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Abstract

CeO, and La- or Pr-doped CeO, were prepared at calcination temperatures of 600, 800, and 1000 °C. The samples were characterized by
Raman, XRD, and N, adsorption and tested as RhyO3 support for the catalytic decomposition of N,O at low temperature (starting at 200 °C).
Catalyst characterization was done by XPS analysis of fresh and in situ treated catalysts, TPR, and TEM. As deduced by XPS analysis and
catalytic tests, Rhy O3 is more active than RhO for N, O decomposition. Pure CeO, calcined at low temperature (600 °C) and La or Pr-doped CeO;
calcined at 600, 800 or 1000 °C can keep Rhy O3 stable under reaction conditions. In contrast, RhyO3 supported on pure CeO, calcined at high
temperature (800 or 1000 °C) is reduced to RhY under reaction conditions. The redox properties of the support are decisive for Rhy O3 stabilization
and catalytic performance; the larger the reducible surface CeO, (determined by TPR), the better the catalytic activity. In addition, structural and
textural features of the support (crystallinity, BET surface area, and particle size) affect Rhy O3 dispersion, the smaller the support particle size (the
higher the surface area), the better the dispersion and the catalytic activity. The redox properties and particle size of supports depend on calcination
temperature. Doping improves thermal stability with regard to pure CeO,. La and Pr form solid solutions with CeO,, preventing sintering and

maintaining a high percentage of reducible CeO; at high calcination temperatures (800 and 1000 °C).

© 2006 Elsevier Inc. All rights reserved.

Keywords: NoO decomposition; Rhodium catalyst; Rhy O3; Ceria support; Lanthanum; Praseodymium doping; Solid solution; In situ XPS

1. Introduction

Over the last decade, concerns about the N>O abatement
have developed in the scientific community, as reflected in the
literature [1-5]. N> O abatement is attracting attention due to the
greenhouse effect contribution and ozone-depleting action of
this gas. Anthropogenic sources include adipic acid production,
nitric acid manufacture, fossil fuel and biomass combustion,
land cultivation, and vehicle emissions [1]. NoO emissions in
gasoline-powered engines have been related to TWC aging, and
N>O is also emitted as byproduct of Pt-based prototypic cata-
lysts for HC-SCR-deNO; in diesel engine exhausts [6].

Heterogeneous catalytic decomposition is a suitable solution
in many of the already mentioned emission sources, and a num-
ber of solid catalysts have been proposed, including supported
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and unsupported metals, pure and mixed oxides, and zeolitic
systems [1]. The reported metal catalysts, including Pt, Pd, Ag,
Au, and Ge, are generally active above 375 °C, and among the
pure oxides, the highest activities are exhibited by the transi-
tion metal oxides of group 9 (Rh, Ir, Co, Fe, Ni), CuO and some
rare-earth oxides, such as LayOs. A comparison of specific ac-
tivities (per unit surface area) of various pure oxides reveals that
Rh,0O3 produces one of the better results. As noted by Kapteijn
et al. [1], supported oxides are not as frequently studied as the
pure and mixed oxides, but for practical applications they might
be better suited due to their higher dispersion by combination
with a high specific surface area support. Often their behavior is
compatible with that of the pure oxide, but the loading, method
of preparation, and thermal history determine the final catalyst
performance, and the distinction between supported oxide and
solid solution may vanish.

Catalysts of rhodium dispersed on various supports can be
found in the literature [3-5]. In some of them, the catalyst is
reduced previous to the catalytic test; however, under reaction
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conditions, the rhodium species acting as active centers have
not been clearly elucidated. As reported in the literature [1],
the reaction of N, O with the catalyst active centers is generally
seen as a charge donation from the catalyst into the antibonding
orbitals of N»O. Metal surface and oxides with more than one
valence can act as such centers, but F centers (vacancies in an
oxide surface with a trapped electron) also have been proposed
for interpreting the activities of oxide surfaces.

Ceria supports are of interest because of their oxygen stor-
age capacity, which strongly affects the oxidation state of the
elements that are supported. Martinez-Arias et al. [7] reported a
spectroscopic study by ESR and FTIR of active-phase—support
interactions on a RhO,/CeO; catalyst and provided evidence
of the electronic interactions between RhO, and CeO,, which
favor the stabilization of cationic species of rhodium on the
ceria surface. Fornasiero et al. [8] reported the important role
of CeO,-ZrO; in modifying the catalytic activity of supported
rhodium for NO reduction by CO.

The decomposition of N,O over rhodium/CeO,-ZrO, cat-
alysts was studied by Imamura et al. [5], who concluded that
ceria is fragile against high-temperature calcination, whereas
the addition of Zr significantly increases its thermal stability.
Pr-doped CeO; has also showed enhanced performance with
regard to pure CeO» as rhodium support for catalytic decompo-
sition of N>O [9]. It was concluded that incorporation of Pr to
CeO, modifies the nature of the lattice oxygen and promotes its
removal. This effect leads to improved N> O reduction activity
of the composite oxides when combined with Rh. However, de-
tails on the nature of the reducible sites and the function of Pr
were not reported.

In fact, it remains unclear how the well-established metal—
support interaction in rhodium/CeQ; catalysts is related to the
activity of such catalysts in NoO decomposition. The objective
of this study was to analyze the effect of the ceria properties
(particle size, surface area, crystalline structure, and reducibil-
ity) in the catalytic activity of supported RhyO3 for N>O de-
composition. Different CeO;, and La- or Pr-doped CeO» sup-
ports were prepared, characterized, and used as RhyO3 sup-
ports. Catalytic tests under flow conditions were combined with
XPS characterization of the rhodium species before and after in
situ treatment of the different catalysts under reaction condi-
tions.

2. Experimental
2.1. Catalyst preparation

CeO, and 10 wt% La- or Pr-doped CeO, supports were
prepared from Ce(NO3)3-6H,0 (Aldrich, 99.9%), La(NO3)3-
6H,0 (Merck, 99.9%), and Pr(NO3)3-6H>0O (Aldrich, 99.9%).
The required amounts of these precursors were mixed in a mor-
tar and calcined in static air at 600, 800, or 1000 °C for 90 min
(heating rate, 10 °C/min). The CeO;-, La-, and Pr-doped CeO,
supports are denoted by CeO,7, CeO,LaT, and CeO,PrT,
respectively, with 7' being 600, 800, or 1000 depending on
the calcination temperature. Supports were further impregnated
with Rh(NO3)3 (Alfa, 99.9%) dissolved in the minimum vol-

ume of water, dried at 200 °C, and calcined at 500 °C to form
Rh;03 (0.5 wt% Rh target). The nomenclature of the catalysts
includes “Rh” before the corresponding support notation.

2.2. Characterization of supports and catalysts

Raman spectra of the supports were recorded in a Bruker
RFS 100/S Fourier transform Raman spectrometer with a
variable-power Nd:YAG laser source (1064 nm). The laser
beam was focused on the sample in a 180° backscattering con-
figuration, and 64 scans at 85 mW laser power (70 mW on the
sample) were recorded. No heating of the sample was observed
under these conditions.

X-ray diffractograms of the supports were recorded in a
Bruker D8 advance diffractometer, using CuK, radiation (A =
0.15418 nm). Spectra were recorded between 10° and 80° (26)
with a step of 0.02 and a time per step of 3 s. The average
crystallite size (D) of supports was determined using the ap-
proaches of Scherrer and Williamson—Hall.

In Scherrer’s equation,

K-

" B-cosf’
where A is the X-ray wavelength, K is the particle shape factor,
taken as 0.94 [10], B was defined as the width at half max-
imum of the peak and 6 is the position (angle) of the peak.
Williamson—Hall plots (WH plot) separate the effects of size
and strain in the nanocrystals, using the equation

0.9-x 4. (Ad) -sinf
D - cosf d -cosf

where Brotal 1s the full-width half-maximum of the XRD peak,
A is the incident X-ray wave length, 6 is the position of the
peaks, D is the crystal size, and Ad is the difference of the d
spacing corresponding to a typical peak. A plot of Bro - cosf
against 4 - sin0 yields the crystal size from the intercept value.
The BET surface area of the supports was determined by phys-
ical adsorption of Ny at —196 °C in an automatic volumetric
system (Autosorb-6, Quantachrome).

A JEOL (JEM-2010) microscope, equipped with an EDS an-
alyzer (OXFORD, model INCA Energy TEM100), was used to
obtain the TEM images of the catalysts. A few droplets of an
ultrasonically dispersed suspension of each catalyst in ethanol
were placed in a cupper grid with lacey carbon film and dried
at ambient conditions for TEM characterization.

Temperature-programmed reduction (TPR) of the catalysts
was carried out in a Micromeritics Pulse ChemiSorb 2705 de-
vice, consisting of a tubular quartz reactor (5 mm i.d.) cou-
pled to a TCD analyzer to monitor Hy consumption. The ex-
periments were conducted with 20 mg of fresh catalyst at a
ramp rate of 10°C/min from room temperature to 900 °C in
30 ml/min flow of 5 vol% H; in Ar. To quantify the total
amount of Hy consumed, CuO was used as calibration refer-
ence.

XPS characterization of selected catalysts was carried out
in a VG-Microtech Multilab electron spectrometer using a
MgK, (1253.6 eV) radiation source. To obtain the XPS spec-
tra, the pressure of the analysis chamber was maintained at

D
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Fig. 1. Raman spectra of the supports.

5 x 10719 mbar. The binding energy (BE) and the kinetic en-
ergy (KE) scales were adjusted by setting the C 1s transition
at 284.6 eV, and BE and KE values were determined with
the Peak-fit software of the spectrometer. XPS spectra were
recorded for fresh and in situ treated catalysts under N>O at
225°C for 1 h. The in situ treatment was carried out before
the XPS measurement in an auxiliary reaction chamber, where
the sample was heated to the preselected temperature and the
gas mixture (1000 ppm N>O/He, 1 atm total pressure) was fed.
After the treatment, the sample was introduced into the XPS
chamber, avoiding exposure to air.

2.3. N20O decomposition tests

N>O decomposition tests were performed in a cylindrical,
fixed-bed, 10-mm-i.d. reactor at atmospheric pressure, using
50 mg of catalyst diluted with 350 mg of CSi and a total flow
rate of 100 ml/min (1000 ppm N,O/He; GHSV = 12,000 h_l).
The experiments consisted of point-by-point isothermal reac-
tions in the range of 100-500 °C, which were extended until
steady state was reached. The gas composition was analyzed
using a HP 6890 gas chromatograph equipped with a thermal
conductivity detector and two serial columns (Porapak Q, used
for N>O monitoring, and Molecular Sieve 13X, for O, and N»
separation).

3. Results and discussion
3.1. Characterization of supports

Materials based on ceria show a Raman characteristic main
band at about 465 cm™! assigned to the mode Fy, of fluorite-
type structures [10,11], as shown in Fig. 1. The Raman spec-
trum of ceria is dominated by oxygen lattice vibrations and is
sensitive to the crystallinity of the sample [12]. An increase in

calcination temperature produces a significant increase in the
intensity of the Fzg band, and thus an increase in the crys-
tallinity of the material can be inferred as the calcination tem-
perature rises. The spectra in Fig. 1 corresponding to CeOyLaT
and CeO,PrT supports do not show evidence of LayO3 [13]
or any other species of La or Pr, suggesting that La and Pr
are located in the CeO; lattice forming solid solutions. The
presence of dopants, such as La or Pr, in the CeO; lattice has
been reported to cause deformation of the fluorite-type struc-
ture, thereby decreasing the intensity of the 465 cm™! band [14]
and in some cases shifting the position of the Fy peak [15-17]
slightly, in accordance to the results observed in Fig. 1.
Powder X-ray diffractograms of the supports are shown in
Fig. 2. These contain only the main reflections typical of a
fluorite-structured material with an fcc unit cell, corresponding
to the (111), (200), (220), (311), (222), and (400) planes [18].
As calcination temperature increases, the peaks narrow, related
to increased crystal size. X-ray diffraction patterns confirm that
La- and Pr-containing supports present the true mixed-oxide
phase with the cubic fluorite-type structure typical of CeO;.
Lay O3 characteristic peaks [13] are not observed in the diffrac-
tograms, confirming that segregation of phases does not occur
in La-doped CeO, supports. In Pr-containing CeO,, Raman
spectra suggest that Pr is located in the CeO; framework and
Pr3t is expected according to the numerous oxygen vacancies
detected in Ce—Pr—O samples as reported previously [14].
Note that although La shifts the characteristic CeO; peaks
slightly to lower angles, adding Pr does not change the peak
positions significantly. This suggests that La-doped samples
sustain an expansion of the lattice parameter of the unit cell
[15-17] due to the larger ionic radii of La3t (1.16 10\) com-
pared with Ce*t (0.97 A). As reported previously, adding La to
a CeO» lattice could result in a lattice expansion that amounts
to approximately 0.5% expansion for a sample doped with 10%
of La [19]. However, in the case of Pr, peak positions do not
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Fig. 2. XRD patterns of the supports.
Table 1 results (WH plot calculations), the average crystal size of the
Supports properties 600 °C-calcined supports is about 13—-20 nm. In contrast, well-
Support Particle size Particle size BET defined crystals of CeO, are observed in catalysts prepared with
Scherrer (nm) WH plot (nm) m*/g9)  supports calcined at 800 and 1000°C, and the observed sizes
Ce0,600 11 13 76 are very consistent with those obtained from XRD. Crystals of
Ce0,800 23 25 26 around 20-25 nm are observed in supports calcined at 800 °C,
Ce0,1000 43 66 6 d 1 tal in th talvst d
CeOLa600 11 20 49 and even larger crystals are seen in those catalysts prepared on
Ce0,La800 17 26 37 supports calcined at 1000 °C. RhCeO,Lal1000 has the smallest
Ce0,Lal000 26 33 17 support particle size among those prepared at 1000 °C (33 nm,
CeO,Pr600 13 17 44 according to the W-H plot), compared with RhCeO,Pr1000
CeO,Pr800 20 21 30
CeOPr1000 3 46 3 (46 nm) and RhCeO,1000 (66 nm).

reveal significant lattice expansion, consistent with the simi-
lar size of Ce**/Ce3t and Pr**t/Pr3t cations (0.97/1.14 and
0.96/1.13 A, respectively).

The average crystallite sizes of the supports determined us-
ing Scherrer’s equation and the WH plot are compiled in Ta-
ble 1. Increasing the calcination temperature increases crystal
size. However, when doping ceria with La or Pr, this effect
is mitigated, as observed previously for Pr [9]. He et al. [20]
reported that the average crystallite size decreases by doping
Ce0,-Zr0O; solid solutions with Y3t cations, as also occurs at
800 °C and 1000 °C when CeO, is doped with either La or Pr.
BET surface area (reported in Table 1) also reflects particle size
growth with increasing calcination temperature.

3.2. Catalyst characterization by TEM

TEM pictures of the catalysts are compiled in Fig. 3, show-
ing that both the calcination temperature and La or Pr doping of
the support affect catalyst appearance. Increasing support calci-
nation temperature resulted in a larger particle size. Individual
crystals are hardly observed in the TEM pictures of the three
catalysts with supports calcined at 600 °C. According to XRD

Rh;0O3 particles were clearly identified in TEM images of
catalysts RhCe0,800, RhCeO, 1000, and RhCeO,Pr1000 by in
situ EDS microanalysis, as shown in Fig. 4, and the Rh, O3 crys-
tal size was roughly estimated as <3 nm. Individual particles
of RhyO3 were observed in the TEM pictures of RhCeO,800
and RhCeO,Pr1000, whereas the micrograph of RhCeO, 1000
showed that in this case, RhyO3 particles were not individu-
ally dispersed on the surface of the support but rather formed
aggregates. Imamura et al. [5] also observed that rhodium was
present in an aggregate state on CeQ,/ZrO; supports calcined at
high temperature (1200 °C), and deduced that rhodium present
in this state had low catalytic activity for NoO decomposition
despite its high surface concentration.

In the rest of the samples, Rh, O3 particles were not observed
by TEM. This is evidence of the high dispersion. From these
results, it can be deduced that the low crystallinity and small
particle size observed on Raman and XRD favor high dispersion
of rhodium species.

3.3. Catalyst characterization TPR

H; consumption profiles during the TPR experiments are
plotted in Fig. 5. Considering the composition of the sam-
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Fig. 4. Local EDS analysis of TEM pictures. (The analysed areas are indicated
in Fig. 3 by dashed lines.)

ples, H> consumption can be attributed to two main chemical
processes, as follows:

e Rh,05 reduction to metallic Rh, according to the reaction
Rh,0O3 + 3H; — 2Rh + 3H;0. 2)
e CeOj; reduction to Ce, O3, according to the reaction

2Ce0O, 4+ Hy — Cey03 + H,0. 3)

Other phenomena also must be considered. The carbon monox-
ide and carbon dioxide desorbing from the sample due to car-
bonates occluded at the surface or in the structure can also reach
the thermally controlled detector and contribute to the varia-
tions in conductivity of the actual reduction mixture, as reported
previously [21]. Pr-containing samples could also consume H;
due to the reduction of Pr** to Pr3*. This does not occur in the
La-containing samples, however, because 3+ is the only oxida-
tion state of lanthanum allowed.

Three peaks are shown for most of the samples in Fig. 5,
in agreement with TPR profiles described in the literature
for similar materials, such as Rh/CeO, and Rh/Pr—-CeQ; [9];
Rh-loaded CeO,—ZrO; solid solutions [22]; Pd-, Pt-, and
Rh-loaded Cep5Zr9p50, [23]; and Pd-, Pt-, and Rh-loaded
Cep.6Zr0.35Y0.0502 [24].

The first peak in RhCeO,1000 corresponds to the reduction
of Rh;03, and in the rest of the samples also includes CeO»
reduction (via reaction (3)) because the ratio Hy/Rh is greater
than the stoichiometric for reaction (2). It is generally accepted
that the reduction of CeO; occurring in the first peak occurs at
the surface of the support particles and that the peak at highest
temperature is attributed to bulk CeO; reduction (reaction (3))
[22]. There is no agreement in the literature regarding the sec-
ond peak detected in the TPR patterns; some authors attribute it
to surface ceria reduction as well [22], whereas others link it to
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Fig. 5. H, consumption profiles during TPR for catalysts containing (a) CeO,
supports, (b) CeO,La supports, and (c) CeO,Pr supports.

decomposition of carbonates occluded at the surface or in the
structure of the ceria [21].

The absence of surface CeO; reduction in RhCeO51000 is
reasonable because the surface area of the support of this sam-
ple is very low (BET = 6 m?/g). In contrast, the amount of
H; consumed in the first peak by RhCe0,800 and RhCeO,600
(Fig. 5a) is much higher than that expected from the stoichiom-
etry of Eq. (2), indicating that surface CeO, reduction occurred
along with Rh,O3 reduction. Similar behavior is seen for the
La- and Pr-containing catalysts, regardless of the calcination
temperature of the support.

Table 2
Surface Ce* reduced to Ce3t in TPR experiments

Catalyst Cef;_iuced /Cetotal (%) Monolayers CeO, reduced
First peak ~ Second peak  First peak  Second peak
RhCe0,600 10.6 6.4 0.46 0.28
RhCeO, 800 3.1 35 0.39 0.44
RhCeO, 1000 0.0 0.0 0.00 0.00
RhCeO,La600 10.8 11.8 0.65 0.71
RhCeO,La800 6.5 9.5 0.51 0.75
RhCeO,Lal000 4.8 5.9 0.84 1.03
RhCeO,Pr600 13.6 8.3 1.01 0.62
RhCeO,Pr800 7.2 6.5 0.78 0.70
RhCeO,Pr1000 6.7 2.6 1.12 0.44

The percentages of Ce*™ reduced to Ce3t were determined
considering the amounts of Hy consumed during the experi-
ments and the stoichiometry of Eq. (3), and are given in Table 2.
For these calculations, the first and second peaks observed in
Fig. 5 were considered, and the amount of Hy necessary to re-
duce completely RhrO3 to Rh® was subtracted from the amount
of Hy consumed in the first peak. In addition, the number of re-
acted monolayers of CeO; has been estimated by assuming that
CeO, has an average of 13.1 surface oxygen atoms/nm?> and
the BET surface area, as reported previously [25].

As observed in Table 2, the number of monolayers of CeO,
reduced in the first peak is near or below 1, indicating that sur-
face CeO; is partially or completely reduced and confirming
that bulk reduction has not taken place at this range of temper-
atures. Considering both the first and second peaks, the number
of monolayers of CeO, reduced is >1 for all of the samples
with doped CeO,, indicating that not only the surface is re-
duced. This could be related to the decomposition of carbonates
occluded at the surface or in the structure of the ceria, as re-
ported previously [21], and/or to the reduction of CeO, located
below the surface. Considering this, only the CeO, reduced in
the first peak is considered as surface CeO; reduced for further
calculations.

The percentage of surface Ce** reduced in the first peak de-
creases with the calcination temperature of the support. This
phenomenon is more important in CeO, than in La- or Pr-
doped CeO,. This decrease is in agreement with the decrease in
BET surface area of the support. For samples calcined at sim-
ilar temperatures, surface reduction is greater in doped CeO»
than in pure CeQOy, indicating that La and Pr doping improves
the redox properties of CeO,. Fig. 6 plots the percentage of sur-
face CeO, reduced against the BET surface area of the support,
showing a linear relationship for the catalysts prepared with
pure CeO,. However, improved redox properties are seen for
La- and Pr-doped CeO; in comparison to pure CeOs; that is,
for similar BET surface areas, the amount of surface CeO, re-
duced is greater in La- or Pr-doped samples than in pure CeO»,
and Pr doping seems to be more effective than La doping.

3.4. N>0O decomposition tests

Fig. 7 plots the N,O conversion percentage as a function of
the reaction temperature for catalysts with supports calcined
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at 600 °C (Fig. 7a), 800°C (Fig. 7b), and 1000°C (Fig. 7c).
All of the catalysts shown in Fig. 7a are highly active for N»,O
decomposition, with the temperature at onset of NoO decom-
position as low as 200 °C and that of complete N,O conversion
at 300°C. Note that the CeO,La600 support shows no activ-
ity for N> O decomposition below 300 °C, indicating that in the
temperature range where rhodium species are active, the sup-
ports themselves are not able to decompose N,O. However,
considering the different curves shown in Fig. 7, a consider-
able effect of the support is observed. Among the catalysts
compared in Fig. 7a, RhCeO,La600 and RhCeO,Pr600 show
slightly higher activity than RhCeO,600. The differences in the
activity of catalysts shown in Fig. 7c are much more important
than those shown in Fig. 7a. RhCeO,1000 activity is delayed
to temperatures above 300 °C, whereas RhCeO,Lal000 and
RhCeO;Pr1000 maintain their activity at about 200 °C. The
behavior of catalysts with supports treated at 800 °C is inter-
mediate. Again, RhCeO,800 is less active than those catalysts
with doped CeO; supports.

From these experiments, it can be concluded that the decom-
position of N>O over RhyO3 catalysts is strongly affected by
the properties of the support used, with La- or Pr-doped CeO»
more effective than pure CeO;. The calcination temperature of
the support strongly affects pure CeO;, but this effect is not
very important in La- or Pr-doped CeO,.

To analyze the properties of the supports affecting the cat-
alytic activity of RhyO3, the percentage of NoO decomposed
at 225 °C versus the surface area of the support is plotted in
Fig. 8. A linear relationship is obtained, which is reasonable
because the dispersion of RhyOs3 is enhanced by increasing
the support surface area. This is in agreement with the TEM
pictures (Fig. 3), where RhyO3 particles are observed only
over supports with large particle sizes and, consequently, low
surface area. However, the relationships in Fig. 8 are differ-
ent for ceria and doped ceria catalysts. Considering supports
with similar surface area, the catalysts with La- or Pr-doped
CeO; supports are more effective for NoO decomposition.
This indicates that the surface area is not the unique char-
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Fig. 7. N> O conversion as a function of temperature for catalysts with supports
calcined at (a) 600, (b) 800, and (c) 1000 °C.

acteristic of the support affecting RhyO3 activity. The redox
properties of the support, which are modified by La and Pr
doping, could be the other property affecting catalytic activ-
ity of RhO3. This can be clearly seen in Fig. 9, which plots
the catalytic activity versus the reduced surface CeO; (de-
termined from TPR). A relationship between reduced surface
CeO; and N,O conversion is observed, indicating that N>O
decomposition is also affected by the redox properties of the
support.
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3.5. Characterization by “in situ” XPS

Rh 3d photoelectron spectra of selected catalysts before and
after in situ treatment under NoO/225 °C are shown in Fig. 10.
The Rh 3ds, peak has been reported to appear at 307.0—
307.5 eV [26-28] for Rh, at about 308.1 eV for Rh(I) [28],
and at 308.3-310.5 eV for Rh(III) [26,28]. In addition, another
peak appears at higher binding energies attributed to Rh 3d3,.

The position of the Rh 3ds, peak for the fresh catalysts
tested is 308.6-309.1 eV (Fig. 10a), confirming that the oxi-
dation state of rhodium is 34, corresponding to RhoO3. This
is as expected, because catalysts were calcined to decom-
pose the rthodium precursor. After the in situ treatment under
N>0/225 °C, partial or total Rh,O3 reduction is observed in
some catalysts. The catalyst RhCeO,600 shows a doublet 3ds/,
peak with maximum binding energies at 307.2 and 308.8 eV,
indicating the presence of Rh® and Rh3*, respectively. The per-
centages of Rh” and Rh** are 50% for each rhodium species,
determined by peak deconvolution analysis. A similar situ-
ation is observed in RhCeO,800, but in this case, the per-
centages of Rh® and Rh3t are 86% and 14%, respectively.
In contrast, 100% Rh° is identified in RhCe0,1000, whereas

RhCe0,Lal1000 and RhCeO,Pr1000 contain Rh3t only after
the treatment.

This information allows us to conclude that RhyO3 species
is more active in the decomposition of N>O than Rh® species.
This assumption arises from the fact that more active catalysts
(La- and Pr-doped CeQ,) show exclusively a Rh®* signal in
XPS spectra, whereas less active catalysts (RhCeO,800 and
RhCe0,1000) show Rh3*+ and/or Rh® signals when treated in
situ with N,O/225 °C. The stability of Rh,O3 under reaction
conditions depends on the properties of the support, and La- or
Pr-doped CeO, is much more effective than pure CeO; in main-
taining the stability of Rhy O3, As discussed previously, the sta-
bilizing effect of the different supports tested depends on their
crystallinity, BET surface area, and particle size, which allows
better dispersion of the noble metal on its surface. However, the
stabilization of RhyO3 under reaction conditions cannot be ex-
plained solely by structural and textural features of the supports
(crystallinity, BET surface area, and particle size), because, as
shown in Fig. 8, samples with similar BET surface areas (com-
pare, e.g., pure and doped CeO,) have different activities for
N>O decomposition. As demonstrated, La and Pr also improve
the redox properties of CeO;, increasing the amount of sur-
face CeO; reduced in TPR experiments (compare, e.g., samples
with similar BET surface areas in Fig. 6). The redox proper-
ties of the support strongly affect the activity of catalysts (see
Fig. 9), and this improvement may be related to the stabilization
of RhyO3 under reaction conditions, avoiding RhyO3 reduction
to Rh.

Finally, the Ce 3d core level was analyzed; Fig. 11 compares
the spectra before (Fig. 11a) and after (Fig. 11b) in situ treat-
ment under N2O/225 °C. The degree of ceria reduction can be
calculated after deconvolution of the experimental spectra, from
the ratio of the sum of the intensities of the ug, u, vg, and v
bands to the sum of the intensities of all of the bands [29]. The
calculated values are given in Table 3. Most of the fresh cat-
alysts present values around 32-35%; only the Pr-containing
sample contains less Cet (25.8%). Praseodymium can form
3+ and 4+ cations, and, according to XPS calculations (Pr
spectra not shown), 44,6% of praseodymium is 34, compen-
sating for the lower value of Ce3T with regard to pure CeO; or
La-doped samples.

After the reaction with N,O at 225 °C, the RhCeO,1000
support is partially reduced, increasing the percentage of Ce>*.
In contrast, the ratio Ce3t/Ce** in RhCe0,600, RhCe0,800,
and RhCeO;Lal000 does not change significantly (sample
RhCeO,Pr1000 is even slightly oxidized); that is, supports are
stable under reaction conditions.

These results confirm the important role of the redox prop-
erties of the support in NoO decomposition. Supports with poor
redox properties are partially reduced under reaction condi-
tions, and RhyO3 is also reduced with the corresponding decay
in activity. In contrast, supports with improved redox properties
are stable under reaction conditions and also are able to stabi-
lize RhyOs3. This suggests that NoO decomposition follows a
redox mechanism, first reducing RhyO3 and/or the CeO, sup-
port. Depending on the redox properties of the support, Rh,O3
and/or CeO is or is not reoxidized afterward, and supports with
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Fig. 10. Rh 3d photoelectron spectra of (a) fresh catalysts and (b) catalysts after an in situ treatment under reaction conditions (N, 0/225 °C).

Table 3
Cedt percentage on samples before and after reaction with N,O at 225°C
(determined by XPS)

Fresh sample After N,0O/225°C
RhCeO,600 35.8 36.1
RhCe0,800 35.2 35.2
RhCeO, 1000 32.0 35.2
RhCeO,Lal000 323 31.2
RhCeO,Pr1000 25.8 23.2

improved redox properties are expected to be reoxidized more
easily. The oxygen storage capacity of CeO; via the Ce**/Ce*+
cycle is well known, and is reasonable to assume that CeO, with
improved redox properties can provide oxygen to RhyO3 when
reduced much better than CeO, with poor redox properties.

4. Conclusions

Rhy03/CeO; catalysts are active for NoO decomposition at
low temperature (200-300 °C), and CeO, supports play a ma-
jor role in the activity of these catalysts, despite the fact that
Rh,O3-free supports are not active for NoO decomposition in
this temperature range. RhyOj3 is more active than Rh” for N,O
decomposition, and the properties of CeO; strongly affect the
stability of RhpO3 under reaction conditions. Suitable supports
are pure CeO» calcined at low temperature (600 °C) and La- or
Pr-doped CeO; calcined at 600, 800, or 1000 °C, because they
are able to keep RhyO3 stable under reaction conditions due to
metal oxide—support interaction. Otherwise, RhO3 is reduced
to RhY, as in the case of RhyO3 supported on pure CeO, cal-
cined at 800 or 1000 °C.



A. Bueno-Lopez et al. / Journal of Catalysis 244 (2006) 102-112 111

V . (a)
Vo U, U,
RhCeO,Pr1000
fg\ RhCeO,Lal1000 gf S; C ég 5: ~
2
g
£ [RaCe0,1000
RhCe0,800 é ég é b 7\
M VAN
870 880 890 900 910 920
Binding energy (eV)
v v, (b)
VO
RhCeO,Pr1000
| RuCe0,La1000
S
5 /M—/L
=y
& | RhCe0,1000 @ @ ~
=
RhCe0,800 i E : k ~
RhCe0,600 Z> ik _/\
870 880 890 900 910 920
Binding energy (eV)

Fig. 11. Ce 3d photoelectron spectra of (a) fresh catalysts and (b) catalysts after an in situ treatment under reaction conditions (N, 0/225 °C).

The redox properties of the support are decisive for RhyO3
stabilization under reaction conditions; the larger the amount
of reducible CeO; at the surface, the better the catalytic ac-
tivity. In addition, structural and textural features of the support
(crystallinity, BET surface area, and particle size) affect the dis-
persion of the noble metal; the lower the particle size (i.e., the
higher the surface area), the better the catalytic activity.

The redox properties of CeO; depend on calcination tem-
perature, and La and Pr doping form solid solutions, leading to
higher percentages of reducible surface CeO;. The particle size
of the supports also depends on the calcination temperature.
All of the supports show similar particle size when calcined
at 600 °C (13-20 nm); however, the presence of La and Pr in
CeO; supports prevents sintering at higher calcination temper-
atures.
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