coke
on and in the vicinity of the metal and the second CO, peak may
represent the coke on the carrier. The CPOM as a function of O/C
ratio was also studied, and it was observed that the catalyst with a
higher ionic conductivity, Pt/(Ceg 91 Gdgg9)0; _ x generated a lower
amount of deposited carbon.
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