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Abstract

By using a combination of oxygen buffering capacity (OBC) and oxygen storage capacity (OSC) measurements, the redox
behaviour of a Pt/CeTbOx catalyst is compared to that of a classic model TWC system: Pt/CeO2. The results reported here show
that the redox efficiency of the Pt/CeTbOx catalyst is much better, especially at low temperature operation conditions such
as those occurring during the cold start of engines. The catalyst containing terbium also shows lower ‘light-off’ temperatures
for both methane and carbon monoxide oxidation. ©1999 Elsevier Science B.V. All rights reserved.

Keywords:Ceria–terbia; Ceria; Platinum; Oxygen buffering; Oxygen storage; CO oxidation; CH4 oxidation

1. Introduction

Ceria has been widely used for TWC applications
because of its remarkable redox properties. The ca-
pacity of ceria to store and release oxygen enables the
car-exhaust purification catalyst to operate more effi-
ciently by making it less sensitive to the continuous
lean/rich oscillations occurring in the exhaust stream
[1]. However, the performance of the ceria-based
three-way catalysts during the so-called ‘cold start
period’ of engines must be improved to meet the
increasingly restrictive regulations on exhaust emis-
sions from automobiles. In particular, new materials
with enhanced oxygen storage (OSC) and oxygen
buffering (OBC) capacities are demanded [2].

Earlier studies [3,4] have shown the outstanding
redox properties of a ceria–terbia mixed oxide with
reference to those exhibited by pure ceria and pure
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terbia. The temperature window in which the mixed
oxide is effective considerably widens that exhibited
by pure oxides, with a maximum oxygen release at
lower temperature than that determined for the other
single oxides.

Herein, we report on the redox behaviour and
catalytic properties of a 1% Pt/CeTbOx catalyst.
By using a combination of OSC, OBC, and cat-
alytic conversion measurements for both methane
and carbon monoxide oxidation reactions, the prop-
erties of this catalyst are outlined in comparison
to those exhibited by a classic Pt/CeO2 catalyst
of similar characteristic used as reference. The
whole ensemble of results presented here bring
us to conclude that the incorporation to ceria
of a second reducible rare earth cation like ter-
bium should be considered in the future for the
rational design of the new generation of TWC
materials.
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2. Experimental

The Ce–Tb mixed oxide employed as support
of platinum in the present work was prepared by
co-precipitation from an aqueous solution of the cor-
responding nitrates, after addition of concentrated
ammonium hydroxide. For this purpose, 25 g of
Tb(NO3)3·5 H2O and 100 g of Ce(NO3)3·6 H2O, both
99.99% pure from Aldrich, were dissolved separately
in distilled water (100 and 300 ml, respectively) and
the resulting solutions, mixed together. Fifty millil-
itres of a 25% ammonia solution, from Merck, were
slowly added to the nitrate mixture and the solid so
obtained washed, filtered and dried in oven during
12 h at 130◦C. After milling and grinding the dried
product, a final calcination step at 600◦C was applied
in order to decompose the mixed oxide precursor.
Specifically, a treatment in air at high temperature,
900◦C, was selected in order to get a Ce–Tb mixed
oxide with stable surface area. By doing this, metal
particle encapsulation processes associated to fur-
ther high temperature reduction treatments can be
minimised.

Using the procedure described above, a homoge-
neous Ce0.8Tb0.2O2−x mixed oxide, hereafter referred
to as CeTbOx , with 8 m2 g−1 surface area and with-
out microporosity was prepared. The nominal chem-
ical composition of this oxide was confirmed by ICP
analysis of a series of previously dissolved oxide sam-
ples [5]. Further characterisation details about this ox-
ide can be found in Ref. [3]. Cerium dioxide with
a surface area of 4 m2 g−1 was used as support of
the catalyst used as reference. Both the Ce/Tb mixed
oxide and the pure CeO2 sample appeared by XRD
and HREM to be fluorite-like homogeneous materi-
als. Starting from these oxides, 1 wt% Pt catalysts
were prepared by incipient impregnation with an aque-
ous solution of [Pt(NH3)4](OH)2. After impregnation,
the catalysts were dried in oven at 110◦C for 12 h.
Prior to any measurement, the samples were always
pre-treated in a flow of O2(5%)/He at 500◦C for 1 h,
cooled slowly to 100◦C under the oxidising mixture,
and then to room temperature in pure He. This stan-
dard pre-treatment guarantees a common well-defined
starting redox state throughout our whole study.

The reduction treatments applied to the cata-
lyst precursors were done in a flow of H2(5%)/Ar
(60 ml min−1) at a heating rate of 10◦C min−1. The

catalysts were held for 1 h at the selected reduction
temperature and further evacuated at the reduction
temperature for 1 h under flowing He. In the case of
the OSC experiments, a reduction time of 1 min was
selected.

Prior to the OBC runs, the samples were re-
duced following the general reduction treatment
described above. After reduction, the gas flow was
turned to He and the temperature set to the value
selected for carrying out the test. The experimental
method for OBC measurements has been already de-
scribed in Ref. [4](3). Briefly, it consists of injecting
0.25 ml O2(5%)–He pulses, at 10 s intervals, in the
60 ml min−1 inert gas stream. The oscillations moni-
tored with a thermal conductivity detector at the outlet
of the reactor are the result of the balance of the oxy-
gen injected, consumed and released by the catalyst.
Thus, the efficiency of a sample as an oxygen buffer
can be accounted by the attenuation factor, defined as
the ratio of the steady-state amplitude of the oscilla-
tions in the absence of sample to the amplitude in its
presence [4].

The OSC experiments were performed with a VG
Sensorlab 200D Mass Spectrometer as analytical de-
vice. The samples were reduced at a given tempera-
ture in flowing H2(5%)/Ar for 1 min, and then treated
at the same temperature with pure Ar (30 ml min−1)
before cooling to 150◦C. At this temperature, pulses
of 0.5 ml of O2 (5%)/He were injected periodically at
intervals of 2 min and the oxygen uptake monitored.

The ‘light-off’ curves for methane and carbon
monoxide oxidation were recorded in a flow U-shaped
reactor. The amount of oxide catalyst was always
100 mg. The stoichiometric reaction mixture was pre-
pared with the help of mass flow controllers; it con-
sisted of 20 ml min−1 CH4(5%)/He and 40 ml min−1

of O2(5%)/He, in the case of methane oxidation,
and 60 ml min−1 CO(5%)/He and 30 ml min−1 of
O2(5%)/He in the case of carbon monoxide oxidation.
The space velocities were 50 000 and 86 000 h−1,
respectively.

3. Results and discussion

Fig. 1 shows a representative image of the
Pt/CeTbOx catalyst reduced at 350◦C. Fringe pattern
analysis of this image by digital Fourier Transform
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Fig. 1. HREM image representative of the Pt/CeTbOx catalyst
reduced at 350◦C. Inset corresponds to the digital diffractogram
obtained on the supported particles.

techniques allows us to detect the presence of plat-
inum particles, as indicated in Fig. 1. In effect, the
0.23 nm lattice spacing measured on the particles seen
on the surface of the mixed oxide crystallites can be
assigned to the (1 1 1) planes of Pt (0.227 nm). This
assignment can be also confirmed by using HREM
image simulation [6].

Another remarkable detail in Fig. 1 is that the sur-
faces of the metal particles look like flat and clean.
By measuring on different HREM micrographs the di-
ameter of several hundreds of metal microcrystals, the
size distribution and metal dispersion of platinum for
this sample could be established. As it can be observed
in Fig. 2(a), the main core of the distribution corre-
sponding to the catalyst reduced at 350◦C is rather
narrow, with 90% of the metal particles showing sizes
below 3.5 nm. From this histogram, a mean particle
diameter of 2.5 nm could be established. The average
particle size on the Pt/CeO2 catalyst was estimated to
be 2.8 nm.

Fig. 2(b) accounts for the contribution to the metal
dispersion of the particles with a predefineddk value
or smaller, as a function ofdk. As described in further
detail in Ref. [7], the accumulated dispersion can be
calculated as:

[6iNi(Pts)(di ≤ dk)]

Nt(Pt)

where Ni(Pts) is the number of surface platinum
atoms in particles with sizedi and Nt (Pt) the total
number of platinum atoms. These values were cal-

Fig. 2. Particle size distribution (a) and accumulated dispersion
as a function of the particle size (b) established from the HREM
images for the Pt/CeTbOx catalyst reduced at 350◦C.

culated by using the equations developed by Van
Hardeveld and Hartog [8]. In accordance with Ref.
[7], a cubo-octahedron-truncated morphology was
assumed for platinum particles.

The last point of the whole distribution curve in
Fig. 2(b) measures the metal dispersion of the catalyst:
45%.

The metal particle dispersion did not change after
reduction at 500◦C, thus proving that no sinteriza-
tion process occurs when this sample is treated under
reducing conditions within the temperature range
350–500◦C.

Fig. 3 shows the TC signals for OBC experiments
carried out at 500◦C on Pt/CeO2 (a) and Pt/CeTbOx
(b) catalysts. The oscillations in Fig. 3(a) are coin-
cident with those obtained in a blank test without
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Fig. 3. TC signals for OBC experiments at 500◦C on Pt/CeO2 (a)
and Pt/CeTbOx (b) catalysts.

sample, thus indicating that Pt/CeO2 does not have any
oxygen buffering capacity at the selected temperature
and operation conditions.

In the case of the Pt/CeTbOx catalyst, Fig. 3(b)
clearly shows how this catalyst attenuates the oscil-
lations of the oxygen partial pressure induced by the
pulses. Initially, the pulses are partially consumed by
the catalyst, thus gradually increasing its oxidation
level. After the first 2 min, the catalyst reaches a steady
state in which its oxygen buffering ability is extremely
high. When the injections cease after 12 min, the sam-
ple gradually returns to its initial equilibrium state in
the flowing He carrier. The excellent behaviour of the
Pt/CeTbOx catalyst relates to the ability of the mixed
oxide to rapidly change its composition in response
to the pulses. It is through these changes, favoured by
the presence of metal dispersed, that the catalyst can
attenuate the oxygen pressure oscillations. It under-
goes oxidation when the atmosphere is rich in oxygen
and reduction when the oxygen partial pressure in the
flowing gas is low.

Fig. 4. Attenuation factors from OBC experiments as a function
of the temperature for Pt/CeTbOx and Pt/CeO2 catalysts.

The quantitative results for OBC experiments at dif-
ferent temperatures are reported in Fig. 4. The attenu-
ation factor of the Pt/CeTbOx sample is close to 100%
at 500◦C. This clearly contrasts with the Pt/CeO2 ref-
erence, which does not show any measurable buffer
capacity below 600◦C. Also worth noting, as deduced
from Fig. 4., the difference in oxygen buffering capac-
ity for the two catalyst is already significant at 350◦C.
This behaviour of the catalyst is highly remarkable,
suggesting very interesting properties as oxygen buffer
material in a domain of temperatures relevant for TWC
applications.

The very interesting redox properties of the
Pt/CeTbOx catalyst are confirmed by the OSC data
shown in Fig. 5.

In accordance to some earlier studies [3], CeTbOx

mixed oxides are able to release oxygen when treated
under oxidising conditions at temperatures above
200◦C. This fact brought us to measure the oxygen
uptake by pulsing at 150◦C, this temperature being
the maximum temperature at which only consumption
and, therefore, no simultaneous production of oxygen
occurs. The oxygen storage capacity observed in the
case of Pt/CeO2 catalyst after a very short (1 min)
reduction treatment was negligible at temperatures
below 700◦C.

The oxygen uptake for our Pt/CeTbOx catalyst was
88mmol per gram of catalyst after reduction at 350◦C,
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Table 1
Light-off temperatures (◦C) of Pt/CeTbOx and Pt/CeO2 catalysts

CH4 Oxidationa CO Oxidationb

Reduction temperature (◦C) Pt/CeTbOx Pt/CeO2 Reduction temperature (◦C) Pt/CeTbOx Pt/CeO2

200 317 553 200 118 151
500 317 523 500 117 153

a Flow: 20 ml min−1 CH4 (5%)/He + 40 ml min−1 O2(5%)/He.
b Flow: 60 ml min−1 CO (5%)/He + 30 ml min−1 O2(5%)/He.

Fig. 5. Oxygen uptake at 150◦C as a function of the reduction
temperature for Pt/CeTbOx and Pt/CeO2 catalysts.

this OSC increasing as the temperature of reduction
rises, as showed in Fig. 5.

Considering that only a 45% of the platinum atoms
are exposed, and supposing that only platinum sited
on the particles surface are oxidised, the fraction of
oxygen uptake corresponding to oxidation of the metal
can be estimated. It has been found to be 8mmol of
O2 per gram of catalyst, which represents less than
a 10% of the lower value found for the OSC of the
Pt/CeTbOx catalyst. Also worth of noting, the amount
of oxygen stored by the Pt/CeTbOx catalyst reduced
at 350◦C is ∼4 times larger than that estimated for a
purely surface reduction from the BET surface area
for this sample (8 m2 g−1). Therefore, oxygen from
the bulk of the particles must participate in the ex-
change process and contribute to the oxygen storage.
Reduction treatments at higher temperatures lead to an
increase in the oxygen uptake, as commented above,

making the contribution of the bulk oxygen much more
evident.

In accordance with Ref. [3], the results from OBC
and OSC measurements showed here strongly sug-
gest that the incorporation of terbium cations into the
fluorite-like structure of ceria promotes its reduction at
moderate temperatures through the creation of oxygen
vacancies. The presence of vacancies, probably asso-
ciated to Tb3+ ions [9], could enhance the bulk oxy-
gen mobility, thus increasing the capacity of the mixed
oxide to store oxygen and its ability to rapidly reach
the equilibrium composition determined by both the
temperature and the oxygen partial pressure, this being
considered as a key property for buffering materials.

Finally, Table 1 shows some data regarding the
catalytic essays. It has been demonstrated that ceria
promotes precious-metal catalysts for both the CO
and CH4 oxidation reactions [10,11]. It can be seen
in Table 1 that the ‘light-off’ temperatures associ-
ated to 50% conversion of CO on the Pt/CeTbOx cat-
alyst are much lower than the values obtained for
Pt/CeO2. The same trend was observed when total ox-
idation of methane was investigated. In both cases,
the light-off temperatures of CO and CH4 oxidation
reactions do not change with the reduction tempera-
ture. These results are in good agreement with those
reported above and give us an additional indication
of the improvement of performance achieved in the
CeTbOx-supported platinum catalyst.

4. Conclusions

The properties of a Pt/CeTbOx catalyst have been
investigated and compared to those exhibited by a clas-
sic Pt/CeO2 model system.



612 S. Bernal et al. / Catalysis Today 53 (1999) 607–612

It has been shown that the modification of pure
ceria by addition of 20 mol% of terbia significantly
increases not only the capability of Pt/CeO2 catalysts
to store oxygen but also its ability to attenuate the os-
cillations of the oxygen partial pressure.

The ensemble of these observations and the values
found for the ‘light-off’ temperatures for methane and
carbon monoxide oxidation allow us to conclude that
the CeTbOx mixed oxide may be considered as an in-
teresting alternative material for advanced TWC appli-
cations. In particular, the OBC and OSC results point
to its excellent redox response under the so-called
‘cold start’ operation conditions.
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