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Combustion of methane on CeO2–ZrO2 based catalysts
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Abstract

CeO2–ZrO2 solid solutions have been prepared by precipitation of the corresponding hydroxides. They were calcined and
aged at various temperatures and characterised by X-ray diffraction measurements, BET and TPR measurements as well
by their activity in methane combustion. The Ce0.67Zr0.33O2 solid exhibited the best thermal stability, the highest oxygen
mobility and the best catalytic activity after ageing at 1000◦C. It has been used to support active phases like platinum and
manganese oxide.

The fresh Pt/Ce0.67Zr0.33O2 catalyst was much more active than the corresponding Pt/Al2O3 solid although a deactivation
on stream was observed in the 200–500◦C temperature range. Nevertheless, the promoting effect of the Ce0.67Zr0.33 support
disappeared after ageing at 1000◦C.

In the case of MnOx supported onto the Ce0.67Zr0.33O2 solid solution the activity of the fresh solid is similar to that of the
MnOx /Al2O3 catalyst. After ageing at 1000◦C, the solid solution is decomposed, the BET area dramatically decreased and
the catalytic properties almost disappeared.

As far as temperature applications exceeding 1000◦C are concerned, the CeO2–ZrO2 solid solutions are not suitable supports
for the catalytic combustion of methane. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Catalytic combustion of methane and other hydro-
carbons is a promising new technology for the produc-
tion of energy without the formation of pollutants like
nitrogen oxides [1,2]. For applications in gas turbines
and boilers there is an urgent need for the development
of new and thermostable catalysts for the combustion
of natural gas. A new family of catalysts based on
barium hexa-aluminates has recently received consid-
erable attention for application in gas turbines [3–6].

In the case of three-way automotive catalysts,
CeO2 was widely used and its main function was
to act as an oxygen storage component. Neverthe-
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less its thermal stability seems to be not sufficient
for temperatures exceeding 1000◦C. Several attempts
have been performed for the stabilisation of ceria
against thermal sintering. Zr appears to be the best
additive to increase the resistance of ceria to sinter-
ing [7–9]. In addition, the introduction of zirconia
into ceria leads to the formation of solid solutions
which exhibited to an improvement in the oxygen
storage capacity as well as the oxygen mobility
[10].

Because of their thermal stability as well as their
oxygen mobility CeO2–ZrO2 solid solutions appear as
promising candidates to be used as support (or active
phases) in the catalytic combustion of hydrocarbons.
Only a limited number of papers have been concerned
by this objective [11–13].

In this paper, the stability of CeO2–ZrO2 solid
solutions having various compositions is investi-
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gated, physicochemical characterisations were also
performed at various stages of ageing. In a sec-
ond step a solid solution was used as support for
a noble metal (Pt) and for a transition metal oxide
(MnOx). The catalytic properties of such catalysts
have been measured in fresh and aged states in relation
with the physicochemical properties of the catalytic
material.

2. Experimental

2.1. Synthesis of the solid solutions

The CeO2–ZrO2 mixed oxides have been prepared
by coprecipitation with ammonia of an aqueous solu-
tion containing the corresponding nitrates Ce (NO3)3,
6H2O and ZrO (NO3)2, 7H2O according to the pro-
cedure used by Leitenburg et al. [11]. Pure ceria and
zirconia have also been also prepared as reference sup-
ports using the same process. For this purpose an aque-
ous solution containing the Ce and Zr salts (0.2 M)
was prepared and added dropwise to a large excess of
ammonia in aqueous solution. The obtained hydrox-
ides were washed and dried at 100◦C for 12 h.

The mixture of the corresponding hydroxides was
then calcined under flowing air for 6 h at 500, 700
and 900◦C. The solids calcined at 700◦C were called
“fresh samples”.

A simulation for the ageing of a combustion catalyst
was performed by treating the “fresh” solid solutions
under oxygen (5 vol.%)+water (10 vol.%) in nitrogen
for 24 h at 1000◦C and in some cases at 1200◦C. Such
a treatment is expected to appreciate the thermal sta-
bility of the various solid solutions and to determine
the best support for high temperature applications. The
solids treated at 1000◦C under O2+H2O were called
“aged samples”.

2.2. Elaboration of the catalysts

Pt supported catalyst.The selected solid solution,
previously calcined at 700◦C under air, was impreg-
nated by an aqueous solution of the Pt precursor free
of chloride ions in order to have a Pt content close to
2 wt.%. The Pt(NH3)4(NO3)2 complex was chosen as
Pt precursor. Metallic platinum was formed in two
steps (i) decomposition of the ammino complex by

slow heating under oxygen at 400◦C, (ii) reduction
under flowing hydrogen at 300◦C. Chemical analysis
gave a platinum content of 1.6 wt.%. The “fresh
catalyst” was obtained after hydrogen reduction at 300
◦C whereas the “aged catalyst” was formed by age-
ing the fresh one under N2+O2+H2O at 1000◦C for
24 h.

Mn supported catalyst. The same solid solution was
also used for supporting Mn oxide. Mn impregnation
was carried out by incipient wetness method using
a solution of Mn(NO3)2, 4H2O. After an overnight
drying at 100◦C, manganese oxide was formed by
calcination under air at 500◦C for 6 h. The Mn content
deduced from chemical analysis is equal to 7.05 wt.%.
A calcination under air at 500◦C led to the fresh
catalyst, the treatment of the fresh sample under the
ageing mixture at 1000◦C for 24 h led to the “aged
catalyst”.

2.3. Physicochemical characterisations

Chemical analysis of the various elements (Zr,
Ce, Pt, Mn) was performed by AAS after dissolu-
tion of the solids in a mixture of concentrated acids
(HF+HCl+HNO3).

X-ray diffraction patterns were recorded with a
Siemens D500 diffractometer using the Cu Ka1 line
at 0.15406 nm. Spectra were recorded between 5 and
70◦ (2θ ) with a scan rate of 1.2◦ min−1. Metallic
tungsten powder (60 mesh, 5 wt.%) was added to the
solids for an internal calibration. The phases were
identified by comparison with the ICDD files.

BET areas were measured by nitrogen adsorption
at 77 K using the multipoint method. Before the BET
measurement, the samples were evacuated at 400◦C
(10−5 Torr) for 2 h.

The fraction of platinum metallic area (or disper-
sion) was determined by volumetric hydrogen adsorp-
tion at room temperature. The Pt supported catalyst is
reduced under hydrogen at 300◦C for several hours in
the chemisorption cell. It was then treated under vac-
uum at the same temperature. Isotherm of hydrogen
adsorption at room temperature was extrapolated to
zero pressure and hydrogen reversibly adsorbed was
deduced from a back sorption experiment.

Temperature programmed reduction (TPR) of the
solid solutions as well as of the catalysts was per-
formed under a 1 vol.% H2 in argon mixture with a
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temperature ramp of 20◦C min−1 from room temper-
ature up to 1000◦C. The temperature was maintained
at 1000◦C for 1 h. Hydrogen consumption was mon-
itored by on-line TCD detector. Prior to the TPR
experiment, 150–200 mg of sample were pretreated
at 400◦C under air for 1 h, then purged under Ar
at the same temperature for another 1 h and finally
cooled to room temperature. The (Ar+H2) mixture
was introduced at 25◦C onto the previous sample, the
hydrogen consumption at 25◦C was measured. Only
after the recovering of the baseline, the temperature
was increased up to 1000◦C with the 20◦C min−1

ramp. When the temperature of 1000◦C was reached,
the catalyst was maintained under the (Ar+H2 mix-
ture) at 1000◦C for additional 1 h in isothermal
conditions.

2.4. Catalytic activity measurements

The activity of fresh and aged solid solutions and
catalysts for methane combustion was measured on
500 mg of sample in a microreactor. Prior to any cat-
alytic activity measurement, the samples were treated
as follows:
1. the supports as well as the Mn supported catalyst

were calcined under flowing oxygen at 400◦C for
1 h,

2. the Pt supported catalyst was reduced under hydro-
gen at 300◦C for 1 h.
The samples were then cooled under nitrogen to

250–350◦C and the feed of reactants was admitted
onto the catalysts. It consists of 1 vol.% CH4, 4 vol.%
O2 diluted in nitrogen with a flow rate of 6.4 l h−1, the
GHSV is close to 20 000 h−1. The activity is measured
for 3 h at a given temperature, the reaction temperature
was increased by steps of 50◦C.

3. Results and discussion

3.1. CeO2–ZrO2 solid solutions

Ceria, zirconia and three solid solutions have been
prepared with the procedure described in the experi-
mental part [11]. According to the chemical analysis,
the solid solutions have the following compositions
Ce0.83Zr0.17O2 (called 83/17), Ce0.67Zr0.33O2 (called
67/33) and Ce0.47Zr0.53O2 (called 47/53).

Table 1
BET area (m2 g−1) and unit cell parameters (Å) for the various
supports as a function of the calcination temperature and for the
two ageing procedures

CeO2 83/17 67/33 47/53 ZrO2

Calcination temperature
500◦C 80 85 104 97 110
700◦C 49 58 70 62 57
900◦C
BET 14 27 25 19 31
a parameter 5.416 5.394 5.373

Aged at 1000◦C 1 3 8 3 8
Aged at 1200◦C – – <1 – –

The X-ray spectra of CeO2 modified by the incor-
poration of Zr4+ ions into the lattice were observed
for the first calcination temperature, i.e., 500◦C. By
increasing the calcination temperature up to 900◦C,
the peaks did not shift and the half width of the peaks
decreased suggesting an increase in the particles’ dia-
meter without any phase or composition change.
Ceria as well as the 83/17, 67/33 and 60/40 solid so-
lutions are characterised by a face centered cubic cell
whereas zirconia and the 47/53 solid solution crys-
tallised in the monoclinic lattice. Neither phase due
to pure ceria nor pure zirconia have been observed in
the XRD spectra of the solid solutions. The unit cell
parameters were given in Table 1 for the various sam-
ples after treatment under air at 900◦C. A linear de-
crease of thea parameter is observed by introduction
of increasing amounts of zirconium into ceria until
40 mol% Zr. Such a decrease was already observed in
previous studies [14–16], and it was assigned to the
lower ionic radius of Zr4+ (0.84 Å) compared to that
of Ce4+ (0.97 Å) [17]. After ageing at 1000◦C, the
diffraction peaks became asymmetrical suggesting
the formation of new crystallographic phases. The
phenomenon was more pronounced after ageing at
1200◦C since the new phases are clearly identified by
extra lines. Except the 83/17 solid solution the other
mixed oxides decompose in two phases after ageing
at 1200◦C, one phase rich in ceria and identified as
Ce0.75Zr0.25O2, the other one rich in zirconia and
identified as Ce0.16Zr0.84O2. The thermal stability of
the CeO2–ZrO2 mixed oxides has been studied after
ageing at temperatures between 1000 and 1400◦C and
the phase diagram indicate that tetragonal ZrO2-rich
phase and cubic CeO2-rich phase are thermodynami-
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Fig. 1. TPR measurements. Hydrogen consumption as a function of the temperature for CeO2 and the various CeO2–ZrO2 solid solutions
after calcination under air at 700◦C.

cally stable phases at these temperatures [18,19]. At
1200◦C it has been found that the limits of the solubil-
ity of monoclinic and cubic solid solutions in mol%
CeO2 are 16 and 80%, respectively. Thus the age-
ing of the Ce0.67Zr0.33O2 and Ce0.47Zr0.53O2 mixed
oxides leads to the two most stable solid solutions
according to thermodynamics [18].

Table 1 shows the evolution of the BET area of the
supports for different temperatures of calcination and
for the two ageing procedures. Among the three solid
solutions, the 67/33 composition presents the largest
BET area values. In addition such a solid has the best
resistance to a thermal ageing performed at 1000◦C.
However after ageing at 1200◦C, a drastic loss in the
BET area was observed and only ageing performed at
1000◦C was considered in the following parts.

Table 2
TPR measurements. Amounts of hydrogen consumption and number of reduced layers in the first peak of reductiona

Sample BET area Temperature first Catalyst No. of
(m2 g−1) TPR peak (◦C) (mmol H2 g−1) reduced layers

CeO2 49 583 198 1.0
83/17 58 668 541 2.74
67/33 fresh 70 679 830 4.1
67/33 aged at 1000◦C 8 770 694 29.9
47/53 62 740 927 7.0

aSamples pretreated at 700◦C under air.

The TPR profiles of the fresh supports are shown
in Fig. 1. Zirconia is almost unreducible by hydrogen
at 1000◦C. By contrast the other samples present two
peaks of reduction. In the case of ceria the first peak
(at 583◦C) is attributed to the reduction of the surface
and the second one (at ca. 950◦C) to the reduction of
the bulk [20]. In the case of the solid solutions, the
first peak corresponds to the reduction of the surface
as well as that of some subsurface layers [8,16,21]:
reduction at the surface and in the bulk occur at the
same time. By using the correlation previously estab-
lished by Perrichon et al. [22] (the reduction of 1 m2

of ceria requires 3.9mmol H2) [22], it is possible to
determine the number of layers which have been re-
duced under the first peak of hydrogen consumption
after taking into account the ceria content of the solid
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Fig. 2. TPR measurements. Hydrogen consumption as a function of the temperature for CeO2 and the various CeO2–ZrO2 solid solutions
after ageing at 1000◦C under O2+H2O in nitrogen.

solution. These values are given in Table 2. They show
that the reducibility of the solid solution increases with
the amount of incorporated zirconium [23].

After ageing at 1000◦C, the TPR profiles are
strongly modified (Fig. 2). Excepting for the 67/33
solid, the low temperature peak disappeared from
the TPR traces after ageing. In the case of the 67/33
solid, the number of layers reduced in the first peak
increased until ca. 29 layers. Such a result suggests
a higher mobility of oxygen surface and subsurface
species after ageing at high temperature. The partic-
ipation of O from the bulk of very low surface area
ceria–zirconia mixed oxides has been also evidenced
in oxygen storage capacity measurements [10,24,25].

Finally the catalytic activity of the ceria as well as
that of the CeO2–ZrO2 solid solutions was measured
in the fresh and aged states. The results are shown in
Fig. 3a and b. Fresh samples exhibit a non-negligible
catalytic activity with a temperature of half conver-
sion (T50) varying from 572◦C for CeO2 to 593◦C for
the 47/73 sample. As previously observed for the cat-
alytic oxidation of isobutane (10), the introduction of
Zr4+ ions in the CeO2 lattice does not markedly affect
the catalytic activity. Ageing at 1000◦C considerably
decreased the catalytic activity, theT50 temperatures
largely exceed 700◦C. Nevertheless, and as for the

TPR measurements, the less deactivated solid solution
corresponds to the 67/33 composition.

In conclusion, the Ce0.67Zr0.33O2 solid solution was
chosen for supporting active phases in CH4 combus-
tion like metallic platinum and manganese oxides.
This support was selected because of its specific prop-
erties after ageing at 1000◦C: relatively high BET
area, preservation of oxygen mobility and own cat-
alytic properties in methane combustion.

3.2. Pt/Ce0.67Zr0.33O2 catalyst

Table 3 gives the main characteristics of the cata-
lysts in fresh and aged states. The BET areas are not
changed in both states by the presence of platinum.
The X-ray pattern of the catalyst is similar to that of
the solid solution in the fresh state, Pt particles were
not detected. After ageing at 1000◦C, the crystallo-
graphic phases of the solid solution are not modified
whereas Pt is now detected by a peak at 2θ=39.7◦.
The fraction of exposed platinum was deduced from
chemisorption experiments, it was equal to 40% in the
fresh state, which corresponds to a mean Pt particles,
dimension of 2.5 nm. In the aged state the amount of
chemisorbed hydrogen is below the detection limit of
the apparatus: a drastic sintering of the Pt particles
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Fig. 3. Catalytic activity in the complete oxidation of methane over CeO2 and the three CeO2–ZrO2 solid solutions: (a) fresh samples,
calcination under air at 700◦C, and (b) aged samples, calcination at 1000◦C under O2+H2O in nitrogen.

and/or their encapsulation by the CeO2–ZrO2 support
may be expected upon ageing [24,25].

The TPR profiles of the fresh and aged Pt/Ce0.67
Zr0.33O2catalyst are shown in Fig. 4. In the case of the
fresh catalyst, a large amount of hydrogen is consumed
at room temperature (not shown in the figure). During

the heating ramp, the TPR profile shows three peaks
at 147, 565 and 1000◦C. By comparison with the TPR
trace of the support alone, it can be concluded that
the presence of Pt led to a shift of the peak at 679◦C
to lower temperatures (147 and 565◦C). The hydro-
gen consumption at 25◦C is equal to 419mmol g−1
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Table 3
Main characteristics of the Pt/Ce0.67Zr0.33O2 catalyst in the fresh
state and after ageing at 1000◦C

Property Fresh Aged
catalyst catalyst

BET area 69 m2 g−1 7 m2 g−1

Fraction of accessible Pt 40% <1%
H2 consumption
at 25◦C

419mmol g−1,
1.6–1.9 layers

0

T50 335◦C 620◦C
Eact 75 kJ mol−1 106 kJ mol−1

catalyst. It corresponds to the reduction of platinum,
supposed to be in the form of PtO, as well as to the
reduction of a fraction of the support. According to
the hypothesis adopted for the reduction of platinum
(reduction of Pts–O species or reduction of the bulk
platinum oxide), the reduction of the solid solution at
25◦C is between 1.6 and 1.9 layer. In the case of the
solid solution free of platinum, the first peak of sur-
face reduction was observed at ca. 680◦C. Since in
the case of Pt/Ce0.67Zr0.33O2 catalyst such a reduction
occurs at room temperature, it may be concluded that
the addition of platinum on the solid solution strongly
enhances the mobility of surface and sublayer oxygen

Fig. 4. TPR measurements. Hydrogen consumption as a function of the temperature for the fresh and aged Pt/Ce0.67Zr0.33O2 catalyst.
Ageing was performed at 1000◦C under O2+H2O in nitrogen.

species. In a similar way, for Rh-loaded CeO2–ZrO2
solid solutions, the addition of ZrO2 lowers the tem-
perature of the reduction of bulk Ce4+ ions by ca.
500◦C [23].

In the case of the aged Pt/Ce0.67Zr0.33O2 catalyst,
the TPR curve was strongly modified (Fig. 4). No
hydrogen consumption was detected at room temper-
ature. Two peaks of reduction were observed at 306
and 1000◦C. Since the accessible metallic fraction
of the Pt particles is very low, the peak at 306◦C
(258mmol H2 g−1 catalyst) is only attributed to the
reduction of the first layers of the 67/33 solid solu-
tion, 12.4 layers are reduced at this temperature. As
in the case of the ceria–zirconia solid solution free of
Pt, bulk oxygen species are more involved in the aged
catalyst in comparison with the fresh one. The peak
at 306◦C observed in presence of Pt probably results
from the shift noted at 770◦C in the case of the aged
67/33 solid solution. Here also the oxygen mobility
of the support is enhanced by Pt addition although
the metallic phase was very poorly dispersed.

The catalytic activity of the Pt/Ce0.67Zr0.33O2 cata-
lyst is given in Fig. 5 for the fresh and the aged states,
for comparison purpose the activities of the support
in the fresh and the aged states are also included. The
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Fig. 5. Conversion of CH4 into CO2 as a function of the temperature for the Pt/Ce0.67Zr0.33O2 catalyst as well as for the Ce0.67Zr0.33O2

in fresh and aged states.

activity of the fresh sample is strongly enhanced in
comparison with the support alone, theT50 decreased
from 576 to 335◦C after Pt deposition. This catalyst
is even more active than the corresponding one us-

Fig. 6. Catalytic activity in methane combustion for platinum supported on alumina and on the Ce0.67Zr0.33O2 solid solution in fresh and
aged states.

ing Al2O3 as support (T50=470◦C) [27] whereas its
activity is comparable to that of a Pd/Al2O3 catalyst
(T50=320◦C) [28,30]. Fig. 6 compares the activity of
Pt/Al2O3 and Pt/Ce0.67Zr0.33O2 catalysts as a func-
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tion of the temperature. As far as the fresh states are
concerned, it is quite clear that the solid solution leads
to an improvement of the catalytic activity. In accor-
dance with our TPR results, the mobility of surface
oxygen species of the support is enhanced by the pres-
ence of Pt particles leading to a large improvement of
the catalytic performances.

In the 300–450◦C range, the conversion decreases
with the time on stream at a given temperature. This
behaviour is illustrated by Fig. 7 in which the con-
version of CH4 into CO2 at 350◦C was plotted as a
function of the reaction time. After a reaction time
of 12 h a loss of conversion from 80 to 40% was ob-
served. The activity was fully regenerated by treating
the deactivated sample under hydrogen at 300◦C for
1 h (Fig. 7). On the contrary, the deactivated catalyst
did not recover its activity by treatment under nitrogen
or oxygen at 350 or 500◦C (Fig. 7). Such a behaviour
is typical for Pt support on a CeO2–ZrO2 solid solu-
tion, the deactivation involved probably actives sites
of the support. Different causes of deactivation may
be considered:
• poisoning by water and/or CO2, such a inhibiting

effect of CO2 and/or H2O would be suppressed by a
treatment at temperature high enough to decompose
surface carbonates or to condense hydroxyl groups.
Such an hypothesis was ruled out since a treatment

Fig. 7. Methane conversion into CO2 on the fresh Pt/Ce0.67Zr0.33O2 catalyst at 350◦C as a function of the time on stream. Activity was
measured on fresh catalyst as well as on deactivated catalysts subsequently treated, either under nitrogen, oxygen or hydrogen.

under nitrogen at 500◦C does not modify the deac-
tivation whereas CO32− and OH groups are elimi-
nated. The decomposition of CO3

2− groups was
followed by in situ FTIR spectrocopy.

• a sintering of the Pt particles could explain the
loss of activity. Nevertheless the fraction of exposed
platinum atoms in the deactivated state is close to
that measured in the fresh state.
The deactivation is probably due to the progressive

formation of some oxidised species bonded to the sup-
port or/and to the platinum particles, the identification
of the species responsible for such a deactivation is
still under study.

After ageing at 1000◦C, the activity strongly de-
creased, theT50 temperature increased from 335 to
ca. 620◦C. The catalytic activity is close to that of
Pt/Al2O3 aged in the same conditions (Fig. 6) [28–30].
Even if the right Ce0.67Zr0.33O2 solid solution with-
out any demixion is still present and if the BET area
value (7 m2 g−1) is not too low, the beneficial effect of
the solid solution onto the catalytic properties of Pt in
methane combustion is completely suppressed for the
Pt/Ce0.67Zr0.33O2solid aged at 1000◦C. An encapsu-
lation of the metal particles has been considered, after
ageing, in the case of rhodium and platinum deposited
onto a CeO2–ZrO2 solid solution [27]. One important
parameter in favour of the encapsulation would be the
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Table 4
Main characteristics of the MnOx /Ce0.67Zr0.33O2 catalyst in the fresh state and after ageing at 1000◦C

Property Fresh catalyst Aged catalyst

BET area 62 m2 g−1 0.4 m2 g−1

Crystallographic phases Ce0.67Zr0.33O2+MnO2 Ce0.75Zr0.25O2+Ce0.16Zr0.84O2+Mn3O4

T50 525◦C –
Eact 83 kJ mol−1 –

formation of a bulk oxide of the noble metal in the
ageing conditions [26]. The formation of Pt bulk ox-
ides which does not occur in similar conditions could
be at the origin of the non-encapsulation of the Pt
particles [26].

3.3. MnOx /Ce0.67Zr0.33O2 catalyst

Table 4 gives the main characteristics of this catalyst
in the fresh and aged states.

Before ageing, the BET area of the catalyst is sim-
ilar to that of the support. By contrast, after ageing,
the resulting BET area is very low (0.4 m2 g−1) and
much lower than that of the aged Ce0.67Zr0.33O2 sup-
port (8 m2 g−1). For the fresh solid, the phases iden-
tified by X-ray analysis are those of the 67/33 solid
solution and MnO2. For the aged solid, Mn3O4 is

Fig. 8. TPR measurements. Hydrogen consumption as a function of the temperature for the fresh (j) and aged (d) MnOx /Ce0.67Zr0.33O2

catalyst. Ageing was performed at 1000◦C under O2+H2O in nitrogen.

detected and a phase segregation of the solid solution is
observed: the Ce0.75Zr0.25O2 and Ce0.16Zr0.84O2
phases are now detected like in the case of the ageing
of the solid solutions at 1200◦C under O2 and H2O.
Such a phase segregation might explain the dramatic
loss of surface area after ageing. MnOx deposition
strongly decreased the thermal stability of the 67/33
solid solution which is decomposed at 1000◦C in the
presence of MnOx .

The TPR profiles of the MnOx /Ce0.67Zr0.33O2 cata-
lyst in fresh and aged states are given in Fig. 8. For the
fresh catalysts two main peaks are observed, the first
one close to 500◦C and the second one at ca. 900◦C.
The hydrogen consumption at 500◦C corresponds to
the reduction of MnOx and to the first layers of the
solid solution (reduction observed at ca. 680◦C in the
absence of Mn). By assuming the reduction of MnO2
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Fig. 9. Catalytic activity in methane combustion for MnOx supported on the Ce0.67Zr0.33O2 solid in fresh and aged states.

into MnO in the first TPR peak, the reduction at 500◦C
of the Ce0.67Zr0.33O2 solid solution concerns 5.0
layers. The aged catalyst exhibited only one peak of
reduction at ca. 950◦C.

Fig. 10. Comparison of the activities of MnOx /Al2O3 and MnOx /Ce0.67Zr0.33O2 catalysts at low conversion in the fresh and the aged states.

The catalytic activity of the MnOx /Ce0.67Zr0.33O2
catalyst in the two states is shown in Fig. 9. A com-
parison with MnOx /Al2O3 is given in Fig. 10 for the
same type of ageing. In the fresh state the activ-
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ity Mn oxide supported onto Ce0.67Zr0.33O2 (T50=
525◦C) is slightly better than that of the support
(T50=576◦C). Fig. 10 shows that at low conversion
the Ce0.67Zr0.33O2 solid solution has a slight posi-
tive effect on the catalytic activity in the fresh state.
Nevertheless, over the full temperature range studied,
the promoting effect of the Ce0.67Zr0.33 support onto
the catalytic activity of manganese oxide is rather
small. In addition, the catalytic activity is close to
that of the Ce0.67Zr0.33O2 support. After ageing the
catalytic activity almost disappeared since the con-
version at 800◦C is ca. 10%, i.e. comparable to the
activity due to the homogeneous reaction measured
with a reactor filled with silica powder. Such an aged
catalyst is largely less active than the corresponding
MnOx /Al2O3 solid (Fig. 10). Taking into account the
BET areas of the Ce0.67Zr0.33O2 support and of the
MnOx /Ce0.67Zr0.33O2 catalyst, the intrinsic catalytic
activity in CH4 combustion has been calculated at
700◦C: the intrinsic activity of the catalyst is equal
to 1.7×10−4 mol CH4 h−1 m−2, whereas the cor-
responding value for the support is 2.0×10−4 mol
CH4 h−1 m−2. The proximity of these two values
strongly suggests that manganese oxide is no longer
present at the surface of the support and is proba-
bly encapsulated or dissolved into the solid solution
crystallites.

In the case of fresh Mn-doped ceria–zirconia solid
solutions, Terribile et al. [13] have found a slight pos-
itive effect of Mn addition for the combustion of C1+
alkanes. For instance, theT50 temperature for iC4H10
combustion decreased by ca. 60◦C after introducing
5 mol% Mn in the Ce0.8Zr0.2O2 mixed oxide. Such a
promoting effect was strongly decreased in methane
combustion, like in the present. The authors concluded
that low temperature reaction conditions (combus-
tion of C1+ alkanes) might favour the reactivity of
catalysts whose redox behaviour is promoted at low
temperature.

In conclusion, the use of the Ce0.67Zr0.33O2 solid
solutions as support of Mn oxide has a limited ben-
eficial effect on the catalytic activity in the fresh
state. On the other hand, the aged solid has almost
no catalytic activity. Such a behaviour is probably
due to the loss of the thermal stability leading to the
appearance of new solid solutions associated with a
drastic loss of the surface area. In addition, it seems
that manganese species are not accessible to the

reactants. MnOx seems to be responsible for the loss
of the thermal stability of the solid solution.

4. Conclusion

The thermal stability of several solid solutions
Ce1−xZrxO2 has been investigated in the range
0<x<0.53. After ageing at 1000◦C under oxygen and
steam, the Ce0.67Zr0.33O2 solid showed the best ther-
mal stability and was selected as support for active
phases. It was found that the various solid solutions
have a non-negligible catalytic activity in methane
combustion.

The Pt/Ce0.67Zr0.33O2 catalyst was very active in
CH4 combustion, its activity was much higher than
that of platinum deposited on alumina and comparable
to that of a Pd/Al2O3 catalyst. Nevertheless, in isother-
mal conditions a deactivation on stream is observed
in the 200–500◦C temperature range. After ageing at
1000◦C the thermal stability of the Ce0.67Zr0.33 solu-
tion is preserved, but the activity is similar to that of
an aged Pt/Al2O3 catalyst : the positive effect of the
Ce0.67Zr0.33O2 support is no longer observed.

The catalyst obtained by supporting manganese ox-
ide onto the Ce0.67Zr0.33O2 solid solution is slightly
more active than the corresponding MnOx /Al2O3 cat-
alyst. After ageing at 1000◦C, the presence of man-
ganese oxide leads to a complete loss of the thermal
stability of the solid solution. A segregation of phases
is observed with the formation of two new solid solu-
tions, Ce0.75Zr0.25O2 and Ce0.16Zr0.84O2, at the same
time the BET area dramatically decreases down to
0.4 m2 g−1. The aged sample has no catalytic activity
in methane combustion below 700◦C.

For the above results it can be concluded that the
CeO2–ZrO2 solid solutions are not suitable supports
for methane catalytic combustion as far as high tem-
peratures applications are concerned.
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