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Abstract

The characterization of two low-loaded Rh(wt%)/Ce() ¢3Zrg 3202 samples (Rh(0.29)/CZ and Rh(0.32)/CZ) was performed via N»>-FTIR and
benzene hydrogenation before being investigated for CO oxidation activity and kinetics. N»-FTIR allows characterization of both R+ (N, =
2295 cm_l) and Rh? (vN, = 2192 cm_l) centers and revealed that the concentration of Rh®t does not vary to a significant extent on both
samples, whereas the concentration of RhO sites increases dramatically on Rh(0.32)/CZ, as also supported by benzene hydrogenation activities.
In contrast, CO oxidation activity and kinetics are nearly identical on both catalysts. This clearly indicates that CO oxidation is catalyzed not by
the RhY centers, but more likely by the Rh% centers. Such a conclusion is supported by the estimated reaction orders with respect to CO and
O,, which are obviously different from those expected for Rh catalytic sites. The dramatic increase in the concentration of the RhO centers on
Rh(0.32)/CZ suggests the presence of electron-enriched Rh clusters on Rh(0.29)/CZ, owing to the basicity of CZ. These electron-enriched Rh

clusters, which neither catalyze benzene hydrogenation nor chemisorb N», do not catalyze CO oxidation either.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Three-way catalysts (TWC) would not have been the well-
known success story in the purification of gasoline engine ex-
hausts if CeO,, and later Ce,Zr;_,O; mixed oxides, had not
been added to the TWC formulations [1]. These CeO,-based
oxides, which exhibit unique oxygen storage-release proper-
ties [2] depending mainly on the gaseous atmosphere with
which they are in contact [1], are key components of the TWC.
Under TWC lean-rich oscillating operating conditions, these
oxides help maintain elevated CO and unburnt HC oxidation
efficiencies, even in the rich incursions required to achieve im-
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proved NO, conversion, by providing extra oxygen stored un-
der the lean periods [1].

The constant improvement of TWC formulations also re-
vealed the need for intimate contact between the CeO;-based
oxides and the platinum group metals (PGMs: Rh, Pt, and Pd)
to ensure enhanced pollutant removal [1]. It is noteworthy that
such intimate contact may alter the oxidation state of the de-
posited PGMs [3,4].

For the CO oxidation reaction, it has been widely reported
that this catalytic reaction is greatly promoted by the incor-
poration of CeO;-based oxides [5-17]. Although Yu Yao con-
cluded, more than 20 years ago [6], that two types of surface
sites (zero-valent and oxidized) may be considered to explain
the striking differences observed in CO-O; kinetics on CeO;-
promoted PGMs samples compared with nonpromoted ones,
few authors attributed the enhanced catalytic activity of the
CeO;-promoted PGMs catalysts to the presence of oxidized
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PGM species [14-19]. This peculiarity may arise from the fact
that in most studies [6—13], both zero-valent and oxidized sur-
face species coexist on the studied catalysts and that the avail-
able characterization methods usually focus on the titration of
the zero-valent species only, so that the presence of the oxidized
species is most often ignored.

In previous studies [15,17], we inferred the differences in
CO-0; kinetics observed between a Rh(0.29)/Ceq ¢gZro 3202
(Rh(0.29)/CZ) catalyst and a Rh/SiO reference catalyst to the
reactivity of Rh oxidized species, as the model benzene hy-
drogenation reaction, which titrates only Rh® sites [20-22],
proceeded to a very limited extent on Rh(0.29)/CZ. Very re-
cently, characterization of Rh(0.29)/CZ through the adsorption
of CO and N, molecular probes followed by FTIR confirmed
the presence of oxidized Rh species even after reduction un-
der H, at 500 °C [23]. In this work, it was concluded that Rh
was stabilized mainly as electron-deficient clusters (Rhff) on
Rh(0.29)/CZ. The existence of these species may be caused
by either electron perturbation induced on the metal by the re-
duced support [24] or, more likely, electron withdrawal from
the metal clusters by an inductive effect of the neighboring Cl
anions [25-28]. In the presence of CO, however, evidence of
Rh!(CO), species was also provided, the formation of which
results from the well-known oxidative disruption of the Rh®
clusters assisted by the neighboring OH groups [29-35]. Nev-
ertheless, the catalytic reactivity of Rh!(CO); species for CO
oxidation is fairly low [36-39], leading us to conclude that the
activity of the Rh(0.29)/CZ catalyst [17] is presumably due to
the Rh®* sites [39].

This work aims at providing additional evidence for the fact
that Rh®t sites supported on Ceg¢3Zr9 3202 are the catalytic
sites responsible for the enhanced CO oxidation activity of
Ce.68Z10.3202-supported Rh catalysts. For this purpose, a Rh/
CZ catalyst with a nominal content of Rh close to that of the ma-
terial studied previously [17] was synthesized. The synthesis of
this catalyst was realized on a precalcined CZ support, however,
to significantly increase the fraction of Rh? sites. Both of these
catalysts were characterized through the benzene hydrogena-
tion model reaction and adsorption of N followed by FTIR
(N2-FTIR). These techniques allowed characterization of the
R sites, whereas N,-FTIR also revealed the presence of Rhé+
species. Finally, CO-O; transient experiments and steady-state
kinetics were performed on the newly synthesized catalyst and
compared with those obtained previously on Rh(0.29)/CZ [17].

2. Experimental
2.1. Catalyst preparation

The two low-loaded Rh/CZ catalysts (0.29 [17] or 0.32 wt%
Rh) were prepared by anionic exchange from an acidic solu-
tion of RhCl3-3H,0 (Johnson Matthey) with the ceria—zirconia
(Ce.63Z10.3202: CZ, ~200 m? g_l) support [18]. The acidic
solution of RhCl3-3H,0 (7.8 x 1073 molL™!) was added to
80 cm? of an aqueous suspension of 2.5 g of CZ previously set
to pH 1.9 by the addition of HCI. After undergoing exchange
for 15 min under vigorous stirring, the Rh/CZ catalyst was fil-
tered and washed with distilled water before drying in air at
room temperature for 12 h and then at 120 °C for 3 h. It is note-
worthy that Rh(0.29)/CZ was synthesized from the uncalcined
CZ support, whereas the CZ support was calcined under air at
500 °C for 2 h before synthesis of Rh(0.32)/CZ.

For comparison, two additional catalysts were prepared.
A chlorided-CZ material was synthesized by submitting the
uncalcined CZ support to an identical acidic treatment as
that of the above-mentioned low-loaded Rh/CZ catalysts. The
chlorided-CZ material was then filtered and washed with dis-
tilled water before drying in air at room temperature for 12 h
and at 120°C for 3 h. A Rh/CZ catalyst with a greater Rh
loading (1.45 wt%) was prepared by incipient wetness impreg-
nation of the chlorided-CZ material by an aqueous solution of
RhCl3-3H,0 (0.31 mol L™") and subsequently dried in air at
room temperature for 12 h and at 120 °C for 3 h.

Rh and CI contents were determined, after reduction under
H; at 500 °C for 2 h, by chemical analyses (CNRS, Vernaison,
France). The results of the chemical elemental analyses, given
in Table 1, show that the CI contents of CZ, Rh(0.29)/CZ, and
Rh(0.32)/CZ are close to 1 wt%, whereas that of Rh(1.45)/CZ is
about 2 wt%. The greater CI content of Rh(1.45)/CZ agrees well
with the fact that this material was not washed with distilled
water after impregnation.

The specific surface areas were determined by physisorp-
tion of N at —196 °C using a Quantasorb Jr. dynamic system
equipped with a thermal conductivity detector (TCD). The spe-
cific surface areas were calculated using the BET method. Ta-
ble 1 shows that the specific surface areas of CZ, Rh(0.29)/CZ,
and Rh(1.45)/CZ are scarcely affected (<10% of the initial sur-
face) by the CI and Rh deposition processes, whereas thermal
treatments in flowing air or Hy at 500°C for 2 h lead to a
substantial decrease (about 35%) in specific surface area. For

Table 1
Chemical elemental analyses, specific surface areas and benzene hydrogenation activities of the studied Ceq ¢gZrg 3200;-based catalysts reduced under flowing Hp
at 500°C for 2 h
Catalysts Rh Cl Specific surface area (m?2 g_l) Benzene hydrogenation activity
(W) (Wt%) Post-synthesis Reduced at 500 °C 107% mol s! gc_al 107% mol s! giﬂ
cz2 0.00 1.06 191 135 0 0
Rh/CZ2 0.29 0.95 185 130 0.18 65
Rh/CZP 0.32 1.11 129 122 1.99 622
Rh/CZ2 1.45 1.65 186 143 5.45 375

4 Synthesized from uncalcined Ceq ggZr 320>.
b Synthesized from Ce ggZr( 3207 calcined at 500 °C for 2 h.
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Rh(0.32)/CZ, the subsequent reduction step does not produce
a further significant decrease in the specific surface area of the
precalcined support.

2.2. Benzene hydrogenation

Because of the well-known reducibility of the CZ sup-
port [40], which makes the use of the common chemisorp-
tion techniques difficult, the presence of exposed zero-valent
Rh atoms (Rh®) was revealed by means of the benzene hy-
drogenation reaction [21,22]. Before benzene hydrogenation,
the catalyst sample (0.050 g deposited on a plug of quartz
wool inserted inside a Pyrex reactor) was heated in flowing H»
(100 cm?\lTP min~!) at atmospheric pressure with a heating rate
of 3°C min~! up to 500 °C and held at this temperature for 2 h.
After cooling to 50 °C under Hj, the reaction was started. The
partial pressure of benzene was 51.8 Torr (1 Torr = 133 Pa),
and the total flow rate was 107 cmf(ITP min~! with H, as bal-
ance.

The composition of the effluent was analyzed using an on-
line gas chromatograph (Hewlett Packard 5890, FID) equipped
with a PONA (paraffins—olefins—naphthenes—aromatics; HP,
50 m long, 0.20 mm i.d., 0.5 um film thickness) capillary col-
umn. Cyclohexane was the only product detected.

2.3. Low-temperature Ny adsorption followed by FTIR

Fourier transform infrared (FTIR) spectra of adsorbed N>
on the CZ-based samples were collected on a Bruker Vector
22 FTIR spectrometer equipped with a liquid N>-cooled MCT
detector and a data acquisition station. A total of 256 scans were
averaged with a spectral resolution of 2 cm™!.

The samples were pressed into self-supporting wafers of 8—
14 mg cm~2. The wafers were loaded in a moveable glass sam-
ple holder, equipped on top with an iron magnet, and inserted
in a conventional Pyrex-glass cell (CaF, windows) connected
to a vacuum system. The iron magnet allowed for the transfer
of the catalyst sample from the oven-heated region to the in-
frared light beam. The glass cell was placed in a polystyrene
container that allowed the sample to be cooled to a temperature
of about —173 °C with liquid N».

Before N, adsorption, the catalysts were submitted to a dy-
namic (50 cm? min—') reducing pretreatment (5% Hj in Ar,
Air Liquide, 99.999%) at 500 °C for 2 h at atmospheric pres-
sure. The samples were then evacuated (7.5 x 10~/ Torr) at
500 °C for 60 min. Finally, the temperature was decreased to
—173 °C under dynamic vacuum. To ensure adequate cooling
of the sample, a pulse of 0.1 umol of He (Air Liquide, 99.999%)
was introduced. The samples were contacted to Ny (Air Lig-
uide, 99.999%) under a pressure of about 16 Torr and pulses
of Oy (Air Liquide, 99.999%) were then introduced on the N»-
preadsorbed samples as described previously [41].

Unless specified otherwise, the spectrum at —173 °C of the
pretreated sample was used as a reference and subtracted from
the spectra of the sample exposed to the different probe mole-
cules. For all spectra, absorbances have been normalized with
respect to the sample weight.

2.4. CO oxidation experiments

Before runs, the catalyst samples (0.200 g, 125-200 pm)
were submitted to a temperature-programmed reduction from
room temperature to 500°C (3°C min~1) under Hy (Air Lig-
uide, 100 cmf\ITP min~!) and held at this temperature for 2 h.
After pretreatment, the catalysts were flushed at 500 °C for
15 min under helium (230 cml3\1TP min~1), and the catalyst tem-
perature was decreased to room temperature. Before kinetic
measurements, two subsequent and reproducible CO-0; (0.4—
0.2% in He, 230 cm13\ITP min~! total flow rate) temperature-
programmed reactions were carried out from room temperature
to 500 °C at a heating rate of 3°Cmin~! to ensure the reliabil-
ity of the activation procedure.

The kinetic study was conducted in a U-type quartz dynamic
differential microreactor (20 mm i.d.). The synthetic gas mix-
ture was fed from independent mass flow controllers (Brooks
5850). The reactor outflow was analyzed using an infrared de-
tector (Maihak 710), allowing for the simultaneous recording of
CO and CO;. CO conversions (Xco = [CO;3]7/[CO]J;, where
[CO2]7 and [COJ; are the concentration of CO, measured at
temperature 7" and the initial concentration of CO, respectively)
were calculated.

Because CO oxidation is strongly exothermic, external and
internal diffusion limitations were verified under transient ex-
perimental conditions [17]. These experiments showed that
both internal and external limitations occurred only at CO con-
versions >60%.

The kinetic parameters reported in the present work were
obtained at steady state, while the reactor was operated isother-
mally and as close to a differential reactor as possible by limit-
ing the conversion to <10%. The CO reaction order was de-
termined at 115 °C under reducing or oxidizing reactive gas
mixtures by maintaining the O, concentration at 0.20% and
varying the CO concentration from 0.44 to 0.40% or from 0.33
to 0.40%, respectively. The O, reaction order was determined
at 115 °C under reducing or oxidizing reactive gas mixtures by
maintaining the CO concentration at 0.40% and varying the O,
concentration from 0.16 to 0.20% or from 0.33 to 0.20%, re-
spectively. The apparent activation energy was determined with
an accuracy of £10 kJ mol~! under stoichiometric conditions
(0.40% CO and 0.20% O in He) at reaction temperatures of
110-125°C.

3. Results
3.1. Benzene hydrogenation

Table 1 gives the benzene hydrogenation activity of the var-
ious samples obtained after reduction in Hy at 500 °C for 2
h. Among the supported Rh catalysts, this table shows that
the benzene hydrogenation rate is the lowest for Rh(0.29)/CZ.
It also shows that the calcination of CZ before deposition of
Rh has a dramatic influence on the benzene hydrogenation
rate, as that estimated on Rh(0.32)/CZ is one order of magni-
tude greater than that determined on Rh(0.29)/CZ. Finally, the
benzene hydrogenation activity of Rh(1.45)/CZ, calculated per
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Fig. 1. Low temperature (—173 °C) infrared spectra of the CZ catalyst after
adsorption of: (a) N; at a pressure of 18.2 Torr and (b—d) subsequent pulses of
0.54, 0.76, and 1.51 umol of Oy, respectively.

gram of Rh, is about half that of Rh(0.32)/CZ. This result may
be reasonably attributed to an increase in Rh particle size and
thus to a decrease in the percentage of exposed Rh® surface sites
compared with Rh(0.32)/CZ.

3.2. Adsorption of Ny at —173 °C followed by FTIR

As CO may alter the catalytic sites onto which the adsorp-
tion occurs [42], characterization of the Rh catalysts by FTIR
was done using N> as a molecular probe. Studies aimed at char-
acterizing Rh catalysts by means of N»-FTIR [23,41,43-47] are
much less numerous than those performed with CO-FTIR [42],
due to the fact that N interacts very weakly with transition met-
als and the extinction coefficient of adsorbed N, is much lower
than that of adsorbed CO [45].

3.2.1. CZ

The FTIR spectrum of CZ contacted under 18.2 Torr of N is
presented in Fig. 1 (spectrum a). This spectrum shows a narrow,
intense absorption band at 2330 cm~!, which can be attributed
to N» physisorbed on the OH groups of the support [45-47].
Along with this band, negative and positive contributions are
also seen at 2139 and 2100 cm ™!, respectively.

When O is pulsed on the CZ sample maintained under N,
the intensities of the absorption band at 2330 cm™! (not shown)
and the negative contribution at 2139 cm~! (Fig. 1, spectra b—d)
are hardly affected. In contrast, that of the positive contribution
at 2100 cm™! clearly decreases after the introduction of small
quantities of O;.

3.2.2. Rh(1.45)/CZ

The FTIR spectrum obtained on Rh(1.45)/CZ after adsorp-
tion of Ny at —173 °C is shown in Fig. 2 (spectrum a). As is
the case for CZ, an absorption band is observed at 2330 cm™!,
corresponding to physisorbed N> on the OH groups of CZ.
The intensity of this band is comparable to that found on CZ
(not shown). In addition, a positive contribution is seen at
2110 cm™!. On Rh(1.45)/CZ, however, the negative contribu-
tion revealed on CZ at 2139 cm ™! is not observed, most likely
because of the presence of the broad absorption band (2280—

2330

0.01

Absorbance (a.u.)

2400 2300 2200 2100 2000

Wavenumbers (cm’l)
Fig. 2. Low temperature (— 173 °C) infrared spectra of the Rh(1.45)/CZ catalyst

after adsorption of: (a) N; at a pressure of 16.2 Torr and (b—d) subsequent pulses
of 1.91, 1.52, and 0.76 umol of O,, respectively.
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Fig. 3. Low temperature (— 173 °C) infrared spectra of the Rh(0.32)/CZ catalyst
after adsorption of: (a) N at a pressure of 16.0 Torr and (b, d—f) subsequent
pulses of 1.92, 1.42,2.12, and 0.71 umol of O, respectively. Spectrum c (---)
was recorded 40 min after measurement of spectrum b without introduction of
a new pulse of O5.

2140 cm™!) peaking at 2192 cm™!. Finally, a very weak ab-
sorption band is also present at 2295 cm™! (Fig. 2).

When pulsing O;, the absorption bands at 2330 and 2295
cm~! remain constant, whereas the contribution at 2110 cm ™!
decreases drastically, shifts to 2093 cm~!, and becomes nega-
tive for a cumulated pulsed quantity of O, > 1.91 umol (Fig. 2,
spectra ¢ and d). The intensity of the broad band peaking at
2192 cm™! also decreases with the introduction of controlled
quantities of O,. Along with these observations, it is noteworthy
that the introduction of small doses of O; leads to the appear-
ance of an absorption band of weak intensity at 2244 cm™! for
a cumulated pulsed quantity of O >1.91 umol (Fig. 2, spec-
tra ¢ and d). Finally, the introduction of O clearly reveals the
existence of an isosbestic point located at 2235 cm™! (Fig. 2).

3.2.3. Rh(0.32)/CZ

The adsorption of N, at low temperature followed by the in-
troduction of pulsed quantities of O, on Rh(0.32)/CZ (Fig. 3)
compares qualitatively well with that reported on Rh(1.45)/CZ
(Fig. 2). The contributions at 2191 and 2104 cm™! observed for
Rh(0.32)/CZ (Fig. 3) are of lower intensities than those found
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Fig. 4. Low temperature (—173 °C) infrared spectra of the Rh(0.29)/CZ catalyst
after adsorption of: (a) N; at a pressure of 16.0 Torr and (b, ¢) subsequent pulses
of 1.15 and 0.76 pmol of O, respectively.

for Rh(1.45)/CZ (Fig. 2), whereas that at 2295 cm™~! seems to
be of comparable intensity to that found on Rh(1.45)/CZ. Given
the fairly low intensity of this band, this comparison remains
challenging, as shown in Fig. 8. As observed on Rh(1.45)/CZ
(Fig. 2), the main effect of pulsing O, on a N-saturated
Rh(0.32)/CZ sample is a significant decrease in the intensity
of the contributions at 2191 and 2104 cm™~!. A negative contri-
bution is also revealed at 2136 cm™! on addition of >3.34 umol
of Oy (Fig. 3, spectra d—f). It is interesting to note that the in-
tensity of the contribution at 2104 cm~! is similar to that found
on CZ and that the appearance of the negative contribution at
2136 cm™! is also in good agreement with that observed on CZ
(Fig. 1). Spectrum c (---) from Fig. 3 deserves special com-
ment. This spectrum was recorded 40 min after introduction
of pulse b. Although additional O, was not introduced, the in-
tensity of the contributions at 2191 and 2104 cm™! decreases
(Fig. 3). This suggests that the evolution of the Ny IR fea-
tures on O, adsorption is a relatively slow process under the
present experimental conditions. Finally, an absorption band
grows at 2244 cm~! with the introduction of O5, and an isos-
bestic point is revealed at 2232 cm~! (Fig. 3), as also observed
on Rh(1.45)/CZ (Fig. 2).

3.2.4. Rh(0.29)/CZ

Despite the fact that the IR features at 2330, 2295, 2138,
and 2101 cm™! observed on Rh(0.29)/CZ (Fig. 4) resemble
those already found on CZ, Rh(1.45)/CZ, and Rh(0.32)/CZ
(Figs. 1-3), the 2280-2140 cm™! spectral region, within which
only a broad absorption band of very weak intensity centered at
2230 cm™! can be distinguished (Fig. 4), differs strikingly from
those of Rh(1.45)/CZ and Rh(0.32)/CZ (Figs. 2 and 3). Apart
from the contribution at 2101 cm™!, which decreases, the spec-
tra are unaffected when pulsed quantities of O; are introduced
(Fig. 4).

3.3. CO oxidation
Fig. 5 shows that the temperature-transient CO-O; exper-

iment performed on Rh(0.32)/CZ is comparable, within the
limits of experimental accuracy, to that reported previously on

100 -

CO conversion (%)
n
[—]

0 w1 I J T T T T T T 1
0 50 100 150 200 250
Temperature (°C)

Fig. 5. CO-0; temperature-programmed reactions (3 °C min~!, 0.4-0.2% in
He, 230 mLntp min~—! total flow rate) on 0.2 g of catalyst sample: (—)
Rh(0.32)/CZ or (—) Rh(0.29)/CZ.

Table 2

Comparison of the kinetic parameters associated to the CO-O; reaction rate
r =koexp(—Ea/ RT)PgO sz estimated on Rh(0.32)/CZ with those reported
previously on Rh(0.29)/CZ [17]

Catalysts o B E, Benzene hydrogenation activity
(Imol=1) (1076 mols™" gg)
Reduced at 500 °C  Post-catalysis

Rh(0.29)/CZ* 04 0.1 117 65 48
Rh(0.32)/CZP 04 0.0 91 622 384

2 Synthesized from uncalcined Ceg gZro.3205.
b Synthesized from Ce( gZr( 30O calcined at 500 °C for 2 h.

Rh(0.29)/CZ [17]. On both catalysts, CO oxidation starts at
about 80 °C and is achieved at 190 °C. The temperature of half
conversion of CO (T5g) is 140 and 145 °C for Rh(0.32)/CZ
and Rh(0.29)/CZ, respectively. Under identical experimental
conditions, it is noteworthy that CO oxidation starts at much
higher temperatures (~250 °C) on CZ (not shown). This agrees
well with previous studies showing that CO oxidation oc-
curs at elevated temperatures on CeO; [9,48,49], and confirms
that the observed CO oxidation activities of Rh(0.29)/CZ and
Rh(0.32)/CZ at low temperatures are not due to CZ alone.

The CO-0; kinetic results obtained on Rh(0.32)/CZ are
listed in Table 2. As was the case on Rh(0.29)/CZ [17], the re-
action orders in CO and O; are 0.4 and close to 0, respectively,
and the apparent activation energy is close to 100 kJ mol~!
for Rh(0.32)/CZ. Table 2 also shows that the benzene hydro-
genation activities decrease by about 30-40% after the CO-O,
reaction. It must be emphasized, however, that the hydrogena-
tion activities estimated on Rh(0.32)/CZ are always one order of
magnitude greater than those determined on Rh(0.29)/CZ (Ta-
ble 2).

4. Discussion

Before discussing the attribution of the IR features observed
on the studied samples (Figs. 1-4), we must emphasize that the
contribution at about 2100 cm™! corresponds not to N» species
chemisorbed on Rh, but rather to the forbidden 2Fs;; — 2F7»
electronic transition of Ce3t [50]. After reduction of ceria-
related materials, this band is usually observed at 2120 cm™!
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Vn,= 2244 cm!

Fig. 6. Schematic representation of the influence of O, addition on a Rh crys-
tallite whose exposed surface was contacted with Ny. (O) RhO sites, () Rhé+
sites. For the sake of simplicity, N» chemisorbed species were assumed to ad-
sorb via an end-on configuration and the dissociative adsorption of O, was only
considered. The arrows represent electron delocalization.

when the spectra are recorded at room temperature [23,50].
The appearance of this band at lower wavenumbers with the
introduction of N> may be due to extra cooling of the CZ-
containing wafers via conduction of the N, atmosphere, which
could not be fully compensated for by introduction of the He
pulse. The decreased wafer temperature results in a slight shift
of the band at 2120 cm™! to lower wavenumbers and thus to
the appearance of negative and positive contributions at higher
and lower wavenumbers, respectively (Fig. 1). This conclusion
is supported by the fact that the 2100 cm ™! contribution is also
observed on the Rh-free sample (Fig. 1) and disappears with
the introduction of pulsed quantities of O, to become negative
(Figs. 2 and 3) with corresponding CZ reoxidation.

The broad absorption band peaking at 2192 cm~! on
Rh(1.45)/CZ or Rh(0.32)/CZ (Figs. 2 and 3) can be assigned
mainly to N, species chemisorbed on Rh sites, the presence
of which is corroborated by the benzene hydrogenation activi-
ties of these catalysts listed in Table 1. As suggested previously
on Rh/SiO, samples [41], the large width of the Nz—RhO ab-
sorption band (~100 cm™!) may be attributed to a wide variety
of Rh adsorption sites due to the polycrystalline nature of the
metallic phase when supported on oxide carriers.

The introduction of pulsed quantities of O, on Rh(1.45)/CZ
or Rh(0.32)/CZ saturated with N, chemisorbed species (Figs. 2
and 3) leads to similar band evolutions as those reported re-
cently on Rh/SiO; catalysts [41]. The gradual decrease in in-
tensity of the band peaking at 2192 cm ™! and the appearance
of an absorption band of weak intensity at 2244 cm~!, along
with the existence of an isosbestic point at 2235 cm~! (Figs. 2
and 3), can be attributed to the displacement of N,-chemisorbed
species by O; (due to its much greater affinity with Rh) and
the evolution of one of these N, adsorbed species, respectively.
Considering the latter transformation, it is likely that one of the
N, adsorbed species becomes surrounded by oxygen species
adsorbed on neighboring Rh centers (as shown in Fig. 6), re-
sulting in appearance of the band at 2244 cm™!. The shift of
this band to higher wavenumbers is inferred to electron with-
drawal of the oxygen species chemisorbed on the neighboring
Rh surface atoms, resulting in a lower back-donation from Rh
to the 277* antibonding orbitals of N, and a positive local defi-
cient charge of these Rh sites (Rh“) [41].

-
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2400 2300 2200 2100 2000
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Fig. 7. Comparison of CZ (----) and Rh(0.29)/CZ (—) after exposure to 16.2
and 16.0 Torr of Ny at —173 °C, respectively.
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Fig. 8. Low temperature (—173°C) infrared spectra of CZ, Rh(0.29)/CZ,
Rh(0.32)/CZ and Rh(1.45)/CZ after adsorption of 18.2, 16.0, 16.0, and
16.2 Torr of Ny, respectively.

On Rh(0.29)/CZ, the presence of Rh® centers in very low
concentrations cannot be discarded, because the negative con-
tribution at 2139 cm ™! is less pronounced than for CZ (Fig. 7),
and a broad absorption band of weak intensity is seen at
2230 cm™! (Figs. 4, 7, and 8). The very low concentration of
RhY sites is also congruent with the very limited benzene hy-
drogenation activity of this catalyst (Table 1).

On the Rh/CZ catalysts, an absorption band of very weak
intensity is observed at 2295 cm™! (Fig. 8). This band, the in-
tensity of which does not seem to vary to a significant extent on
the catalysts studied (Fig. 8), may be attributed to N, bonded
to electron-deficient Rh centers (Rh’1), as also suggested on
Rh/Al,O3 samples in earlier studies for bands reported at about
2300 cm~! [45-47]. 1t is noteworthy that the intensity of this
band is fairly comparable to those reported in these earlier
works.

To the best of our knowledge, an absorption band assigned
to the stretching vibration of N, chemisorbed on RhU sites has
not yet been reported at such low wavenumbers (2192 cm™1)
for supported Rh catalysts. Stretching vibrations of N species
bonded to Rh® centers supported on SiO» or Al,O3 have been
observed at 2210-2236 cm ™! [41,43,44]. The assignment of ab-
sorption bands at about 2260 cm™! to Np—Rh” species on highly
dispersed Al,O3-supported Rh catalysts has been discussed re-
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cently [41] and is likely attributable to the stretching vibration
of No—Rh?* species.

On Rh/CZ catalysts, it must be stressed that not only is the
main absorption band at 2192 cm™! shifted to lower wavenum-
bers compared with Rh/SiO, samples studied under identical
experimental conditions (2212 cm™~! [41]), but also the position
of the isosbestic point and the absorption band at 2244 cm™!,
related to N; species chemisorbed on Rh centers surrounded by
oxygen adspecies (Fig. 6), undergo a red shift of about 20 cm™".
This red shift is less pronounced for the No—Rh%* species sup-
ported on CZ (2295 cm™~!) compared with the Al,O3-supported
ones (2301-2303 cm™~! [45-47]).

As also discussed in the case of CO adsorption followed by
FTIR on PGMs interacting with supports of various basicity
[51,52], the observed red shift of the N stretching vibrations
may be interpreted in terms of a greater back-donation from the
Rh adsorption sites to the antibonding orbitals of Ny caused by
the more basic character of CZ compared with SiO; or Al,O3.

The existence of electron-deficient Rh centers (Rh‘”), as
revealed by the absorption band at 2295 cm™! on the Rh/CZ
catalysts (Fig. 8), may appear controversial, given the fore-
going conclusions. It must be recalled, however, that the CZ-
supported samples contain significant amounts of Cl anions
(Table 1), and that oxidized PGMs species may be formed by
electron withdrawal from the metal clusters due to the induc-
tive effect of neighboring Cl anions [25-28]. In our opinion,
the presence of significant amounts of Cl anions justifies the
presence of Rh®* sites despite the well-established basic char-
acter of the CeO;-related materials [53-55]. Such a conclusion
is corroborated by the red shift of the absorption band attributed
to the stretching vibration of N, bonded to Rh%*, which is (be-
cause of the combination of these two antagonist phenomena—
namely, electron withdrawal from CI™ and electron donation
from the CZ support) less pronounced (7 cm™") than that found
for N» species chemisorbed on RhO centers (20 cm™1).

It is noteworthy that there exists a good correlation between
the intensity of the band peaking at 2192 cm™! (Figs. 24, spec-
tra a) and the benzene hydrogenation activities listed in Table 1
(inmols~! gc_a{ ). This shows that both techniques allow reliable
characterization of the Rh” phase and that Rh(0.32)/CZ exposes
much more RhY sites than Rh(0.29)/CZ (Table 1; Figs. 3 and
4). The fact that Rh(0.32)/CZ exposes much more RO sites
than Rh(0.29)/CZ reveals that CZ calcination before Rh de-
position drastically modifies the fraction of Rh® centers. As
benzene hydrogenation is structure-insensitive [20], as long as
the electronic density of the targeted centers is identical, it can
be concluded that the Rh surface area of Rh(0.32)/CZ is one
order of magnitude greater than that of Rh(0.29)/CZ (Table 1,
in mols™! ggﬁ).

In contrast, both CO oxidation activity (Fig. 5) and ki-
netics (Table 2) are very similar on these catalysts, although
Rh(0.32)/CZ exposes much more Rh? sites than Rh(0.29)/CZ.
This clearly indicates that the Rh® sites supported on CZ do
not catalyze CO oxidation under the present experimental con-
ditions. As the intensity of the band at 2295 cm~!, attributed
to N, bonded to Rh®* centers, does not vary to any signifi-
cant extent (Fig. 8), these electron-deficient sites likely are the

catalytic centers involved in CO oxidation. These conclusions
are further supported by the fact that (i) CO oxidation requires
higher temperatures on Rh/SiO, (which exhibits only RhU sites)
than those on the Rh/CZ samples to achieve identical conver-
sions [15], and (ii) the CO and O, reaction orders estimated on
the Rh/CZ catalysts are clearly different from those expected
for RhO catalytic centers, —1 and +1 with respect to CO and
O3, under experimental conditions for which the Rh? surface is
covered mainly by CO adspecies [6,15,17,56-59]. Moreover, it
is noteworthy that the reaction orders determined in the present
study on the Rh/CZ catalysts (Table 2)—+-0.4 and ~0 in CO
and O, respectively—are in excellent agreement with those
found by Yu Yao [6]. This author indeed reported a positive
order with respect to CO and a near-Oth order with respect to
O, on oxidized PGMs catalytic sites and claims that the forma-
tion of these oxidized centers is promoted by the presence of
CeO3 on the Al,O3 support. Even though the kinetic parame-
ters listed in Table 2 are in good agreement with the conclusions
drawn by Oh and Eickel or Bunluesin et al. [7,9] on CeO;-
containing catalysts about (i) the suppression of the inhibition
effect of CO, (ii) a decreased sensitivity of the reaction rate to
gas-phase O, concentration, and (iii) a decrease in the appar-
ent activation energy compared with those reported for the Rh”
sites [6,15,17,56-59], our reaction orders are substantially dif-
ferent from those reported by these authors, 0 and +0.4 with
respect to CO and O, [7,9]. These differences may be due to
the coexistence of Rh®* and Rh centers on the catalysts stud-
ied by the latter authors, as demonstrated by the presence of an
absorption band at 2060 cm™! characteristic of the stretching
vibration of CO linearly bonded to RhU sites [7] or changes in
the reaction orders at very low CO pressures, leading to values
congruent with those expected from Rh” centers [9]. In these
studies [7,9], the estimated reaction orders thus reflect the con-
tribution of both sites to the reaction rate, which explains that
these reaction orders (0/CO and +0.4/0O,) are included between
those generally accepted for Rh sites (—1/CO and +1/0»)
[6,15,17,56-59] and those determined for Rh%* centers (+0.4/
CO and ~0/0y) [17].

The fact that the concentration of Rh?™ sites remains almost
constant on the low-loaded Rh/CZ samples, whereas the con-
centration of RhU sites increases dramatically on Rh(0.32)/CZ
(Figs. 3 and 4 and Table 1) remains puzzling, as it seems that
this increase in the concentration of Rh sites does not occur at
the expense of any other Rh species detectable through benzene
hydrogenation or N»-FTIR. The much lower benzene hydro-
genation activity and N, chemisorption on Rh(0.29)/CZ cannot
be attributed to decoration or alloying effects of the Rh phase
with the support, as it has been clearly demonstrated that these
phenomena, associated with the so-called SMSI effect, occur
only on ceria-related Rh catalysts reduced at temperatures well
above 500 °C [60,61]. A more likely explanation for this annoy-
ing observation on Rh(0.29)/CZ is the existence of Rh species
that neither catalyze benzene hydrogenation nor chemisorb N».
We emphasize that such species also would not be reactive
for CO oxidation, as the CO oxidation kinetics and activity of
Rh(0.29)/CZ are comparable to those of Rh(0.32)/CZ (Table 2,
Fig. 5).
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Two hypotheses may be considered to account for the lack of
reactivity of such Rh species of Rh(0.29)/CZ in benzene hydro-
genation. First, the formed nanoparticles in a zero-valent state
(Rh?) are too small to catalyze benzene hydrogenation. Puddu
and Ponec [62] concluded that the larger Pt ensembles neces-
sary for hydrogenation of benzene were missing on the most
dilute Pt—Au alloys, thus explaining the fairly low hydrogena-
tion activity of these alloys. Later, Fuentes and Figueras [63]
attributed the decrease in benzene hydrogenation turnover num-
bers of the most dispersed Rh/Al,O3 catalysts to the lower
activity of the smallest Rh particles. Such a conclusion also
was reached by Pajares et al. [64] about 1-hexene hydrogena-
tion on Rh/SiO; catalysts or by Gates and co-workers [65,66]
on toluene hydrogenation on supported Ir or Rh/faujasites cat-
alysts. In the latter works, however, the authors could not rule
out the possibility of an electronic effect of the support on the
PGM nanoparticles.

On the other hand, such a size effect of the CZ-supported Rh
clusters does not account for the near-absence of N, chemisorp-
tion on Rh(0.29)/CZ (Fig. 4), considering that the Rh nanopar-
ticles are in their zero-valent form. In the case of very small
clusters, an interaction with the support, with electron trans-
fer from one to another [24,67,68], also may be considered.
As mentioned previously, owing to the basic character of CZ,
the electron density of these Rh clusters would be increased.
To the best of our knowledge, the presence of negatively
charged PGMs clusters supported on ceria-related materials
has never been considered. Very recently however, Tabakova
et al. [69] provided evidence of small negatively charged gold
clusters supported on reduced CeO;. In the case of a series of
Pt/faujasite catalysts, for which the electron density of the Pt
clusters has been tailored by controlled addition of Na™ or Cs™,
de Mallmann and Barthomeuf [70] clearly demonstrated that
the turnover frequency of benzene hydrogenation decreases as
the basicity of the zeolite increases, and hence as the electron
density of the Pt clusters increases. Later, Ramaker et al. [71]
reported a similar trend for tetralin hydrogenation on Pt/Y sam-
ples. Therefore, an increase in the electron density of the stud-
ied CZ-supported Rh clusters would account for their much
lower benzene hydrogenation reactivity. The decreased hydro-
genation reactivity of these electron-enriched Rh clusters may
be correlated to (i) the unfavored adsorption of the electron-
rich benzene molecule and (ii) the difficulty of H addition to
the benzene ring, due to the greater Pt—H bond strength on sup-
ports of increased basicity [65,72] and/or the greater hydrogen
coverage of the electron-rich nanoparticles [72,73]. It is note-
worthy that this increased electron density of the Rh clusters
also would account for the unfavored adsorption of weak bases
such as Ny or CO [42], and thus the lack of N, adsorption or
CO oxidation, respectively, on these electron-enriched clusters
on Rh(0.29)/CZ.

The formation of electron-enriched Rh clusters on Rh(0.29)/
CZ or of metallic clusters (Rh%) on Rh(0.32)/CZ obviously
lies in the synthesis procedure of the samples and, more par-
ticularly, in the significant decrease in the specific surface
area of CZ by calcination at 500 °C before Rh deposition for
Rh(0.32)/CZ. Because only minor sintering effects are expected

for reduction temperatures equal to or lower than 500°C on
CZ-supported materials [4], it is very likely that the more lim-
ited specific surface area leads to a decreased dispersion of
the Rh phase on Rh(0.32)/CZ, and thus to larger Rh particles
than on Rh(0.29)/CZ. This accounts for the lower interaction of
these particles with the support and consequently to their more
metallic character on Rh(0.32)/CZ, which agrees well with the
greater benzene hydrogenation activity found on Rh(0.32)/CZ
compared with Rh(0.29)/CZ (Table 1).

5. Conclusion

The characterization of two low-loaded Rh/CZ samples was
performed via N>-FTIR (reported here for the first time, to the
best of our knowledge) and benzene hydrogenation before be-
ing investigated for CO oxidation activity and kinetics. These
samples differ only in the fact that one sample was prepared
on CZ in which the specific surface area was decreased before
Rh deposition, whereas the second sample was prepared from
nonsintered CZ. N»-FTIR allowed the characterization of both
Rh%* (vn, =2295 cm™!) and Rh? (v, = 2192 cm™!) centers.
Owing to the basicity of the CZ support, it is noteworthy that
the stretching vibrations of the aforementioned N, chemisorbed
species underwent a red shift compared with those reported pre-
viously on SiOz- or Al,O3z-supported Rh catalysts. No-FTIR
revealed that the concentration of Rh®* did not vary to a signif-
icant extent on both samples, whereas the concentration of Rh°
sites increased dramatically on Rh(0.32)/CZ, which was pre-
pared from the sintered CZ support. This finding is corroborated
by the benzene hydrogenation activity, from which it may be
concluded that the Rh? surface area of Rh(0.32)/CZ is one or-
der of magnitude greater than that of the sample prepared from
the nonsintered CZ (Rh(0.29)/CZ).

In contrast, CO oxidation activity and kinetics are nearly
identical on both catalysts. This clearly indicates that under our
experimental conditions, CO oxidation is catalyzed not by the
RhY centers, but more likely by the Rh®* centers. This conclu-
sion is supported by the estimated reaction orders with respect
to CO and O, which are obviously different from those ex-
pected for Rh? catalytic sites.

The fact that the concentration of Rh’* centers remains
apparently constant on both samples and that the dramatic in-
crease in the concentration of the Rh® centers on Rh(0.32)/CZ
does not seem to occur at the expense of any other Rh
species, detectable through benzene hydrogenation or Nj-
FTIR, suggests the presence of electron-enriched Rh clusters
on Rh(0.29)/CZ, owing to the basicity of CZ. These electron-
enriched Rh clusters, which neither catalyze benzene hydro-
genation nor chemisorb N3, do not catalyze CO oxidation ei-
ther.
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