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ABSTRACT

CexZr;_»0, mixed oxides nanopowders with x=0.10, 0.25, 0.50, 0.75 and 0.90, and pure ceria, all prepared
by a low temperature citrate complexion technique, were investigated using a range of temperature pro-
grammed (TP) techniques in order to evaluate their suitability for use as anode catalyst materials in solid
oxide fuel cells operating on hydrocarbon fuels. In TP reduction experiments, reduction peak tempera-
tures and peak areas were related to the activity and amount, respectively, of available catalyst oxygen.
Mixed oxides with higher Ce contents (x > 0.50) were found to be reduced at significantly lower temper-
atures than samples with x <0.50. The oxide with x=0.75 supplied the largest amount of labile oxygen.
TP reaction experiments performed in dry methane on two samples indicated that susceptibility of the
oxides to carbon deposition was inversely related to availability of catalyst oxygen. Light-off experiments
in a stoichiometric CH4/O, mixture were performed to investigate the catalytic activity of the mixed oxide
compositions for methane oxidation. Catalytic activity increased with cerium content to a maximum at
x=0.75 before decreasing at x=0.90. All the mixed oxides were considerably more active for methane
oxidation than pure CeO, prepared by the same citrate route.
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Solid oxide fuel cell
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1. Introduction

Mixed oxides of Ce and Zr have been investigated extensively
for a range of applications, but are primarily used as automo-
tive three-way catalysts (TWCs) [1-17]. TWCs are sited in the
exhaust pipe of vehicles and convert CO, un-combusted hydrocar-
bons and NOy from the engine into CO,, H,O and N, for release
into the atmosphere. The incorporation of Zr into CeO, to give the
CexZri_x0, system has been clearly shown to increase both the
thermal stability of the catalyst microstructure and the catalytic
activity, especially for oxidation reactions [18,19]. These properties
have resulted in the investigation of the Ce-Zr-0 system for the cat-
alytic combustion of hydrocarbons [14]. These properties also make
these materials of interest for application in the fuel electrode (the
anode) in SOFCs where hydrocarbon fuels are to be fed directly to
the fuel cell.

As well as catalytic activity for the fuel reaction, the SOFC anode
must possess good electronic conductivity. In SOFCs which operate
on hydrogen fuels, an anode of Ni-YSZ is often used. Here the Ni
acts as both catalyst and electronic conductor. However, in hydro-
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carbon fuels these anodes are deactivated and ultimately destroyed
by deposition of carbon [20-22]. Oxides which can act as cata-
lysts and are electronic conductors, or oxide catalysts coupled with
metals other than Ni, are therefore of interest for direct utilisa-
tion of hydrocarbons in SOFCs. Cu has been shown to provide good
electronic conductivity for the anode while being relatively inert
with regard to carbon deposition reactions [23]. A large amount of
research has been performed by Gorte and co-workers on the incor-
poration of CeO, — usually with Cu - as an active phase in the anodes
of SOFCs, usually with yttria-stabilised zirconia (YSZ) electrolytes.
These authors report impressive performance with hydrocarbon
fuels [24-31]. Rather than being a problem, limited, preferential
carbon deposition appeared to provide an improved electron con-
duction pathway after operation of the cell under n-butane, for
example, so improving the overall conductivity of the Cu/Ce0,-YSZ
anodes [24]. The performance of Ni-YSZ and Cu-Ce0O,-YSZ anodes
was compared by Costa-Nunes et al. when operating under H
and CO [27]. The Ni-YSZ anodes were found to be very effective
when operating under H, but showed extremely poor performance
with CO. However, a Cu-CeO, anode material deposited on the
YSZ electrolyte showed comparable performance for both fuels.
As a result, it was proposed that this anode would be able to
operate directly with syngas fuels. The substitution of CeO, by
Ce.6Zro.40; in the Cu-Ce0,-YSZ system was shown by Ahn et al.
[32] to significantly enhance the thermal stability of the material
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when operated in humidified H,. Larrondo et al. [18] investigated
a range of CexZr{_40, (x=0.9, 0.7, 0.5) oxide powders for catalytic
oxidation of H, and dry CH4 and reported increased catalytic activ-
ity on incorporation of Zr into the CeO, lattice for all three oxide
compositions. In a related study, these catalysts were found to
improve performance over that of pure CeO, when incorporated
into the anodes of a single chamber SOFC. Unlike in a conventional
SOFC, in a single chamber cell both the anode and the cathode are
exposed to a mixture of both the fuel and the oxidant, CH4 and O,
in this case [33].

The present contribution forms part of a larger, systematic study
aimed at evaluating the suitability of Ce-Zr mixed oxide nanopow-
dersforapplication in the anodes of SOFCs for use with hydrocarbon
fuels directly. For the overall study it was necessary to prepare a
compositional series of Ce-Zr oxide materials with consistent phys-
ical properties and suitable nanostructure. This was achieved by
employing a low-temperature citrate complexation method. This
yielded high-purity Ce-Zr mixed oxides whose structures resem-
bled highly porous solid foams, or egg-shell structures, consisting
of thin sheets of the mixed oxide material. These sheets were
found to be comprised of well-defined nanocrystals with diame-
ters of 8-10 nm, depending on chemical composition. The foam-like
structure could be broken down and the nanoparticles released by
grinding or milling. The resulting compositional series of nanopow-
ders showed very consistent physical properties and so provided a
good basis for the evaluation of Ce-Zr mixed oxides for use in SOFC
anodes, the overall aim of the larger study. The thermochemical
and crystallographic properties and the micro- and nanostructural
characterisation of these materials have been reported elsewhere
[34]. The findings of a detailed parallel electrochemical study of fuel
cell electrodes incorporating these Ce-Zr oxide materials have been
reported recently [35]. In this study, the electrochemical proper-
ties of the electrodes were studied using impedance spectroscopy,
the spectra were fitted to a sophisticated fractal model and the fit
parameters were used to compare electrode behaviour as a function
of Ce-Zr oxide composition.

In the current contribution, the redox and catalytic proper-
ties of the above-mentioned compositional series of Ce-Zr oxide
nanopowders were studied. Properties of interest for the intended
final application of these materials in SOFC anodes were investi-
gated using temperature-programmed (TP) techniques and other
catalysis methods. The availability and quantity of catalyst oxy-
gen species were studied by TP reduction. Catalyst deactivation
through formation of carbon deposits under hydrocarbon fuels was
addressed in experiments involving TP reaction followed by TP
Oxidation. Finally, light-off curves for the oxidation of methane
under stoichiometric conditions were recorded and the light-off
temperatures were used to compare the catalyst samples in terms
of their hydrocarbon activation ability. It was hoped that these
results would provide insight into the potential of these materials
for use in SOFC anodes. The findings of a parallel electrochemical
study on fuel cell electrodes incorporating these Ce-Zr oxide mate-
rials showed interesting agreement with the results of the current
catalytic study [35].

2. Materials and methods
2.1. Materials preparation

Cep.1Zrp 90, (CZ]O), Ceo,252r0,7502 (CZZS), Cep5Zrp50, (CZSO).
CEO.75ZI'(),2502 (CZ75) and CEO.QZFOJOZ (CZQO) oxide nanopow-
ders, and pure CeO,, were synthesised from nitrate precursors
using a citrate complexation method established in the group and
described previously [36-38]. Briefly, zirconium dinitrate oxide
(99.9%, Alfa Aesar) and cerium nitrate hexahydrate (99.5%, Alfa

Aesar) were weighed in the ratio appropriate for the preparation
of 0.1 mol of the relevant oxide before being dissolved separately
in 50 ml of deionised (d.i.) water under stirring. These two cation
solutions were combined and left to mix under stirring. An amount
of anhydrous citric acid (99.5%, Alfa Aesar) appropriate to give a
molar ratio of citric acid (CA):total oxide (TO) of 2:1 was dissolved
in d.i. water and added to the cation solution. This solution of citric
acid and the two nitrates (only one to make ceria) was allowed to
homogenise under stirring before the temperature was increased
atarate of 5°Cmin~! to 80 °C for 30 min. This step caused the elimi-
nation of excess water and the formation of a transparent gel which
became increasingly viscous over time. The gel was transferred
to a muffle furnace and was heated to 250°C for 1h at a heating
rate of 2°Cmin~!. This led to the evolution of the remaining water
and of gaseous nitrogen oxides. The resulting foam-like powder
was calcined by heating to 500°C for 1h at a rate of 2°Cmin~".
These calcined powders were ground using a pestle and mortar to
give fine powders for study of their redox and catalytic properties
in temperature programmed reduction and light-off experiments.
Specific Surface Areas (SSAs) of the samples were obtained by the
BET method using N, adsorption and desorption in a Micrometrics
instrument.

Details of the thermochemical and crystallographic properties
and of the micro- and nanostructure of these materials, including
high resolution XRD patterns of the nanopowder samples used in
the current study can be found elsewhere [34]. The current contri-
bution addresses the redox properties and catalytic activity of these
materials. XRD patterns of a number of samples after use in certain
of these experiments were recorded on a STOE Stadip instrument
using Cu Ko radiation with a step size of 0.5° and step time of 15s.
These patterns are available as Supplementary Data.

2.2. Temperature programmed experiments

The system used for the temperature programmed (TP) experi-
ments was based on that used by Baker and Metcalfe [39] and was
designed and built in house. Gases and gas mixtures were supplied
to the system from cylinders (B.O.C. Ltd.). An inert gas, Ar, and three
dilute treatment gases, 5% H;/Ar, 5% CHy4/Ar and 5% O,/Ar were
used and these were passed through water traps and oxygen traps
(except the O, /Ar) before entering the TP system. In addition, a cal-
ibration gas could be connected to the system. The treatment gas to
be used was selected using a four-way valve. Two mass flow con-
trollers (MFCs, UNIT) were used to set up two equivalent, precisely
controlled, continuous parallel flows of the inert and of the selected
treatment gas. One of these gases passed to vent while the other
passed to the TP microreactor. Because both flows were continuous,
their routes could be switched over without the risk of introducing
contaminant gases, such as air, into the reactor system. The exit gas
from the microreactor flowed through a manifold of differentially-
pumped control valves which split off a small fraction for analysis
in the quadrupole mass spectrometer (QMS), the remainder going
to vent. The TP microreactor could be bypassed - to protect the
sample, for example - and the system was equipped with a water
injection port which was used to calibrate the QMS response. The
calibration was obtained by injection of 1 wl aliquots of d.i. water
each day. Downstream of the liquid injection port all tubing was
glass-lined and was trace heated to prevent condensation of water
or other species in the apparatus. The tubular quartz micro-reactors
were built in-house and contained a central quartz frit on which the
sample was located. Accurate sample heating was achieved using
a small resistive furnace controlled by a dedicated temperature
controller. Typical sample mass was 50 mg. This ensured that the
quartz frit was completely covered in sample without there being
excessive depth of catalyst bed which may have resulted in sig-
nificant re-adsorption of desorbing species. The QMS system was
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able to log up to 16 separate mass to charge ratios (m/q) in real
time and software was used to convert these data and the temper-
ature signal from the microreactor into TP spectra. The main ratios
used were m/q=2, 15, 18, 28, 32 and 44 which corresponded to H,,
methane (i.e. CH3), water, CO (andN;), O, and CO,. Traces for C,
N and O, which resulted from fragmentation of primary species in
the QMS, were employed to clarify ambiguities in the traces of the
main species. Gas flow rates of 50 mlmin~! and TP heating rates of
5°Cmin~! were used throughout. Desorption of species from the
surface of a catalyst could be followed as a function of temperature
in TP desorption (TPD, in inert, e.g. Ar). The system also allowed TP
Reduction (TPR, following H,O production in 5% H;/Ar), reaction
(TPRx, following various products and reactants in e.g. 5% CHy4/Ar)
and Oxidation (TPO, O, consumption and oxygenate production in
5% 0, /Ar) experiments to be performed.

2.3. Light-off experiments

The light-off experiments were performed using the apparatus
described above. This was modified slightly to allow dilute methane
(5% CH4 in Ar) and oxygen (5% O, in Ar) gases to be mixed so as to
give a stoichiometric molar ratio of O,:CHy =2. This gas mixture
was supplied to the microreactor at a flow rate of 50 mlmin—! (at
standard pressure). Samples (50 mg) were pre-reduced in situ by
heating to 500 °C in a flow of 5% H,/Ar (50 mlmin~—!) at 5°Cmin~!.
Once the sample had cooled to ambient, the reactor was flushed
with Ar, the flow of the stoichiometric CH4/O, mixture was estab-
lished and the sample was heated at 5°Cmin~! to the maximum
temperature, 900 °C. A sample of the outlet gas was passed to the
QMS which allowed the consumption of the reactants (CH4 and
0,) and the generation of the products (CO,, H,O for total oxida-
tion and CO and H, for partial oxidation) to be monitored in real
time. The more active the catalyst sample under test the lower the
temperature at which reaction was observed to start, or ‘light off’,
giving rise to an initial exponential increase in partial pressures of
the products and a matching decease in the partial pressures of
the reactants. The light-off temperature was defined here as the
temperature at which 10% of maximum conversion was attained
[40]. This provides a convenient way to compare the activity of a
number of catalyst samples. Usually, light-off experiments are per-
formed under steady state conditions at a number of isothermal
points. In the present contribution the product and reactant partial
pressures were recorded continuously as temperature was slowly
and linearly increased (at 5°Cmin~1). This method is quicker and
more convenient than the former method and, if some care is taken
in their interpretation, gives useful and meaningful results.

3. Results and discussion
3.1. Temperature programmed reduction

The traces of water evolution (m/q=18) during the TPR exper-
iments for all of the as-prepared CZ samples and for ceria are
presented in Fig. 1. The areas under the peaks are directly compa-
rable between samples and relate to the number of moles of water
released. The peaks can be divided into two groups. Firstly, those
that occur at around 100 °C would appear to be caused by desorp-
tion from the samples of physisorbed water molecules. The second
set of peaks occurs at much higher temperature. These peaks show
variation in peak area with composition and also a much more
marked variation in peak position on the temperature scale. It is
likely that these peaks are the result of reduction of the catalysts
by H; rather than of desorption of water pre-existing on the cata-
lyst surface. To confirm the assignments of these two sets of peaks,
fresh samples of each composition were subjected first to a TPD
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Fig. 1. Water traces from the TPR experiments for (a) CZ10, (b) CZ25, (c) CZ50, (d)
CZ75, (e) CZ90 and (f) CeO;.

experiment to 800 °C in flowing Ar, and then, after cooling to ambi-
ent, to the TPR experiment as normal. During the TPD experiment
any physisorbed species would be expected to desorb whereas no,
or little, reduction would be expected in the Ar atmosphere used.
The water traces recorded during these TPR runs are presented in
Fig. 2.1tis possible to verify that the high temperature peaks remain
largely as in Fig. 1 but that the low temperature water peaks are no
longer present in the spectra. Further evidence for these assign-
ments is presented in Fig. 3. Fig. 3(a) shows the H, and water traces
during a standard TPR (without prior TPD). It is clear that con-
sumption of H, was coincident with the high temperature water
production peak but not with the low temperature water peaks,
which have been attributed to desorption of physisorbed water. In
addition, the water traces from the TPD, TPR and TPR after TPD
(named TPD/R) are compared in Fig. 3(b). Again, the high tem-
perature peaks in the TPRs with and without prior TPD are very
similar, and not present in the TPD itself, while the low temper-
ature peaks are present in the ‘straight’ TPR and in the TPD but
not in the TPR with prior TPD. Therefore, the high temperature
peaks can indeed be attributed to the reduction of the samples
while those at around 100°C were caused by desorption of pre-
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Fig. 2. Water traces from the TPR experiments after prior TPD (TPD/R in text) for (a)
CZ10, (b) CZ25, (¢) CZ50, (d) CZ75, (e) CZ90 and (f) CeO,.
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Fig. 3. Reduction behaviour of CZ50. (a) H, and water traces during a straight TPR
experiment (H, trace shifted down y-axis for clarity) and (b) comparison of water
traces from the TPD, TPR and TPD/R experiments.

existing physisorbed water. Although the samples were stored in a
desiccator, it is clear that they took up water during handling in air.

To investigate the structure of the materials after these reduc-
tion experiments, XRD patterns of samples after use in the TPR
experiments are presented in the Supplementary Data as Fig. S1.
These are consistent with single phase Ce-Zr mixed oxides.

In oxidation catalysts, both the reactivity (or availability) of their
oxygen as well as the amount of available oxygen are important
factors. The high temperature peaks in the TPRs in Figs. 1 and 2
provide information on both. Firstly, the peak position is related to
the reactivity of catalyst oxygen; the lower the peak temperature
the more reactive the oxygen. Secondly, the area under the peaks
can be quantified and calibrated to obtain the number of moles of
water produced per unit mass of catalyst.

The positions of the main reduction peaks from Fig. 1 (TPRs) and
Fig. 2 (TPD/Rs) are plotted for all compositions in Fig. 4. The peak
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Fig. 4. Reduction peak positions (in°C) as a function of sample composition from
the TPR and TPD/R experiments.
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Fig. 5. Moles of water evolved as a result of sample reduction in the TPR (see text)
as a function of sample composition. The theoretical maximum bulk and surface
values are plotted for comparison.

positions for the latter tend to be slightly higher than for the TPRs
without prior TPD. This can be explained as a slight coarsening of
the nanostructure of the oxides during the additional temperature
ramp to 800°C in the TPD. However, the overall trend in both sets
of data is essentially the same. Samples with the higher Ce con-
tents — CZ50, CZ75 and CZ90 - gave rise to the lower temperature
peaks - 557,567 and 572 °C in the TPRs and 589, 598 and 581 °Cin
the TPD/Rs, respectively, whereas for CZ10 and CZ25 the main peak
temperatures were about 100 °C higher and the pure ceria exhibited
by far the highest main reduction peak, at around 770°C. There-
fore, the former group of samples seems to be the more promising
in terms of oxygen activity. The peak positions determined here
show very good agreement with those of fresh samples of similar
compositions studied as part of a very detailed investigation of the
Ce-Zr mixed oxide system by Vidal and co-workers [15,41].
Turning to the quantity of available oxygen, the amount of water
evolved during the reduction experiments can be calculated by
integrating the water trace in the TPR runs, subtracting the back-
ground and applying the water calibration of the QMS. In Fig. 5
the water production calculated by integrating the straight TPR
trace from 300 °C up to the maximum temperature is plotted as a
function of sample composition. This avoids including the low tem-
perature water desorption peaks. This dataset has the advantage
that a prior TPD run is not necessary, and so any thermally induced
changes in the samples are avoided. However, if some reduction
of the sample does occur at low temperatures (below 300 °C here),
this would not be registered by this method but would be included
in the TPD/R data. However, examination of the latter plots indi-
cated that there were only very small or no reduction features in
this temperature range. For comparison, the water which would
be produced from complete reduction of the sample bulk is plot-
ted in Fig. 5. This was calculated by assuming that all the Ce in the
oxide samples was present as Ce** initially and that this would all
be reduced to Ce3* during the TPR, if complete reduction had taken
place. In addition, the water which would be produced by complete
reduction of the surface layer only of each sample is also given. This
was calculated on the basis of the SSAs of each composition, their Ce
content, and the expectation that a 25% reduction would occur, as
for the bulk calculation. The method assumes (1 00) surface planes
and follows the method of Zhao and Gorte [42]. It is clear from
Fig. 5 that much more than just the surface oxygen is removed in
the TPRs and that the degree of reduction represents a significant
fraction of complete bulk reduction for each composition. The curve
starts close to the theoretical bulk maximum for low Ce contents
and rises to CZ75 before decreasing through CZ90 and, finally, pure
ceria. Therefore, in terms of moles of available oxygen per gram of
catalyst, CZ75 is best, followed by CZ90, ceria and CZ50. The water
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Fig. 6. Extent of sample reduction in the TPR experiments as a function of sample
composition.

production data are re-plotted as a percentage of maximum calcu-
lated bulk oxidation in Fig. 6. There is a smooth decrease from 83%
reduction for CZ10 to 40% for pure ceria. This trend is also similar
to those reported by Vidal et al. [15,41].

Fig. 7(a) presents the significant variation in SSA with sam-
ple composition, and in Fig. 7(b) the amounts of water produced
in the TPR experiments are normalised with respect to SSA. An
approximately monotonic increase is seen with increasing Ce con-
tent in Fig. 7(b), favouring the pure ceria material. It is clear that
low SSA had a negative effect on the CZ10, CZ25 and pure ceria
materials.
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Fig. 7. (a) Specific surface area (SSA) of samples as a function of composition and
(b) water production in TPR experiments normalised to sample SSA.

3.2. Temperature programmed reaction and oxidation

In order to study the extent of carbon deposition, TPRx exper-
iments in dry, dilute methane were performed on the CZ50 and
CZ90 samples to a maximum temperature of 900°C. After cool-
ing to ambient temperature, the samples were subjected to a TPO
experiment in dilute oxygen to 800 °C. The resulting TPRx and TPO
spectra are given in Fig. 8. In the TPRx spectra, the CHy trace has
been moved well down the y-axis in order to compare the changes
in this trace with those of the products. Since CHy is present at
a much higher partial pressure than the products, a lower sensi-
tivity scale must be used and the CH,4 trace thus appears much
noisier than the others. Nevertheless, a large trough indicates con-
sumption of CHy4 at high temperatures for both samples. This gives
rise to significant CO evolution and this is accompanied by evo-
lution of H,, as seen, in an expanded trace, for the CZ90 sample.
No H, appears to accompany CO evolution for the CZ50 sample,
however, it perhaps being adsorbed onto the sample surface (see
comments on light-off results in the next section). Since the sam-
ples were used as prepared in the TPRx experiments, there was
some desorption of water and, to a lesser extent, CO, at about
100°C. Finally, both TPRx plots indicate limited formation of prod-
ucts of complete oxidation — water and CO, - between about 300 °C
and 900 °C with peaks at about 620°C for CZ50 and about 800°C
for CZ90. It is clear that some oxygen from the catalyst reacted
at these temperatures in the complete oxidation of CHy. As this
oxygen became depleted, products of partial oxidation, CO and Hy,
dominated at higher temperatures, peaking at around 850°C. In
CZ90 the consumption of CH4 was coincident with the release of CO,
as would be expected. However, for CZ50 a small CH4 consumption
feature was coincident with CO release but the maximum in CHy
consumption occurred after the maximum in CO production. This
suggests that the CH4 was being consumed to form surface carbon
species.

Turning to the TPO results in Fig. 8(c) and (d), the main O, con-
sumption feature coincides in both cases with formation of CO,.
This is consistent with the oxidation of surface carbon species (the C
peak, and the CO peakin large part, occur as fragmentation products
of CO, once it had entered the QMS). Two types of carbon species
are indicated in each sample. The more reactive form gave rise to
CO, peaks at lower temperature - 300°C for CZ50 and 280°C for
CZ90 - and a much less reactive, probably polymeric form, resulted
in CO, peaks at 590°C and at 690°C for CZ50 and CZ90, respec-
tively. The O, trace was moved well down the y-axis and is very
noisy because of the sensitivity setting used. However, in the TPO
for CZ50 there is clearly a trough indicating consumption of O,
before the evolution of the CO,. This is likely to be caused by the re-
oxidation of the catalyst itself. The amount of carbon deposition in
these two catalysts was quantified from the areas of the CO, peaks
and showed a ratio for CZ50 to CZ90 of 2.2:1. This is consistent with
the larger amount of available oxygen for the CZ90 than the CZ50, as
determined by the TPR experiments and presented in Figs. 5 and 6,
which would tend to prevent carbon deposition in the initial TPRx
run. An alternative explanation for consumption of O, and simul-
taneous release of CO, would be the conversion of cerium(IIl)
carbonate, formed during the TPRx run, into CeO,. The XRD pattern
of a ceria sample recorded immediately after use in a TPRx run is
given in the Supplementary Data. There was no evidence of cerium
carbonates.

3.3. Light-off experiments

Light-off experiments were performed on all five CZ samples and
on the pure ceria sample prepared using the same citrate complex-
ation method. Samples were activated in situ by reducing in dilute
H, to 500 °C. A blank light-off experiment was run using an empty
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micro-reactor (data not shown). At around 700 °C there were large
increases in the levels of Hp, H,0, CO and CO, with corresponding
decreases in CH4 and O, indicating the onset of gas-phase reaction.
Traces reached plateaux at temperatures from 800 °C.

In Fig. 9 the traces for the two reactants and four main products
- Hy, H,0, CO and CO, - in the light-off experiments are collected
together for the five CZ samples and ceria. The reactant levels for
all catalyst samples remained at their initial values up to 400°C.
The most active of the catalysts then began to catalyse the reac-
tion between the CH4 and O,. As would be expected, the traces of
both reactants showed the same order of activity for the catalysts
tested. The CZ75 was noticeably more active than the other com-
positions. CZ25 and CZ50 together were the next active, it being
difficult to tell their corresponding traces apart. CZ90 was the next
active material and CZ10 the least active of the mixed oxides. Once
the CZ10 had started to catalyse the reaction, however, the rate of
increase of reaction rate with temperature was higher than for the
CZ90, which it overtook, in terms of conversion, at around 550 °C.
The CeO, prepared by the same method as the other materials was
much less active than the mixed oxides. The O, traces fell to a con-
stant level close to zero between 700 and 810 °C, depending on the
material. The CHy traces displayed a similar initial pattern before a
second sharp dip between 815 °C and 880°C, again depending on
the material. The CO, and water traces in Fig. 9(c) and (d), respec-
tively, are, to an extent, the mirror images of the reactant traces.
That is, they began to increase at some point above 400°C (the
exact temperature depending on the material) and they displayed
the same order of activity, CZ75 > CZ25 ~ CZ50 > CZ10>CZ90 > CeO>.
As was seen in the CH4 trace, both the water and CO, traces dis-
played a dip for all catalyst compositions at some point between
815°C and 890°C. In the case of CO,, despite the dip, the level

was still well above the initial background level for all materi-
als. These changes indicate that the water was being consumed
in the steam reforming of methane at high temperature (above
800°C) to generate CO and H;. The CO and H, traces in Fig. 9(e)
and (f), respectively reveal the temperature at which the steam
reforming of methane occurred. CO was also recorded at lower
temperatures (e.g. from 450 °C for CZ75), though there was no cor-
responding H, signal so it is likely that this CO feature was an
artefact resulting from the breakdown of CO, in the QMS. CO and
H, were released together, however, in a very sharp high temper-
ature (815-890°C) step feature as a result of the steam reforming
of CHy4. The temperature at which this occurred varied between the
samples.

Returning to the onset of the complete oxidation reaction, the
light-off temperature is defined in this work as the temperature
at which 10% of the maximum conversion of the reactants (or 10%
of maximum generation of products) occurred. In Fig. 10 light-off
temperatures for the two reactants and the two products of com-
plete oxidation are plotted in order to compare the activities of the
different catalysts. There is some variation in absolute temperature
value, according to which chemical species is followed. However,
the trends are all the same. Catalyticactivity increased with increas-
ing % Ce up to CZ75 before tailing off sharply. The CeO, had the
highest light-off temperature by almost 80°C. Hence, the mixed
oxide nanopowders all appear to be far more active than the pure
CeO, for catalysing the oxidation of methane. Also, importantly,
the results are in agreement with the outcomes of the TPR and
TPD/R experiments in that CZ75 appears to be the most active cat-
alyst since it showed the lowest light-off temperature in all cases.
However, CZ90 was considerably less active than CZ75 in the light-
off experiments despite displaying nearly as good oxygen-donating
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properties. This suggests that CZ75 may be better at activating the
methane molecule than CZ90, and that it is not simply a question
of oxygen supply.

The differences in the light-off temperatures obtained by fol-
lowing the four different chemical species are interesting and can
be explained because the experiment was performed under tran-
sient conditions rather than, as is more typical, under steady state.
The CH4 consumption and CO, production traces showed a good
correlation as did those for O, consumption and H,0 production.
However, the light-off temperatures for the latter were consistently
around 20°C higher than those observed for the carbon species,
for all oxide samples, as is seen in Fig. 10. The difference between
the temperatures at which CH4 and O, partial pressures decrease
can be explained by a mechanism in which the CH4 reacts ini-
tially with oxygen species from the catalyst to form CO,. The lost

oxygen would then be replenished i.e. the catalyst re-oxidised -
at slightly higher temperature by O, from the gas phase, so giv-
ing rise to the O, consumption feature, but at a slightly higher
temperature than for CH4 consumption. This explanation is con-
sistent with the characterisation of Ce-Zr oxides as oxygen buffers
in catalysis. It then appears that the hydrogen released in the break-
down of CH4 was retained on the catalyst surface, most probably
as stable OH~ species. This would account for the slightly higher
temperature at which H,O is produced, compared to that of CH,
consumption. If these species were relatively stable then this would
explain the temperature lag between the consumption of CH4 and
the combination of these surface hydroxide groups to release H,O.
Zhao and Gorte investigated the oxidation of four hydrocarbons,
including methane and n-butane, over CeO, and Sm-doped CeO,
and reported some interesting conclusions [42]. They found that
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exchange of oxygen between the bulk and the surface of their ceria
began at about 377 °C and that the availability of bulk oxygen above
this temperature had an effect on the mechanism of hydrocarbon
oxidation. For butane, below about 377 °C, a reaction regime of half
order in O, suggested reaction of atomic surface O with the hydro-
carbon in the rate determining step. At higher temperatures, the
reaction became zero order in O,, indicating reaction of lattice, or
bulk, oxygen with the hydrocarbon followed by its replacement
from the gas phase, as discussed here in relation to the light-off
curves. Activation of CH4 was thought to be more difficult than that
of butane, because CHy4 lacks the more reactive -CH;- groups. The
authors proposed that, because of this, only the high temperature,
zero-order reaction took place with CH4. Furthermore, because of
the difficulty of activating methane, the surface and chemical prop-
erties of the catalyst play an important role and activity for H,
activation may not always be a good guide to activity for methane
activation. This is relevant to the current work in which CZ75 and
CZ90 had similar redox properties and SSAs and yet CZ75 was con-
siderably more active in the light-off experiments.

4. Conclusions

The redox behaviour and catalytic activity of five different Ce-Zr
mixed oxides and CeO, were investigated using a series of tem-
perature programmed experiments. Samples containing at least
50 mol% ceria were reduced at similar temperatures (581-598 °C
in the TPD/Rs) and samples with lower ceria content were reduced
at significantly higher temperatures (666-690°C in the TPD/Rs).
The thermal cycling associated with the TPD experiments led to a
small increase in the reduction temperature in the subsequent TPR
for most samples. To avoid this effect, reduction was quantified
using the high temperature region of the TPR plot. CZ75 produced
the greatest amount of oxygen (to form water) per unit mass in
the TPR experiments. The highest percentage of theoretical water
yield was observed for the CZ10 sample, in agreement with the
literature, although this sample also produced the least water in
absolute terms.

Light-off experiments allowed comparison of the catalytic activ-
ity of the samples for methane oxidation. The most active sample
was found to be CZ75. The CZ25 and CZ50 were less active, and
the CZ10 and CZ90 the least active, of the mixed oxides. However,
even the least active mixed oxides had a light-off temperature 80 °C
lower than that of pure ceria. Further work on the activity of these
materials for oxidation of different hydrocarbon fuels under steady-
state conditions would be useful to elucidate the effects of different
reaction mechanisms and the influence of catalyst SSA.

Overall, the results indicated that the CZ75 mixed oxide is the
most promising catalyst for methane oxidation. It showed one of
the lowest reduction temperatures, the largest absolute oxygen
availability as well as the lowest light-off temperature for methane
oxidation. It is interesting to note that, in a recently reported elec-
trochemical study, electrodes containing the CZ materials studied
here demonstrated that the CZ75 electrode had the lowest polari-
sation resistance in impedance spectroscopy measurements under
H,- and CH4-containing atmospheres [35]. This material is there-
fore of interest for application in anodes for SOFCs operating on
hydrocarbon fuels.
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