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The effects of thermal treatments under vacuum, used as a way
to generate reduced centers on Rh,03 and RhO,/CeO,, have been
studied by ESR and FTIR, using respectively oxygen and carbon
monoxide as probe molecules. The results obtained for the outgassed
samples reveal the presence of ceria-rhodia interactions favoring
the stabilization of paramagnetic Rh?* cations in rhodium oxide
clusters on the ceria surface. Subsequent O, adsorption leads to the
formation of different oxygen-related paramagnetic species located
on ceria, on rhodium oxide clusters and at the boundary between
both oxides; their contribution to the spectra depends on outgassing
conditions and O, adsorption temperature. The unexpected absence
of O —Ce*t species after O, contact at 77 K with RhO,/CeO; out-
gassed above 573 K evidences the existence of electronic interac-
tions between the RhOy and CeO;, phases, being explained on the
basis of electron transfer to the mixed valence RhO phase from the
surface-reduced ceria, leading to electron depletion of the latter.
This effect is inhibited by CO adsorption, showing the dependence
between the electron-accepting properties of the rhodia clusters and
the presence of vacant coordination sites at the surface Rh ions. An
effect of similar kind may be responsible for shifts observed in the
IR bands of rhodium dicarbonyls formed in the RhO,/CeO, system.
The latter results suggest the possibility that thermal enhancement
of surface reactions in complex systems could depend on electron
transfer between adjacent phases and that adsorption on one phase
may influence the surface reactivity of another phase by affecting
to the electron transfer between them.  (© 1997 Academic Press

INTRODUCTION

CeO, is acommon component of the three-way catalysts
used for the elimination of toxic substances in automobile
exhausts (1). Its promoting effect is thought to have both
structural and bifunctional character. On the one hand,
it enhances the metal dispersion (2) and stabilizes the y-
Al,O3 support (3); on the other hand, it works as an oxy-
gen store (4), releasing oxygen in the presence of reductive
gases and removing it in oxidizing conditions, and it may
participate also in the WGS reaction (5) or in the decom-
position of NOy (6).

! E-mail: jcconesa@icp.csic.es.

Several models explain these effects attributing an impor-
tant role to oxygen vacancies appearing at the ceria com-
ponent or at metal—ceria interfaces present in the catalysts
(7, 8). The formation of such vacancies in CeO; and/or a
supported metal oxide may modify their electrical prop-
erties and influence the interactions between both phases.
Thus, metal-support electronic interactions have been pro-
posed to explain the decrease of the energy needed for
the generation of oxygen vacancies in CeO,/Pt systems (8),
which is revealed by the apparent promotion of CO ox-
idation with increasing ceria coverage. Earlier results on
superoxide—-CO interactions in M/CeO,/Al,O3 systems (9)
were similarly explained in terms of metal-semiconductor
contact formation and electronic transfer between both
components.

In previous work (10) we studied in detail, using ESR-
monitored O, adsorption, the formation of anion vacancies
on ceria upon outgassing. The observed ESR parameters,
and the dependence of the spectra on the temperature, T,
of the previous vacuum treatment, allowed to follow the
modifications of the surface and to classify the vacancies
in two main groups, isolated and associated vacancies, hav-
ing different reactivity (6). In the present study the same
method is used to clarify how the mutual Rh—CeQ; inter-
action influences the effects of outgassing treatments on
RhO,/CeO, samples.

METHODS

RhO,/CeO, (3 wt% Rh) was prepared by incipient
wetness impregnation of CeO, powder (Rhéne—Poulenc,
Sget = 109 m?g~1) with aqueous rhodium nitrate. The sam-
ple was dried at 393 K for 24 h and calcined under dry
air flow increasing the temperature from 295 to 673 K at
4 K min!, keeping the sample at 673 K for 4 h and cooling
down to 295 K in the same flow; it was then reduced at 473 K
under flowing H; and calcined again at 673 K. The sample
thus prepared showed a surface area Sget = 93 m?g™%, and
displayed in X-ray diffraction no other lines than those of
CeO,. Pure RhyO3 (Sget = 16 m?g~1) was kindly provided
by Johnson Matthey. Commercial gases of research purity
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grade were used, being further purified by vacuum distil-
lation methods prior to use. Vacuum and adsorption treat-
ments were done in aconventional high vacuum line. Unless
otherwise stated, doses of 70 umol O,/gram of catalyst were
used in the ESR-oriented O, adsorption experiments; after
each adsorption, excess O, was outgassed at 77 K for 15 min
before taking the ESR spectra.

ESR spectra were recorded (at 77 K, unless otherwise
stated) with a Bruker ER 200D system working in the X-
band and calibrated with a DPPH standard (g =2.0036).
A special quartz probe cell provided with greaseless stop-
cocks was used for thermal and gas adsorption treatments.
Quantitation of paramagnetic species was carried out by
double integration of the ESR signals and comparison with
a copper sulfate standard. A variable temperature unit was
used in some cases to control the measurement temperature
(Tm) in the 90-400 K range.

FTIR spectra were recorded at room temperature with
a Nicolet 5ZDX spectrometer, at a resolution of 4 cm™!
and accumulating 100 scans for every spectrum. Thin self-
supporting discs (ca 10 mg cm~2) were prepared and in-
troduced in a special glass cell described elsewhere (11),
where they could be subjected to thermal or adsorption
treatments.

RESULTS AND ASSIGNMENT OF SPECTRUM BANDS

ESR Spectra after Outgassing Treatments

1. Rh,O3. The ESR spectra of pure Rh,O3 outgassed at
mild temperatures (T, < 473 K) show a small, broad signal
R1, with extrema at g~ 2.29 and 1.99. It is already present
in the initial sample (outgassed at 295 K) and increases
moderately by outgassing up to T, =473 K, Fig. la. For
Ty >573 K, Fig. 1c, another signal R2, superimposed on
signal R1, was visible mostly through an upwards broad
feature at g ~ 2.48-2.52, the corresponding downwards fea-
ture lying probably around g =1.98. At the highest signal
intensity, obtained for T, =573 K, the spectrum indicates
an amount of spins of ca 4 umol/g, i.e., ca 0.05% of the total
number of Rh ions. Further increase in T, causes only a
gradual decrease in these ESR lines. These signals, broad
and with g values departing strongly from the free electron
value ge = 2.0023, must be ascribed here to Rh?* ions (12—
14), probably associated with defects, formed upon O, des-
orption and consequent partial reduction of Rh** cations.

2. RhO,/CeO,. The influence of vacuum treatments
at T,=373-773 K on the ESR signals in this sample has
been discussed previously (12, 13). Two main signals, also
assignable to Rh?*, can be observed. Signal R3, with ex-
trema at g =2.26 and 2.09 and appearing in the whole T,
range covered, is most clearly apparent after outgassing at
473 K, Fig. 2a. Signal R4, with extrema at g~ 2.42 and 2.10,
is seen for T,>573 K, its intensity increasing for higher
Ty while that of signal R3 decreases. The overall intensity

365

2.50 2.29
a X290
2.44

b 11.99 xX25
CWW

d x25

200 G

FIG. 1. ESR spectraat 77 K of Rh,O3: outgassed at 473 K (a), subse-
quently contacted with O, at 295 K (b), outgassed at 573 K (c), contacted
again with O, at 295 K (d); then outgassed a 295 K (e); the difference
spectrum (d)-(e) is given in (f).
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FIG.2. ESR spectra at 77 K of RhO,/CeO;: outgassed at 473 K (a)
and 773 K (b).
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of these signals steadily increases with T,. The highest in-
tensity, obtained for T, =773 K, Fig. 2b, corresponds to
11 umol/g, i.e., 3.5% of the total rhodium content. For lower
outgassing temperatures such as T, =373 and 573 K, the in-
tensities are respectively ca 10 and 2 times lower. As in the
case of Rh,0s3, these signals can be assigned to Rh?* ions;
their rather broad shape indicates the existence of mag-
netic interactions between nearby Rh?* ions, which sug-
gests that Rh,Og3-like aggregates rather than isolated Rh
ions are present at the specimen surface.

In some spectra, other small signals related to ceria were
detected, showing narrow linewidths and g values not too
far from g (between g=2.05 and 1.96). They have low in-
tensities and show small variations upon O, adsorption, be-
ing recovered by outgassing; they do not seem thus to be
involved in any of the surface processes examined in this
work.

ESR Spectra after Oxygen Adsorption

Several paramagnetic species were detected upon ad-
sorption of O, on the samples studied, some of which are
similar to those found for pure CeO; (10). The ESR param-
eters and characteristics of all these O,-derived species are
collected in Table 1.

1. RhyO3. O3 adsorption at T, <295 K on Rh,O3 out-
gassed at T, <473 K does not generate any new signal,
Fig. 1b. For T, >573 K, O, adsorption at 77 K leads only
to the elimination of the signal R2 feature g=2.52. Upon

MARTINEZ-ARIAS, SORIA, AND CONESA

subsequent warming at 295 K, the spectrum displays new
features in the neighborhood of g = g, Fig. 1d, withanetin-
crease in the overall integrated intensity. Most of the newly
formed species vanish after outgassing at room tempera-
ture, leaving only a residual signal, called RO, with sharp
peaks at g =2.039 and 1.998, Fig. 1e. Computer subtraction
(Fig. 1f) allows us to ascertain the shape of the signal elim-
inated through outgassing; this signal RO’ is asymmetric
but with unresolved components, its upward and downward
features appearing at positions g=2.012 and g =1.98.

Signal RO’ has overall shape and g values close to those
previously observed by Shubin et al. (14) after O, adsorp-
tion on Rh/SiO,. In agreement with those works, we assign
it to a [Rh—O0]%* complex, with a two-electron o bond be-
tween Rh?* and O, and one unpaired electron delocalized
mainly on the O—O fragment (14), Signal RO, sharper and
much less intense, has a low-field g value (2.039) closer to
those typical for O, coordinated to trivalent ions (15). It
can be ascribed also to a [Rh—-0,]** complex, similar to that
giving signal RO’, but with lower covalent mixing between
the orbitals in the O, fragment and those in the Rh ion,
so that it can be adequately described as [Rh**-O;]. The
Rh-O, adsorption bond is here stronger, as evidenced by
the permanence of signal RO after outgassing.

2. RhO4/CeO,. For a sample outgassed at 295 K no
oxygen-derived radical appears upon contact with O,. On
the sample outgassed at T, =373 K O, adsorption at 77 K
did not affect signal R3, but produced a new weak signal

TABLE 1

Characteristics of the ESR Signals due to Adsorbed Oxygen Species Observed in This Work
and in the Previous One on CeO»

b

Sample Signal 9z Oy Ox Assignment
Ce0,? Ol 2.037/2.035 2.011 2.011 O, -Ce** atisolated oxygen
vacancies in CeO;,_y
or 2.031 2.011 2.016 O, —Ce** at isolated oxygen
vacancies in CeO;,_y
Oll 2.038 2.010 2.008 O; at associated oxygen
vacancies in CeO;,_y
ol 2.052 2.008 2.006 O; at associated oxygen
vacancies in CeO;,_y
RhO,/CeO, OCR 2.028 2.011 2.017 O;—Ce4+ at isolated oxygen
vacancies near Rh cations
ol-o1r ¢ ¢
g1 92 O3
RO” 2.19 2.00 1.98 [*Rh-O0]?* adducts
Rh,03 RO Peaks at 2.039, 1.998 [Rh3+-0,1?*

RO’

Extrema at g=2.012, 1.98

[Rh—O0¢]?* adducts

@Values from Ref. (10).

b Labeling of the g values for the O;—Ce4+ species is chosen according to the conventions of previous works (10,
22), which assign the z axis to the highest g value and the x axis to the component displaying the highest hyperfine

splitting when O-labeled oxygen is used.

¢ These signals, first characterized on CeO, (10), are here observed on RhO,/CeO, as well, with quite similar
peak positions (g values); they are thus ascribed to the same species.
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FIG.3. ESR spectra at 77 K after O, adsorption at 77 K on
RhO,/CeO, outgassed at 373 K (a), 473 K (b), 573 K (c), 673 K (d), and
773 K (e). Note the difference in abscissa scale between (a, b) and (c-e).

OCR, with orthorhombic lineshape (g, =2.028, gx=2.017,
and gy =2.011), Fig. 3a. It does not change upon warming
to 295 K, except for a small lineshape modification around
g~ 2.015. Previous work (10) showed that, on CeO, out-
gassed at T, =373 K, no new signal was produced by O,
adsorption at 77 K; when the adsorption temperature was
increased to 295 K a signal called Ol (Table 1) did appear;
it was assigned to O, species stabilized on Ce*" ions ad-
jacent to isolated anion vacancy sites generated by mild
outgassing. Signal OCR, with ESR parameters in the same
range, may be ascribed to a similar O, -Ce*" species, but
its easier formation on a sample outgassed at 373 K (al-
ready upon adsorption at 77 K) and the noticeable differ-
ence in its ESR parameters in comparison to the CeO, case
(10) indicate a modification of the Ce** coordination which
should be due to the proximity of rhodium cations. A more
marked effect of neighboring cations on O, -Ce** species
has recently been observed for CeO,/Al,O; (16).

For T,=473 K, O, adsorption at 77 K led to a de-
crease in signal R3 and to an O-type signal with parameters
gz =2.031, gx=2.015, and gy =2.011, Fig. 3b. The latter is
coincident with signal OI’, already observed for CeO; in
similar conditions (10); itis transformed into an axial signal
Ol with g, =2.035, gx =gy = 2.011 upon warming at 295 K,
as for CeO,, but appears with significantly lower intensity
on RhO,/CeQO, than on CeO..
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For higher T, the results of O, adsorption at 77 K differ
clearly from those observed on CeO,. While in the latter
case an increase of signals due to O, -Ce*" species, with
the appearance of new signals of this kind (called Oll and
OlIl’), was observed (10), for RhO,/CeO, outgassed at 573
773 Kno O-type signals are produced (Figs. 3c—e), butanew
broad signal RO” appears with main peaks located around
g=2.19and 1.98; itisadequately simulated with parameters
g1 =2.190, g, =2.00, and g3 = 1.982. Its intensity increased
with T, and its generation is accompanied by a decrease in
signals R3 and RA4.

The high g; value of signals RO” points to a Rh**-type
species. On the other hand, its elimination upon outgassing
at 295 K, the conditions for its formation and the vicin-
ity of its g, and g3 values to those corresponding to signal
RO/, indicates that it contains adsorbed oxygen; it can be
therefore assigned to a [RhOO]?*" complex similar to that
proposed for Rh,Os. The higher g; value, and comparison
with similar species observed on other rhodium-supported
samples (14, 17, 18), Table 2, indicates a substantial sensi-
tivity of the characteristics of these complexes to the nature
of the underlying support. In this case, the larger deviation
of the highest g value from ge points to the involvement of
rhodium d orbitals in the semi-occupied molecular orbital,
so that more unpaired electron density would remain on the
Rh ion here than in the species responsible for signal RO'.

TABLE 2

Paramagnetic Rhodium-Oxygen Complexes Generated upon
Oxygen Adsorption at Room Temperature on Different Supported
Rhodium Samples

Sample g tensor components vac?® Assignment by authors Ref.
Rh-A zeolite g;=2.018g, =1.949 — Rh(ll)-oxygen adduct 17a
g,=2.0189, =1.964 — Rh(ll)-oxygen adduct 17a
9, =2.120gx=2.0 + Rh(111)-0O; 17a
gy=1954
Rh-Y zeolite g;=2.0159, =1931 — Rh(I)-O>-Rh(ll)  17b
g,=2.0159, =1.944 — Rh(Il)-oxygen adduct® 18
Rh-X zeolite g, =2.017g;~1.960 — Rh(lI)-oxygen adduct® 17c
0;~2.010g, =1.954 — O, covalently bound® 17c
0,=212809¢=2.014 + Rh(Il) orstrongly 17c
gy=1.966 bound oxygen
Rh/silica Oav=1.997 — Rh(I1)-O; 0 complex 14
Rh/Al,O3 gav=2.014 pr Rh(Il)-oxygen adduct 17d
RhCly/ 91=209¢,=201  nd Rh(II)-O; 17e
SrTi03 J3= 1.98
9,=2.0179, =199 nd Rh(Il)-oxygen adduct 17e
RhO,/CeO; ¢1=2.199,=2.00 — Rh(Il)-oxygen adduct This
03=1.98 work

2 Behaviour towards outgassing at room temperature: + =stable; — =
unstable; pr = partially removed; nd = not described.
b A structure similar to that proposed in (17b) for a similar complex,
with oxygen bridging two rhodium ions, is proposed.
¢ Rhodium adsorption site not specified.
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FIG.4. ESR spectraat 77 K, after O, adsorption at 77 K and subse-
quent warming at 295 K, of RhO,/CeO; previously outgassed at 573 K (a),
673 K (b), and 773 K (c).

When the sample contacted with O, at 77 K after out-
gassing at T, =573-773 K (giving the spectra in Figs. 3c—e)
is warmed at 295 K, the ESR spectrum (measured again
at 77 K) displays O, signals, characterized by peaks in
the ranges 2.038-2.050 (weak) and 2.008-2.011 (strong),
Figs. 4a—c, similar to those observed upon O, adsorption
at 77 K on similarly outgassed CeQO; (signals Ol, Oll, and
Ol1") (10). These were assigned to O; stabilized on Ce ions
adjacent to oxygen vacancies, either isolated or associated
(10, 19). To verify if the absence of O-type signals upon ad-
sorption at 77 K on RhO,/CeO; could be due to a too high
or too low amount of O, added, higher amounts of this gas
(350 umol/g) were contacted in one experiment (for the
case Ty =773 K). This also failed to form these signals at
77 K, but led to their detection upon warming at 295 K
(here with larger linewidths, evidencing magnetic dipolar
broadening of the lines by the excess Oy).

This temperature-dependent O, adsorption was exam-
ined by obtaining ESR spectra at variable temperature,
Fig. 5. Upon O; adsorption at 77 K on a sample outgassed
at 773 K signal RO” is observed, characterized by its com-
ponent at g =1.98 (only the high field part of the signal is
displayed). As the measurement temperature, T, is raised,
an initial increase in signal RO” is produced, suggesting
that its formation is a thermally activated process. Above
ca 130 K its amplitude begins to decrease (which may be
due to desorption, if the species is weakly held, or to mobil-
ity effects producing line broadening), while for T, > 185
K a shoulder at g~ 2.008 grows indicating the formation
of O, —Ce** radicals. After warming the sample to 295 K,
the spectrum subsequently recorded at 77 K, Fig. 6k, dis-
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plays signals RO”, with larger intensity than before warm-
ing at 295 K and type-O signals. Outgassing at 295 K
produces the disappearance of signal RO” (in the 77 K
spectrum) while, in contrast with the behavior shown by
pure CeO, (10), type-O signals are affected, their inten-
sity being lowered. Readsorption of O, at 295 K produces a
recovery of the signals, thus showing the reversibility of this
process.

Effects of CO Adsorption

When 350 umol/g of CO are adsorbed at 77 K on
RhO,/CeO, outgassed at T, > 473 K, a well-resolved ax-
ial signal appears at g, =2.146 and g, = 1.996, Fig. 6a; this
is ascribed to the formation of Rh?*—CO surface complexes
upon interaction of CO with exposed Rh?*, which is prob-
ably a first step for the reduction of these Rh ions at 295 K
(13). O, was subsequently added at 77 K; the Rh**-CO
adduct signal then vanishes (Fig. 6b), while a type Ol signal
is formed, No RO” or similar species were detected in this
case.

FTIR spectra in the carbonyl stretching region, obtained
for RhO,/CeO, outgassed at T, =473-773 K and subse-
quently contacted with CO at 295 K, are given in Fig. 7.
For T, =473 K, Fig. 7a, the spectrum shows mainly two

T —~ 0 Q oo

J 2.0372.034
|

2.011"
2.008

1.98

30 G

FIG.5. ESR spectra of RhO,/CeO,, after outgassing at 773 K and
O, adsorption at 77 K, recorded during gradual warming of the sample at
measuring temperature T, =77 K (a), 98 K (b), 125 K (c), 145 K (d), 165 K
(e), 185 K (f), 205 K (g), 225 K (h), 245 K (i), and 265 K (j), and again
recorded at Ty, = 77 K after warming at 295 K (k).
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bands at 2076 and 2008 cm~* ascribable to gem-dicarbonyl
species (20), as confirmed by independent experiments of
isotopic exchange with 1*CO (21). For T, =573 K, Fig. 7b,
a similar spectrum is obtained; due to a larger width of
these bands, some contribution of linear Rh® monocar-
bonyls (20) cannot be discarded in this case. For T,=
773 K, Fig. 7c, the higher wavenumber dicarbonyl band
is shifted to 2068 cm~! and has an apparently larger rel-
ative intensity. Another small and broad band appears
around 1850 cm~?, being assignable to bridging carbonyls
formed on metallic rhodium particles (20). After additional
O, adsorption at room temperature (the FTIR cell used
does not allow to work at 77 K), Fig. 7d, the dicarbonyl
bands are still observed, but they are shifted to 2087 and
2018 cm™1.,

DISCUSSION

Effect of Vacuum Treatments on Supported
and Unsupported Rhodium Oxide

For Rh,03, signals R1 and R2, due to Rh?* ions, reveal
nonstoichiometry (partial reduction), which is present to
some extent already in the initial material and, as expected,
increases upon outgassing due to O, desorption. It must
be recalled that the resulting reduced Rh species may be
ESR-silent if they appear as diamagnetically coupled Rh?*
pairs, Rh™ ions, or Rh? particles, or if the electrons re-

Nej
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2.011
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FIG.6. ESR spectraat 77 K of RhO,/CeO; outgassed at T, =573 K,

after adsorption of CO (350 umol/g) at 77 K (a), and subsequent adsorp-

tion of O, (70 umol/g) at 77 K (b).
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FIG. 7. FTIR spectraafter adsorption of 5 Torr of CO on RhO,/CeO,
preoutgassed at T, =473 K (a), 573 K (b), and 773 K (c). After Fig. 7b,
subsequent contact with O, (d).

leased become delocalized in the conduction band of the
oxide. The ESR signal intensity decrease observed in this
material for T, > 573 K indicates an increase in these un-
detected states at the expense of visible Rh?* ions; those
states are probably Rh** pairs or Rh*, at least for not too
high T,.

It is noteworthy that such decrease does not occur in the
same T, range for the rhodia—ceria sample. This means that
the ceria support allows to stabilize reduced rhodium in
the Rh?* state without pairing of the excess electrons into
doubly occupied orbitals. The reason for this is difficult to
ascertain, since the precise structure of the Rh-containing
phase in this material is not known. It may be related to
the highly dispersed nature of the RhOy surface clusters,
hindering the coupling of Rh?* ions in pairs, and/or due
to an effect of the strongly ionic nature of the ceria sur-
face to stabilize ions with higher charge better than Rh™ or
Rh?. As to the absolute amounts of Rh?*, it is noted that
for T, =573 K (giving the highest intensity for the Rh,O3
sample) the fraction of Rh ions detected as Rh?* is ca 35
times higher in RhO,/CeO, than in pure rhodia, this ratio
increasing further for higher T,. With the present data, it
cannot be decided whether this higher amount of Rh?* is
due to specific rhodia—ceria interactions or merely results
from the high dispersion of the rhodia phase.
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Use of Adsorbed Oxygen Species as Probe to Evidence
Rhodia—Ceria Interactions

On Rh;03 outgassed at Ty <473 K, O, adsorption does
not produce substantial changes in the spectrum. Signal R1
corresponds thus to a relatively stable center, probably as-
sociated to defects in the bulk of the oxide. Changes upon
O, adsorption do appear when the sample has been pre-
outgassed at T, >573 K, i.e., after signal R2 is observed.
The main signal formed, RO’, ascribed to a [Rh—OQ]**
complex, only appears upon warming at room tempera-
ture, which indicates that the formation of this complex has
here a sizeable activation energy; on the other hand, the
easy elimination of this signal upon outgassing indicates
a weak bonding of this complex. The other species formed
by O, adsorption, RO, describable rather as [Rh*t-0; ], re-
sists room temperature outgassing; it is therefore more sta-
ble than the [Rh-OQ]** complex, being probably formed
from more reactive Rh?* centers. The difference in both
types of Rh*" ions may reside in somewhat different en-
vironments, e.g., a different type of coordination insatu-
ration.

[Rh—OOJ?* complexes appear also on ceria-supported
rhodia. As on unsupported Rh,0O3, they appear only on
samples outgassed at T, > 573 K. Thus their formation de-
pends on the presence of the specific type of Rh?** ions
which is generated by outgassing at medium-high tempera-
tures (those giving signals R2 and R4); probably, the distinc-
tive feature of these centers is related to the type of coor-
dination insaturation. One difference with the Rh,O3 case
is that, in the ceria-supported material, these complexes
appear already upon O, adsorption at 77 K, implying that
the barrier for reaction is substantially lower than on pure
rhodia. Indeed, a comparison of the signal RO” character-
istics with those of other [RhOO]?* signals obtained on
several supported rhodium systems described in the litera-
ture (Table 2) indicates that dispersion of the rhodia phase
on ceria affects significantly the Rh—oxygen interaction. In
our case, although the ESR parameters of signal RO” are
close to those of relatively strongly bound Rh—-oxygen com-
plexes and indicate a high spin density delocalization onto
the Rhion, the Rh—O bond remains rather weak, as in other
Rh-oxygen complexes reported in the literature having g
values closer to ge.

The formation of O-type signals, due to O, radicals ad-
sorbed on Ce ions, requires the presence at the surface of
excess electrons, to be transferred to the O, molecules, and
of vacancies in the coordination sphere of the cerium ions,
where the resulting O, radicals may be chemisorbed. A
comparison of the formation of these centers on pure ceria,
discussed in detail in (10), with the results presented here
for rhodia—ceria reveals significant differences, showing an
influence of rhodium on the formation and properties of
these oxygen vacancies.
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One indication comes from the fact that the first O-type
signal found on RhO,/CeO,, called OCR, is seen under
conditions (T, =373 K, T, =77 K) for which no O,-derived
signal appeared on the support. This means that these ad-
sorbing centers are more reactive to O, than those formed
under the same conditions in the absence of rhodium. On
the other hand, the ESR parameters of this signal are some-
what different (larger gx and smaller g;) from those of the
similar signals (type O) found in pure ceria (Table 1), indi-
cating a modified coordination environment of the Ce ion
stabilizing the radical, an effect which should be related
to the vicinity of the rhodia phase. Even though a thor-
ough theoretical investigation about O, —Ce complexes has
not yet been reported, there is agreement (10, 19, 22, 23)
that these deviations of gy from g (the value predicted by
the ionic model for adsorbed superoxide radicals (15, 24)),
which are characteristic of O stabilized on Ce ions, are due
to a contribution of cerium 4f orbitals to the superoxide—
cerium bond, i.e., to covalent effects. The larger Agx shift
observed for signal OCR suggests, thus, a modification in
the bonding properties of the Ce ions at those vacancy sites
which are formed at the lowest outgassing temperatures
and experience the influence of nearby rhodium ions. In
summary, it seems that low temperature outgassing elim-
inates oxygen ions at the rhodia—ceria interface (possibly
from Rh—O-Ce bridges) so as to produce vacancies which
are more reactive than those which appear upon the same
treatment on pure ceria.

For RhO,/CeO, outgassed at T, > 473 K, subsequent O,
adsorption gives O-type ESR signals with parameters quite
similar to those observed in the case of CeO;. The strik-
ing result concerns the thermal aspects of the formation
of these radicals on the sample outgassed at T, >573 K.
In this case, signal RO” is observed, and no O-type signal
appears, when O, adsorption is done at 77 K. This cannot
be ascribed to dipolar broadening beyond detection due
to excess physisorbed O, on the basis of the results with
higher O, amounts and taking into account that these radi-
cals were observed under similar conditions on CeO, (10).
The absence of O-type signals implies that the O, molecules
contacting the sample are chemisorbed exclusively on re-
duced rhodium centers and not on reduced cerium centers
at the support. However, cerium adsorption centers with
the appropriate vacant coordination sites do exist, since
the corresponding O-type signals do appear upon warm-
ing already at around 180 K; and indeed they are stronger
adsorption centers than those on rhodia, as shown by the
experiments of desorption at 295 K after warming at the
same temperature. Thus, it seems that the same type of sur-
face centers able to adsorb O, on pure CeO,, which also
exists in the RhO,/CeO, material, accepts O, already at
77 K on the former but not on the latter.

This different behavior can be explained assuming that
the coordinatively unsaturated cerium centers present on
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the support in outgassed RhO,/CeO, cannot supply to O,
molecules the electrons released during outgassing because,
at low temperature, those electrons are trapped preferen-
tially at the RhOy phase, and are available only at the sur-
face of the latter. Then, in these conditions in which molec-
ular mobility is strongly quenched, any O; -like species
formed on that surface will remain on it, giving rise to the
RO" species. This implies that both catalyst components are
in good electronic contact, allowing the transfer of electrons
between them, and requires an appropriate relationship be-
tween their electronic levels; specifically, the work function
of the RhOy phase present should be higher than that of
reduced ceria, which is a n-semiconductor (9) and has its
Fermi level close to the bottom of the conduction band.
The work function of a nonstoichiometric and highly dis-
persed RhOy phase such as it appears here is difficult to
establish, but is expected to be higher than that of metallic
rhodium, which amounts to 5.1 eV (25), while that of ceria
lies between 4.7 and 2.5 eV depending on the reduction de-
gree (26). Thus electron transfer from reduced ceria to the
RhOy phase is probably favored. It may be nearly complete
if the RhOy phase has a high density of states at the Fermi
level; this would correspond to a nearly metallic character,
a situation relatively common in nonstoichiometric transi-
tion metal oxides. On the other hand, stoichiometric Rh,0s,
having closed electron shells (i.e., the valence band is full)
and conduction bands which are expected to lie relatively
high due to destabilization by a full coordination of the
Rh ions with the oxide ligands, would probably have dif-
ficulty in accepting such electron transfer. When the latter
transfer occurs, the surface region of ceria will be deleted
from electrons; such effect is similar to that known to occur
at metal-semiconductor contacts, leading to an interfacial
electric field and an upward bending of the semiconductor
bands in the zone close to the metal, i.e., to a Schottky bar-
rier, as has been pointed out previously (9). In this situation,
populating the electron levels at the cerium oxide phase will
require an activation energy, being therefore dependent on
the sample temperature.

These data show that, in the sample outgassed at T, >
573 K, Ce-bonded O; species (evidenced through a feature
at g =2.008) begin to form upon warming at temperatures
>185 K (Fig. 6). This might be explained in terms of an on-
set of molecular motions on the surface, by which O; radi-
cals would detach from the Rh ions (carrying the unpaired
electron on the O-O fragment and leaving Rh* behind)
and spill over to the ceria surface to become fixed on the
more strongly adsorbing Ce** centers having coordination
vacancies. However, that temperature is close to the tem-
perature of desorption of molecular oxygen from a Rh(111)
surface (27) or from polycrystalline Rh (28). Thus, it may
also be that neutral oxygen molecules desorbing from the
reduced rhodium centers migrate through the gas phase,
at T > 185 K, to the reduced centers of the support, where
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FIG. 8. Scheme ofelectronicstatesand electrontransfersinthe RhO,/
CeO; system: left side before, right side after O, addition; lower part at
77 K, upper part at room temperature.

they could readsorb and trap electrons if these latter, at
that higher temperature, had been able to undergo thermal
excitation from the levels in the RhOy phase towards levels
near the conduction band of CeO,. Given this coincidence
of onset temperatures, the second explanation seems more
likely. At T > 245 K the process seems to be completed, and
only a decrease in signal intensity is observed which corre-
sponds to the expected decrease in the population differ-
ence between spin states predicted by the Boltzmann law
(paramagnetic behavior). From that moment on, the sys-
tem keeps Ce—O; species at both 77 K and 295 K, while at
the latter temperature O, desorbs easily from the weaker
[RhOO]?* complexes. An overall picture summarizing this
model of electron transfer and localization is presented
in Fig. 8.

Behavior of RhO,/CeO; upon Adsorption
of Other Molecules

Previous work showed (29) that both RO” and O-type
radicals could be generated on RhO,/CeO, outgassed at
Ty >573 K by N,O adsorption at 295 K (indicating a re-
markable ability to form O—-O bonds at such low temper-
ature), in contrast with the behavior of pure Rh,O3; and
CeO,, none of which could form these species from N,O in
similar conditions. Thus, a special reactivity was evidenced
for the rhodia—ceria interface in this system. On the basis of
the present results, it may be proposed that the special co-
ordination configuration of cations at that interface that al-
lows both the easy generation of O, species evenat 77 K in
samples outgassed at only 373 K and the stabilization with-
out mutual coupling of substantial amounts of surface Rh*
ions with high electron transfer ability, facilitates also N,O
adsorption and the transfer and further reaction of O atoms
released from that molecule to form O, molecules. Actually,
the work mentioned on N,O reported also catalytic activity
data showing that the temperature at which stoichiometric
decomposition of that molecule into N, + O, could occur
on Rh,Oj3 decreased by 50-100 K when this oxide was dis-
persed on ceria. This effect was ascribed to the presence of
electron excess sites at microinterfaces between a partially
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reduced RhOy phase and the ceria support under reaction
conditions.

The fact that, on a RhO,/CeO, sample outgassed at 573 K
and contacted with CO, O, adsorption at 77 K (Fig. 7) does
not generate [Rh-OO0]?* adducts, being able on the con-
trary to produce O, -Ce** species, may be interpreted as a
result of the occupation by CO of free coordination posi-
tions on the surface Rh ions. ESR shows that the Rh?* sig-
nal transforms upon CO adsorption into that of a Rh?*—CO
complex, so that, even if the latter is oxidized by addition
of O, (as shown by the elimination of its ESR signal), there
is no room for stabilization of a [Rh-OO]?* complex if CO
is not desorbed. These results indicate anyway that, with
CO adsorbed, the excess electrons are no longer trapped at
77 K on the RhOy aggregates, but are present at the reduced
CeO; surface, producing easily O, —Ce** species upon O,
adsorption at that temperature. This might be due to a re-
pulsion between the adsorbed CO and the excess electrons
(or, described in another way, to a decrease in the work
function of the RhOy component upon CO adsorption),
so that these electrons can return to the ceria phase. One
should not exclude, however, an effect of mutual synergy
between CO and O, already at 77 K, enhancing the oxida-
tion of the dispersed rhodia phase (indeed, the occurrence
of this phenomenon has been evidenced by XPS (30)). In
any case, the possibility of modifying a surface reaction on
one phase (CeO; here) through adsorption processes on an-
other phase (RhOy) via a modification of the transfer and
repartition of electron between both phasesis an interesting
concept which might have wider applications.

The IR results obtained upon CO adsorption could be
related also to electron transfer effects. The frequencies
observed here for the gem-dicarbonyl rhodium complexes
formed upon CO adsorption on RhO,/CeO, are substan-
tially lower than those reported for such complexes formed
under similar conditions on other supports (31). In those
cases, the two bands appear in the ranges 2090-2100 and
2015-2040 (here we keep the comparison within specimens
prepared free from chlorine, which could affect the results).
This shift indicates (32) a higher back-donation effect to-
wards the CO fragments from the Rh™ ions in the ceria-
supported sample, suggesting a higher electron density. The
blue shift of the dicarbonyl bands produced by O, adsorp-
tion at room temperature would indicate then the elim-
ination of this higher electron density. It must be noted,
however, that these last observations are not likely to con-
cern to an aggregated rhodia phase, but rather to dispersed
rhodium ions, as indicated by literature data (31-33) and by
the absence of coverage-dependent dipolar coupling effects
in these dicarbonyl bands (21). Also, this IR effect is not di-
rectly correlated to the behavior observed in ESR, as the
IR shift to lower frequencies is seen already for T, =473 K.
Further work is needed to verify if both observations do
have the same origin.

MARTINEZ-ARIAS, SORIA, AND CONESA

CONCLUSIONS

The ESR data presented here show the existence, in the
RhO,/CeO; catalyst examined, of rhodia—ceria interactions
influencing several sample properties. First, they lead to a
higher stability of nonpaired, reactive Rh?* ions. Second,
the behavior of the O, signals reveals that rhodium af-
fects the O, adsorption capability of the ceria support. The
reactivity of surface oxygen vacancies formed at low out-
gassing temperature at the ceria—rhodia boundary is higher
than on pure CeO,, due probably to a modification of the
cerium coordination near the ceria—rhodia interface, while
upon deeper activation electron acceptor states appear in
the dispersed rhodia aggregates, leading to a depletion of
electrons in the ceria support which prevents their transfer
to O, on the surface of the latter at 77 K, the effect be-
ing suppressed by CO adsorption on the rhodia phase. It
is proposed that the mentioned interfacial interaction and
electronic transfer may be responsible for the enhanced
catalytic activity observed for N,O decomposition on the
RhO,/CeO; system (29). In any case, it is worthwhile to
remark that, although the influence of electron transfer
between active phase and support on catalyst reactivity is
an old concept (34), the ideas that temperature may influ-
ence the surface reactivity of one of two contiguous phases
mainly by changing the electron distribution between them,
and, especially, that adsorption on one active phase (with
CO in this case) may change the surface reactivity of an-
other phase viaasimilar electron redistribution mechanism,
have received little attention in the literature. They might
be relevant for other situations.
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