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Influence of the nature of the noble metal (Rh,Pt) on
the low-temperature reducibility of a Ce/Tb mixed
oxide with application as TWC component
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Ceria-based mixed oxides have proved to be good alternatives to pure ceria as redox materials for
advanced three-way catalysts. In this work, the behaviour of a CeysTb(,0,_, mixed-oxide sample and
the corresponding oxide-supported Rh and Pt samples has been investigated. Special attention has been
paid to the low-temperature redox response. Temperature-programmed desorption (TPD), temperature-
programmed reduction and oxygen buffering capacity were used as experimental techniques. The evolution
of reducibility was also followed by tunable high-energy x-ray photoemission spectroscopy, focussing
on the surface information provided by Tb 3d and Ce 3d core levels. The oxidation state of both Ce and
Tb was followed during ultrahigh vacuum annealing of the three samples up to 750 K. Comparison of
the XPS spectra for the different samples before and after annealing showed that the Ce** reduction was
negligible but Tb** was gradually reduced to Tb**. Furthermore, the TPD and XPS experiments are in
good agreement, with the highest reduction rate corresponding to the Rh/CeTbO, sample. Copyright ©

2002 John Wiley & Sons, Ltd.
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INTRODUCTION

During the last 20 years, efforts made on the investigation
of ceria-based catalytic materials have rapidly increased.!
Most of them are devoted to noble metals (Pt, Pd, Rh)
supported on ceria and ceria-based materials, owing to
the close relationship between these oxides and catalysts
used to control exhaust emissions from motor vehicles.?=6
In latter years, the interest on ceria-supported metals has
been shifted progressively towards mixed-oxide-supported
catalysts. Alternative ceria-containing mixed oxides with
fluorite-related structure®>® started to be investigated at the
beginning of the last decade as alternative oxygen storage
materials. Nowadays, ceria—zirconia materials are used
in the latest generation of automotive three-way catalysts
(TWCs).

Some investigations have shown that the incorporation

of praseodymium’~? or terbium!°-*? ions into the ceria lattice
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improves its redox properties very significantly, being, such
materials thus having potential interest as components in
TWCs as well as in other applications. This interest is related
to their high oxygen storage capacity and oxygen buffering
capacity (OBC), i.e. their ability to release or uptake oxygen
under reducing or oxidizing conditions. On the other hand,
for sufficiently high reduction temperatures an inhibition of
the chemisorptive capacity of the supported metal is known
to occur, this phenomenon being associated with reducible
supports.!* The relationship between the support reduction
and catalyst deactivation phenomena is an important reason
to investigate the actual redox state of these supports.
Cerium/terbium mixed oxides cannot be reoxidized
to the dioxide (Ce,Tb;_,0,)."® The actual composition of
Ce,Tb;_,O,_,, even in oxidized samples, depends on several
factors including temperature and oxygen pressure,'®”
therefore determination of the actual reduction degree cannot
be established by means of oxidation in pulses and TPO
(Thermal Programmed Oxidation) as applied in Ref. 18. A
Faraday magnetic balance seems to be very useful in ceria-
supported catalysts but, owing to the presence of terbium
together with ceria, it is not possible to apply this technique.
Moreover, when studying rare-earth compounds by XPS,
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only a few papers can be found in the literature. Amongst the
lanthanides, cerium is the most widely investigated element,
and thus in the literature there are papers dealing with
theoretical®?® and experimental aspects.!=>® However, as
far as terbium studies are concerned, very few data can
be found in the literature.’’-?2 All these spectra are very
complex and thus their interpretation has required extensive
work. In spite of this, XPS can provide information about the
reduction degree of each of the two lanthanides present in
the mixed oxide.

EXPERIMENTAL

The cerium-terbium mixed oxide studied in this work,
Ce3Tby,0Oy, was prepared by co-precipitation of the cor-
responding nitrates with ammonia. The dried precipitate
was calcined in air at 873K for 2h and finally calcined
under O,(5%)/He at 1173 K for 2h. The Ce/Tb molar
ratio of the resulting mixed oxide was 80:20. The oxide-
supported Rh and Pt samples were prepared by incipient
wetness impregnation with an aqueous solution of Rh(NO;)3
in the case of Rh/CeTbO, and with [Pt(NH;),](OH), for
Pt/CeTbO,. Metal loadings were 0.5 wt.% for Rh catalyst
and 1wt.% for Pt catalyst. Prior to all the experiments,
the samples were pretreated in a flow of O,(5%)/He at
773 K for 1h, cooled slowly to 373 K under the oxidizing
mixture and then to room temperature in pure He. This
standard pretreatment guarantees a common well-defined
starting redox state for each sample throughout the whole
study.

Temperature-programmed Desorption (TPD) and tempe-
rature-programmed Reduction (TPR) experiments were
performed in a flow of He or H,(5%)/Ar, respectively,
the flow rate being 60ml min~! and the heating rate
10 Kmin~!. The experiments were performed with a VG
Sensorlab 200D mass spectrometer as the analytical device.
The experimental method for OBC measurements has been
described elsewhere.!? Briefly, it consists of the injection
of 0.25ml of O,(5%)/He pulses at 10s intervals in a
60 ml min~! He stream. The oscillations produced by this
continuous pulsing of O, can be buffered by an active
sample by consuming or releasing oxygen in the high Po, or
low P, period of the pulse, respectively. The experiments
were monitored with a thermal conductivity detector. Two
sets of experiments were performed: isothermal OBC and
temperature-programmed OBC.

Tunable high-energy x-ray photoemission spectroscopy
(THE-XPS) was performed in a Scienta 200 analyser placed
in the beamline BW2 at Hasylab. A photon energy of
3000 eV was used, giving a mean free path of ~70 A for the
photoemitted electrons. This A value has been calculated as
proposed by Cumson and Seah? by using density values for
Tb 3d in Tb,Os. The analysed depth was then estimated to be
~280 A for Tb 3d and Ce 3d core levels(~44). The resolution
was 0.8 eV on Ag 3d3,,. Charge effects were compensated by
using a copper grid placed over the pressed samples. The
analyser was equipped with a device for in situ heating of
the samples under vacuum to a temperature up to 750 K.

Copyright © 2002 John Wiley & Sons, Ltd.

Reduction of Ce/Tb TWC by Rh and Pt

RESULTS AND DISCUSSION

TPD and TPR studies

Figure 1(A) shows the TPD experiments performed on
CeTbO, (trace a), Pt/CeTbO, (trace b) and Rh/CeTbO,
(trace c). Both TPD curves corresponding to CeTbO, and
Pt/CeTbO, samples are very similar, consisting of a main
peak centred at ~623 K followed by a broad reduction signal
that extends to 1223 K. For both samples, the reduction
process starts to be noticeable at a temperature of ~473 K.
For the Rh/CeTbO, catalyst, the TPD trace is different
(Fig. 1(A,c), consisting of a first reduction feature centred
at 430K, with an overlapping peak at slightly higher
temperature, followed by a broad peak similar to that of
CeTbO; and Pt/CeTbO, samples.

Figure 1(B) depicts the TPR traces for the samples. In
the case of CeTbO, (trace a), water evolution starts at 573 K,
with a main reduction peak centred at 673 K and a second
broad feature at much higher temperature (~1000 K). When
a noble metal, Pt or Rh, is supported on the mixed oxide, a
greatimprovement of reducibility can be observed (Fig 2(B,b)
and 2(B,c)). The main peak of the mixed oxide is then shifted
towards extremely low temperatures, slightly above room
temperature.

From comparison of the TPD and TPR traces for all the
samples, it seems that supporting rhodium on the mixed
oxide can enhance its reducibility when reducing under
inert gas or hydrogen. Supporting platinum, however, only
enhances the reducibility of the sample when reducing under
hydrogen, but not under inert gas. Nevertheless, from the
TPD or TPR it is not possible to determine the origin of
the reduction, because these techniques only detect the
evolving species, oxygen or water, respectively. For the
samples studied here, the reduction can come from the
Ce®t /Ce** couple, from the Tb** /Tb** couple and/or from
the reduction of an oxide of the noble metal that could be
formed during the oxidizing pretreatment. To identify which
are the species involved in the reduction process, another
analysis technique, different from TPD or TPR, should be
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Figure 1. The TPD (A) and TPR (B) traces corresponding to
CeTbOy (curves a), Pt/CeTbOy (curves b) and Rh/CeTbOy
(curves c).
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applied. Later in this paper, results obtained by XPS will be
discussed.

OBC experiments

Two types of experiments were performed on the samples:
temperature-programmed OBC (Fig.2), to establish the
starting temperature for the samples to be effective as oxygen
buffers; and isothermal OBC experiments, to measure the
OBC value at selected temperatures (Table 1).

Thus, the samples were submitted to the temperature-
programmed OBC experiments shown in Fig. 2. As can be
seen, the results are in good agreement with TPD data, the
behaviour of CeTbO, (Fig. 2(a)) and Pt/CeTbO, (Fig. 2(b))
being quite similar. The oscillations start to be buffered
effectively at 500-550 K, reaching a maximum value from
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Figure 2. Temperature-programmed OBC experiments
corresponding to CeTbOy (a), Pt/CeTbOy (b) and Rh/CeTbOyx
©).

Table 1. Oxygen buffering capacity (%) under isothermal
conditions for the samples studied

Temperature (K) Sample
CeTbO, Pt/CeTbOy Rh/CeTbO,
473 0 1 36
573 1 4 84
673 44 38 95
773 93 93 95
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650 K. For Rh/CeTbO, (Fig.2(c)) it can be seen that there
is again a different behaviour, the sample starting to be
active at 450 K. The maximum values of the OBC seem to be
similar for the three samples, the differences arising from the
low-temperature behaviour.

Table 1 lists the OBC% values of the samples at different
temperatures ranging from 473 to 773 K. Again, in this
case, a parallel behaviour is found between CeTbO, and
Pt/CeTbOx. For both samples the OBC% values are quite
similar in all the temperature ranges. On the other hand,
for Rh/CeTbO, the OBC% is relatively high from 473 K. At
673 K the OBC for Rh/CeTbOy is >80% whereas for CeTbO,
and Pt/CeTbO it is still ~40%. At 773 K, all the samples
have similar buffering capacity: close to 100% under the
conditions of the experiments.

XPS experiments

For cerium and terbium, the most intense photoemission
peak corresponds to the 3d core level. In the case of cerium,
most of the XPS data available correspond to the study
of the 3d core level.””=?% For terbium, however, the use
of a conventional laboratory spectrometer using Mg or
Al Ka radiation to analyse the 3d core level will produce
photoemitted electrons with very low kinetic energies. This
makes it difficult to distinguish accurately between terbium
oxidation states in many laboratory instruments. The next
most intense core level for terbium is 4d. As shown in
Fig. 3(A), Tb 4d XPS spectra are quite complex and it
is not easy to determine the oxidation state of terbium.
Furthermore, Tb 4d has a binding energy (148.9 eV for 4ds/,
in TbO,) quite different from that of the Ce 3d core level
(882.4 eV for 3ds;, in Ce0O,), and thus the analysed depth
will be necessarily different in each case. This makes it
difficult to compare cerium and terbium oxidation states or
compositions in the cerium-—terbium mixed oxides studied
in this paper. Thus, to study Tb 3d spectra and to compare
them with those of Ce 3d it was necessary to use synchrotron
radiation as the x-ray source for photoemission. For this
reason, THE-XPS? was applied on these samples.

Owing to the fact that papers dealing with Tb 3d XPS
are rather scarce, we used two pure terbium oxides as
reference. The TbO;5 oxide was prepared by heating a
commercial terbium oxide under an inert gas flow at high
temperature until full reduction was reached. Composition
of the commercial terbium oxide was TbO g, as determined
by thermogravimetric analysis. The THE-XPS spectra were
therefore recorded for TbO; 5 oxide, where all terbium ions
are in the trivalent oxidation state (Fig.3(B,a)), and for
TbO; g, oxide, where there is a mixture of Tb(III) and Tb(IV)
(Fig. 3(B,b)). From the figure, it is evident that the spectra
are strongly modified, depending upon the oxidation state of
terbium. Thus, as can be seen in Fig. 3(B,a), the Tb** spectrum
shows two doublets, one at 1239.1 and 1274.0 eV (for 3ds,,
and 3d3),, respectively), and the corresponding satellites at
1250.4 and 1286.3 eV. The main photoemission peaks for
Tb*" appear at 1241.4 eV and 1276.0 eV. In addition to the
main peaks, terbium in the tetravalent state shows relatively
intense satellites (marked with arrows in Fig. 3(B,b)) at
1251.5 and 1287.7 eV for the 3ds,, and 3ds3» components,
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Figure 3. The THE-XPS spectra corresponding to 4d (A) and 3d (B) core levels of two pure terbium oxides: TbO1 5 (100% Tb3+,
curves a) and TbO+ g» (36% Tb3*, curves b). The arrows point to the position of the Tb** satellites.
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Figure 4. The THE-XPS spectra corresponding to Tb 3d core levels of CeTbOy (A), Pt/CeTbOy (B) and Rh/CeTbOy (C) after the
standard oxidizing treatment (curves a) and after UHV at 750 K (curves b).

respectively, accompanied by weaker doublets at 1262.1 and
1294.1 eV. The higher the relative intensity of the satellites,
the higher the tetravalent terbium content in the sample.
Taking this into account, we performed THE-XPS exper-
iments on the samples. In Fig. 4, the Tb 3d core levels of
the three standardized samples are plotted (trace a). It can
be seen that the starting oxidation states of the samples are
quite similar, because the relative intensity of the satellite
at 1251.5 eV with respect to the main photoemission peak
is almost the same in all the cases. It is also worth noting
that the Tb* /Tb** ratio is higher in the mixed oxides than
in the reference sample (TbO; g,). Concerning the Ce 3d core

Copyright © 2002 John Wiley & Sons, Ltd.

level, no evidence of appreciable amounts of Ce** could be
observed in any of the samples.

The samples were also studied by THE-XPS after being
submitted to thermal treatment under UHV at 750 K. Again,
the Ce 3d core levels did not show appreciable amounts
of Ce®*. The results for Tb 3d core levels are shown
in Figs 4(A), 4(B) and 4(C) for CeTbO,, Pt/CeTbO, and
Rh/CeTbO,, respectively. By analysing the evolution of the
satellite at 1251.5 eV, some deductions can be made: CeTbO,
and Pt/CeTbO, samples show similar behaviour, having
a similar reduction degree when the temperature is raised
from 298 to 750 K; Rh/CeTbO,, however, shows a much
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higher reduction degree than the others after being heated at
750 K, and this behaviour is well correlated to that observed
in TPD and OBC experiments. From these results, it appears
that the improved redox behaviour shown by Rh/CeTbO,
with respect to Pt/CeTbO, or CeTbO, can be explained as
a promoting effect of rhodium in the reducibility of the
mixed oxide when the reduction process proceeds with
direct production of O,, as is the case in TPD. However,
when the reduction process depends upon the interaction
with hydrogen, as in the TPR experiments, the Pt- and Rh-
containing samples show similar behaviour.

CONCLUSIONS

The ability of cerium/terbium mixed oxides to be reduced
under inert gas, even at mild temperature, has been reported
previously. In such conditions the mixed oxide releases
molecular oxygen and the generation of vacancies and
reduction from tetravalent to trivalent cations occurs.

When hydrogen is the reducing agent, the reduction
proceeds with water evolution. In supported catalysts, noble
metals play an important role on the reducibility of ceria and
ceria-based mixed oxides. This is related to the ability of the
noble metal to activate H, molecules.

Accordingly, in this work it can be noticed that the
reducibility of CeTbOy is enhanced when reducing under
Hy, both in the Rh- and Pt-containing samples. On the
other hand, THE-XPS spectra show that when the reduction
proceeds without H, the presence of rhodium can reduce
Tb** ions to Tb*t to an appreciable extent, thus showing
an important promotion of the reducibility of CeTbO, when
the reduction process occurs by means of O, evolution. This
behaviour contrasts with that of Pt/CeTbO,, where the Tb3*
content is always similar to that of the metal-free CeTbO,.

The THE-XPS technique has proved to be very useful
for studying the actual reduction degree of cerium-—terbium
mixed oxide, providing information about the redox state of
each one of the two cations present in this kind of catalytic
support and thus providing some issues to discuss for the
role that the noble metal plays on the reducibility of the
support.

Copyright © 2002 John Wiley & Sons, Ltd.
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