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of Carbon Monoxide by Oxygen
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Ceria, platinum, and platinum—ceria catalysts supported on y-alumina have been characterized
by temperature-programmed reduction (TPR) using CO as reducing agent. In all cases, CO dispro-
portionation was found to be negligible. Nevertheless, a small CO, TPR signal was detected on
the y-alumina support at tempratures higher than 673 K. and has been attributed to the water-gas
shift reaction between gaseous CO and the hydroxyl groups of the alumina surface. The comparison
between the CO-TPR spectra of CeO,/Al,0; and Pt-Ce04/Al-O; has revealed that platinum induces
a downscale shift on the temperature of the ceria reduction peak. Two possible interpretations of
this platinum—ceria interaction are proposed: (i) a C-0 bond weakening when CO is adsorbed on
platinum particles and (ii) a decrease of the Ce—0 bond strength for ceria localized near platinum,
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INTRODUCTION

The catalysts used in the field of automo-
bile exhaust depollution are basically com-
posed of precious metals supported on a y-
alumina washcoat containing ceria. The use
of ceria is partly due to its oxygen storage
capacity. which is related to the reducibility
of CeO-.

Temperature-programmed reduction (TPR)
is very well adapted to study this particular
property and has already been extensively
applied on bulk (2-5) or supported (2, 4, 6)
ceria. with (2-6) or without (2, 5, 6) pre-
cious metals. Nevertheless, most of these
studies have been performed by the *‘classi-
cal’” TPR, i.e., by using hydrogen as reduc-
ing agent. whereas ceria reducibility related
to carbon monoxide seems to be of prime
importance in the oxygen storage mecha-
nism, when performed in a real exhaust pipe
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which contains about three times more CO
than hydrogen.

Since carbon monoxide has been very sel-
dom used as reducing agent (7, 8), this paper
is devoted to the study of the influence of
platium on the reducibility of CeO, by CO,
as primary characterization of y-alumina
supported Pt and/or Ce catalysts. The cata-
lytic behaviour of these catalysts will be pre-
sented in Part II of this work for the oxida-
tion of CO by O, (/).

EXPERIMENTAL

Preparation of the catalysts. The cata-
lysts have been prepared by wet impregna-
tion of y-alumina pellets (purchased from
Rhone—Poulenc: specific area, 206 m°/g;
pore volume, 0.54 cm*/g; and mean particle
size, 2 mm) with aqueous solutions of
Ce(NO,), for ceria and H,PtCl for platinum.
The Pt-Ce0,/Al,O, catalysts have been ob-
tained by successive impregnations, of ceria
first, followed by the impregnation of plati-
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num. After each impregnation step, the sam-
ples are calcined for 2 h at 673 K in air.
The catalyst compositions have then been
analyzed by atomic absorption (Service
Central du CNRS, Vernaison, France).
Their characteristics are: 14.5% CeO, for
CeO,/AlLOs, 2.13% Pt for 2% Pt/AlLO,, and
1.99% Pt-14.2% CeQ, for 2% Pt-14.5% Ce/
Al O;.

Temperature-programmed reduction. The
TPR characterization has been performed
on 4.72 g of catalyst, under 1.5% CO/He
(vol%), with a constant flow rate of 100 cm?/
min and from room temperature (RT) to 973
K (heating rate: 10 K/min). The treatment
procedure performed on the catalyst is de-
scribed in Fig. 1. After each step, the sample
is kept for 1 h at 973 K under the indicated
gas composition. Then the reactor is purged
at 973 K by pure helium before cooling, in
order to eliminate all species weakly ad-
sorbed on the surface of the catalyst.

Figure 2 shows a schematic drawing of
the apparatus used for this TPR test. The
carrier gas flows through the reference side
of the thermal-conductivity detector (TCD
is not directly used for TPR characterization
but is useful for light-off tests described in
Part I1 (/)), whereas the test gas mixture
flows successively through the reactor, the
TCD, and the two infrared detectors (for CO
and CO,). The trap TR may be connected
between the outlet of the reactor and the
analysers, in order to trap the water coming
out during the first heating. The flow rates
are monitored by mass flow controllers. The
catalyst is heated with a regulated furnace
and its temperature is measured by a ther-
mocouple placed inside the pellets bed.

RESULTS
The TPR curves obtained on the catalysts
mentioned above are plotted in Fig. 3.
(i) y-Alumina

The TPR spectrum of y-alumina exhibits a
small CO, formation (together with a nearly
stoichiometric CO consumption) at temper-

atures higher than 673 K, which increases
progressively to a maximum of 6000 ppm
CO, at 973 K. A further point to note is that
this CO, signal decreases after successive
TPR-TPO cycles. Therefore, it cannot be
ascribed either to the reduction of impurities
of the support or to the presence of some
oxygen in the feedstream, since these two
phenomena should be perfectly reproduc-
ible after reoxidation.

It seems to us that the only possible rea-
son for this behaviour is the reaction of gas-
eous CO with the hydroxyl —OH groups re-
maining on the alumina surface. Indeed, the
dehydroxylation of alumina is known to be
slow (9, 10), and to produce water which is
thought to react with CO via the water-gas
shift (WGS) reaction.

It is important to keep in mind the exis-
tence of this reaction on the support in order
to give correct interpretations of the various
kinds of phenomena exhibited on the cata-
lysts supported on this alumina.

(ii) 14.5% CeO,/ALO,

Compared to the support alone, the sam-
ple containing 14.5% CeO, exhibits a new
CO, peak, between 573 and 823 K, which is
mainly attributed to the reduction of surface
oxygen atoms of ceria (by analogy with the
TPR results obtained either under hydrogen
(2) or under CO (7)). At higher tempera-
tures, the reduction seems to proceed fur-
ther, but unfortunately it is impossible to
quantify because of the concomitant WGS
reaction already observed on pure alumina.

In order to measure the extent of the Bou-
douard reaction (2 CO — CO, + C) which
would lead to carbon deposition on the sur-
face, the catalysts have been systematically
submitted to a subsequent temperature-pro-
grammed oxidation (TPO, see Fig. 1). The
cumulative amount of CO, formed during
this treatment is a measure of the extent
of carbon atoms deposited during the TPR
step. The results of this TPO study are given
in Table 1, where they are compared to the
amount of CO, produced during the TPR
characterization. For all samples, we note
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> Light-off on preoxidized

catalyst.

Fi1G. 1. Treatment procedure used for the TPR characterization of the catalysts. Step 1: thermodesorp-
tion aimed to dehydrate the catalyst support. Steps 2 and 3: reductive and oxidative treatments aimed
to obtain a reproducible state of the catalyst: note that step 3 is also a light-off test whose results will
be discussed in Part 11 of this work. Step 4: TPR characterization. Step 5: temperature-programmed
oxidation (TPO) used to measure the extent of carbon deposition that may occur during the previous
TPR under CO. Step 6: light-off test performed on preoxidized catalyst; see Part Il of this work.

that the Boudouard reaction is negligible un-
der our operating conditions.

Thus, we may conclude that the TPR
spectrum of 14.5% CeO,/Al,05 is mainly
composed of the superposition of a reduc-
tion phenomenon (of surface Ce0,) and the
water-gas shift reaction between CO and
H,O coming from the dehydration of the
support.

(iii) 2% PtIALO,

Just before the TPR test, the last pretreat-
ment step consists of an oxidation of the

catalyst at 973 K under the oxidative mix-
ture 1.5% CO + 1.5% O./He. At this tem-
perature, platinum oxide is known to be un-
stable, even under an oxidative atmosphere
(/1). This means that at the beginning of our
TPR test the 2% Pt/Al O, is already in the
metallic form and will not exhibit any CO,
peak due to the reduction of the catalytic
phase.

Indeed, the TPR spectrum of this catalyst
(Fig. 3c) only shows a small amount of CO,,
beginning around 373 K and similar to the
spectrum obtained on y-alumina (Fig. 3a).
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F1G. 2. Schematic drawing of the apparatus used for the TPR characterizations. The experimental
conditions are: mass of catalyst, 4.72 g; gas flow, 100 cm*/min; reducing gas composition, 1.5% CQ/

He; heating rate, 10 K/min.

This curve seems to be also related to the
WGS reaction, owing to the water issued
from Al.O, dehydroxylation, this reaction
being tentatively catalysed by the platinum
present in the sample (the reaction is detect-
able at higher temperature on pure alumina).

(iv) 2% Pt-14.5% CeO,/ALLO,

As for the 2% Pt/AlLO; catalyst, PtO,
should not be present after the oxidative
treatment at 973 K and thus, the reduction
peak of PtO, is not present in this TPR spec-
trum (Fig. 3d: if present it would have ap-
peared at a temperature lower than 473 K
(12)).

Consequently, the CO, signal observed
is tentatively ascribed to the reduction of

surface Ce0O,, as for the TPR spectrum of
14.5% Ce0,/Al,0, in Fig. 3b.

However, we note that this reduction step
starts at 413 K on 2% Pt-14.5% Ce0,/Al,O;,
compared to a higher temperature (553 K)
without platinum. This decrease in the re-
duction temperature of CeO, surface by ad-
dition of platinum has already been ob-
served by numerous authors working with
hydrogen as reducing agent.

DISCUSSION

The most interesting result of these TPR
experiments is that platinum is implicated
in the reduction of surface ceria, since it
enables ceria reduction at lower tempera-
ture than without platinum. This phenome-
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F1G. 3. TPR profiles obtained by reduction of the catalysts by carbon monoxide. The experimental

conditions are: mass of catalyst, 4.72 g: gas flow
He: heating rate, 10 K/min.

non reveals the presence of an interaction
between platinum and ceria, and confirms
the results obtained by other authors with
TPR performed under hydrogen. In the case
of hydrogen reduction, the effect of plati-
num can be attributed to hydrogen spillover
from platinum particles, leading to activated
hydrogen atoms which can reduce ceria
more easily. This interpretation is that given

. 100 cm*/min; reducing gas composition; 1.5% CQ/

by Levy and Boudart (/3) to explain the
decrease of WO, reduction temperature
when platinum is added to tungsten oxide.

Nevertheless, this explanation cannot be
applied to our own results since carbon
monoxide is not dissociated. Therefore,
when CO is adsorbed on ceria, one cannot
imagine how it could be more activated by
a previous adsorption on the precious metal
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TABLE 1

Quantitatve Measurements of Total CO, Amount De-
sorbed from the Catalyst during the TPR Test and dur-
ing the Subsequent TPO Test

Catalyst CO, TPR CO, TPO
(in mol per g (in mol per g

of catalyst) of catalyst)

ALO, 2.5 x 104 0.4 x 10°°
14.5 % Ce0./ALO, 6.1 x 107* 1.4 x 10°°
2% P/ALO, 3.1 x 107+ 0.7 x 10°*
2% Pt-14.5% Ce0./Al,04 8.0 x 107 1.0 x 10-°

than by a direct adsorption of gaseous CO
on ceria.

This is the reason why we propose two
new interpretations which may explain the
effect of platinum on the reducibility of ceria
by carbon monoxide.

(i) C-0 Bond Weakening

CO adsorption on ceria leads to site
blocking by carbonate which limits the ex-
tent of reduction, because of its high desorp-
tion temperature (7, 11).

When platinum and ceria are present to-
gether on the catalyst surface, gaseous CO
has the possibility of adsorbing on platinum
with a lower adsorption strength than on
ceria. The carbon-oxygen bond of CO is
then weakened, because of the electronic
transfer from the free 5o doublet of carbon
to the empty d-orbitals of the metal, and
subsequent back-donation of the full d-or-
bitals of platinum to the 2#* of carbon (/4,
15).

In this situation, CO adsorbed near the
Pt—CeO, interface will more easily insert an
oxygen atom from ceria into its structure,
and will quickly desorb as CO,. A schematic
drawing of this reduction mechanism is
given in Fig. 4.

This interpretation is similar to the spill-
over phenomenon, since it is considered
that platinum acts as an adsorption activator
of the reducing agent (dissociative adsorp-
tion for H, and molecular adsorption for
CO).

(ii) Destabilisation of the Ce—O Bond

In this interpretation, platinum is consid-
ered as modifying directly the ceria proper-
ties, decreasing the oxygen—cerium bond
strength for ceria located near platinum.
Consequently, the CO adsorbed on ceria
would be transformed to a less stable car-
bonate than in the absence of precious
metal, and would then desorb as CO, at
lower temperature, reducing the ceria
surface.

This interpretation is supported by previ-
ous results obtained in this laboratory (16)
and by Yu Yao (/7) who pointed out a
charge transfer from metal to ceria, leading
to a small increase in the oxidation state
of the metal, indicating that cerium is also
slightly reduced, leading to a decrease of
the Ce-O bond strength (6).

The two models proposed explain the fact
that the oxygen atoms located at the
Pt—-CeO, interface are easier to reduce than
the oxygen atoms of isolated CeQ,.

Nevertheless, the TPR curves (Figs. 3¢
and 3d) show that it is the whole reduction
peak which is shifted toward lower tempera-
tures when platinum is added to supported
ceria. This result means that platinum exhib-
its a long distance effect on the reducibility
of the surface of ceria.

When the temperature reaches the start-
ing point of ceria reduction, only the most
easily reducible oxygen atoms, i.e., those
at the Pt—CeO, interface, will be taken away
as CO,, leaving an oxygen vacancy at the
Pt—CeO, interface. This first stage of reduc-
tion leads to a concentration gradient in oxy-
gen vacancies between the reactive inter-
face and ceria which is far away from
platinum. This gradient is a driving force
which could enable the progressive diffu-
sion of all reducible surface oxygen atoms
towards the interface. At the same time, the
oxygen vacancies created at the Pt-CeO,
interface would migrate in the opposite di-
rection and their surface concentration
would increase as a function of the global
reduction extent.
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F16. 4. Schematic drawing of the first proposed mechanism for the interface reduction of ceria by

carbon monoxide adsorbed on platinum: model of C—O bond weakening. -0~

and TJ*, oxygen vacancy.

These two interpretations may explain the
effect of platinum on the reducibility of ceria
by CO. We should not forget the spillover
of CO from Pt to CeO:, as observed by Bond
et al. (18), but when this phenomenon oc-
curs it has been mentioned that the slow
step is reoxidation, which is not our case
(1).

Nevertheless, at temperatures higher
than 573 K, the reduction is thought to go
further by a mechanism involving the direct
adsorption of carbon monoxide on ceria,
without any interference of platinum, since
this direct mechanism takes place on CeO,/
Al,O; samples.

CONCLUSIONS

—Under the operating conditions used,
carbon monoxide disproportionation was
found to be negligible for the tested samples.

—It has been shown that the support
alone (y-alumina) was able to oxidize CO to
CO, from about 773 K, probably via the
water—gas shift reaction, owing to alumina
dehydration.

This phenomenon is of prime importance
since it was also present at high temperature
for other catalysts, as a superposition on
“‘real”” reduction peaks, thereby preventing
good quantification.

—The most interesting result from this
TPR/CO study is the decrease of the reduc-
tion temperature of surface CeO, when
platinum is added to supported ceria. Two
interpretations of the platinum ceria inter-

-, oxygen of ceria;

action have been proposed: (i) a C-O bond
weakening when CO is adsorbed on plati-
num particles and (ii) a decrease of the
Ce-O bond strength for ceria localized
near platinum.

For these two models, platinum acts as
a catalyst for the reduction of surface oxy-
gen of ceria, but only for CeO, next to
platinum. We believe that the remaining
ceria is reduced either by a migration pro-
cess of oxygen atoms and vacancies, re-
spectively, towards and from the reactive
Pt—-CeO, interface, or, at temperature
higher than 573 K. by direct adsorption
of CO on CeQ,, without any participation
of platinum.
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