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The N2O decomposition mechanism on Rh/CeO2 and Rh/c-Al2O3 catalysts has been studied by pulses of
isotopic N2O and O2 together with in situ DRIFT, XP and Raman spectroscopies. The higher catalytic activ-
ity of Rh/CeO2 in comparison with Rh/c-Al2O3 is related to the Rh–CeO2 interaction and to the participa-
tion of the CeO2 support in the N2O decomposition mechanism, c-Al2O3 being an inert carrier. Rhodium
on Rh/c-Al2O3 is reduced to Rh0 under reaction conditions and N2O decomposition over this catalyst
mainly occurs via the Eley–Rideal mechanism. On the contrary, the ceria support interacts strongly with
rhodium partially stabilizing cationic species of the noble metal during N2O decomposition. In Rh/CeO2,
the reduced rhodium sites (by N2O) can be reoxidized afterwards either by N2O or by ceria oxygen, and
the vacant sites created on the ceria support are then oxidized by N2O. The active sites for N2O chemi-
sorption and decomposition are not only located on rhodium but also on ceria.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The environmental impact of N2O has attracted strong attention
because of its contribution to global warming and ozone depletion
in the upper atmosphere [1]. N2O is emitted as a by-product in sev-
eral chemical processes of high industrial relevance, such as nitric
acid and adipic acid production. In addition, N2O emission by vehi-
cles also takes place due to the ageing of the catalytic converters
used for NOx emissions abatement.

The most effective solution to remove N2O from gas streams is
to use catalysts to either promote N2O decomposition or to facili-
tate its reaction with a reducing agent. The former process is pre-
ferred because additional reactants are not required, and several
catalysts have been developed for N2O decomposition [1].

Several mechanisms have been proposed to describe the cata-
lytic decomposition of N2O [1–6]. The study of these mechanisms
is based, in most cases, on the analysis of the effect of the N2O par-
tial pressure and temperature on the N2O decomposition rate. The
catalytic N2O decomposition reaction has been described as a
molecular adsorption of N2O on active sites of the catalyst (�) fol-
lowed by the decomposition of the N2O molecule with N2 release.
ll rights reserved.
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Transient kinetic studies performed with MnO2, for instance,
demonstrated that not all the adsorption sites suitable for N2O
adsorption are active for N2O decomposition [7]. On the other
hand, depending on the catalyst nature, dissociative chemisorption
of N2O can occur in a single step instead of molecular adsorption
followed by surface decomposition:

� þ N2O! N2 þ �—O

The oxygen atoms left on the active sites (�–O) can be desorbed
by recombination, with O2 release (Langmuir–Hinshelwood
mechanism):

2 �—O() 2� þO2

or by reaction with another N2O molecule (Eley–Rideal
mechanism):

�—Oþ N2O! �þ N2 þ O2

Note that the recombination of oxygen atoms is a reversible
process, while the regeneration of active sites by N2O is irreversible
[4]. The reversibility of the former reaction explains why O2 has an
inhibitory effect on most N2O decomposition catalysts, since N2O
and O2 compete for the active sites of the catalyst [4].
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The interaction of the O2 molecules with catalytic surfaces has
been deeply studied [8–13], and the knowledge about these inter-
actions is useful to explain some aspects of the N2O decomposition
mechanism and to develop catalysts for N2O decomposition in O2-
rich streams. Isotopic gases are very useful to study the interaction
of gas molecules with solid catalysts, and many studies have been
carried out with 18O2 [14,15]. From these studies, it has been con-
cluded that there are three main processes involved in the oxygen
exchange mechanisms between molecular oxygen and metal oxide
surfaces: the dissociative chemisorption of molecular oxygen, the
exchange of atoms or adsorbed ions and desorption of molecular
oxygen. The exchange of oxygen atoms can occur in a single step
or in two consecutive steps, and the nature of the solid surface sig-
nificantly affects these processes.

Among the different catalysts studied for N2O decomposition,
Rh catalysts are highly active, and the activity depends on the sup-
port used [16,17]. Ceria-based supports, either pure or doped with
La or Pr, for instance, enhance the catalytic activity of rhodium
with regard to alumina supports. This improvement seems to be
related to the redox properties of ceria, and it was suggested that
cerium oxide is also involved in N2O decomposition. However,
the reaction mechanism behind such enhanced performance of
rhodium when supported on ceria is still unknown.

The interaction of ceria-based oxides with isotopic O2 has been
widely studied [9,18–20], and the oxygen exchange capacity of this
type of oxides is extremely high and fast. In some cases, the inter-
action of ceria-based materials with some other oxygen-containing
isotopic gases different to 18O2 has been studied. For example,
Cunningham et al. [18] studied the exchange of oxygen between
15N18O and CeO2, which takes place from 175 �C, and evidences
of the oxygen exchange between C18O2 and CeO2 have also been re-
ported [21,22]. The oxygen exchange mechanism between isotopic
CO2 and Pt/CeO2 catalyst occurs in two consecutive steps, and the
exchange of both C18O2 oxygen atoms prevails with regard to the
single exchange. However, as far as we know, the interaction of iso-
topic N2O with Rh/ceria catalysts has not been reported.

The aim of this study is to determine the rhodium-catalysed
N2O decomposition mechanisms, in order to understand the im-
proved activity of Rh/ceria with regard to Rh/alumina catalysts.
The approach followed combines pulse experiments of isotopic
N2O and isotopic O2 with in situ XPS, DRIFTS and Raman spectros-
copy experiments. The combination of all these techniques pro-
vides complementary information about the reaction
mechanisms. The experiments with isotopic gases provide infor-
mation about the participation of catalyst oxygen in the N2O
decomposition mechanism, in situ DRIFTS allows monitoring the
surface nitrogen groups during the reaction and in situ XPS and
in situ Raman spectroscopy are useful to identify changes in the
catalyst during N2O decomposition, such as changes in the oxida-
tion states of the metals involved in the reaction mechanism.

2. Experimental

2.1. Catalysts preparation

Two powder catalysts have been used in this study, which are
referred to as Rh/CeO2 and Rh/c-Al2O3. The CeO2 support was pre-
pared by Ce(NO3)3�6H2O (Aldrich, 99.9%) calcination in static air at
600 �C for 90 min (heating rate 10 �C/min). The c-Al2O3 support
was prepared from commercial c-Al2O3 pellets (Across), which
were crushed in a mortar. Rh was loaded on the CeO2 and c-
Al2O3 supports (125–200 lm particle size) by incipient wetness
impregnation with a water solution of Rh(NO3)3 (Sigma Aldrich,
99.9%). Finally, both catalysts were dried at 200 �C and calcined
at 500 �C for 2 h. The target content of Rh in both catalysts, after
calcination, was 0.5 wt.%.
The supports and catalysts were characterized by Raman spec-
troscopy, XRD, N2 adsorption at �196 �C, H2–TPR and TEM, and de-
tailed information about such characterization was reported
elsewhere [16]. Briefly, it is important to mention that both sup-
ports present similar BET surface area (76 m2/g CeO2 and 78 m2/g
c-Al2O3) and similar rhodium particle size (average size of rho-
dium particles 2.2 nm in Rh/CeO2 and 2.3 nm in Rh/c-Al2O3, as ob-
served by TEM).

2.2. N2O decomposition tests in a fixed-bed reactor

N2O decomposition tests were performed at atmospheric pres-
sure in a 10-mm i.d. cylindrical fixed-bed reactor, with 100 mg of
catalyst diluted with 700 mg of SiC and a total gas flow of
100 ml/min (GHSV = 10,000 h�1). The catalytic bed was packed be-
tween plugs of quartz wool. Different N2O/He mixtures, with N2O
concentrations of 100, 300, 600, 1000 and 1400 ppm were evalu-
ated, and experiments with 1000 ppm N2O/5% O2/He were also
performed. The gas composition was analysed by a HP 6890 gas
chromatograph equipped with a thermal conductivity detector
and two serial columns (Porapak Q, for N2O, and Molecular Sieve
13X, for O2 and N2).

The experiments consisted of point-by-point isothermal reac-
tions in the range 200–400 �C, and all reactions were extended
to the steady state (typically between 20 and 40 min were
needed). A typical experiment consisted of heating the as prepared
(fresh) catalyst under the selected gas flow at 200 �C, where N2O
decomposition does not occur in any case. Once all gas concentra-
tions are stable, the temperature is raised 25 �C, and this proce-
dure is repeated to 400 �C. Then, the temperature is lowered to
room conditions under He flow, the next gas mixture to be studied
is fed to the reactor and the heating steps are repeated as de-
scribed. All experiments have been carried out with the same sam-
ple of each catalyst. In order to ensure that their catalytic activity
does not change during the catalytic cycles, catalytic tests under
1000 ppm N2O/He have been performed as control tests every
few catalytic cycles. As will be discussed afterwards, only the
Rh/c-Al2O3 catalyst showed different catalytic activity during the
first and second runs performed (under identical conditions), but
not in further cycles where the catalytic activity of the second
cycled is maintained.

2.3. XPS characterization after in situ treatments under reaction
conditions

XPS experiments were carried out in a VG-Microtech Multilab
electron spectrometer using Mg Ka (1253.6 eV) radiation source.
To obtain the XPS spectra, the pressure of the analysis chamber
was maintained at 5 � 10�10 mbar. The binding energy (BE) and
the kinetic energy (KE) scales were adjusted by setting the C1s
transition at 284.6 eV, and BE and KE values were determined with
the software Peak-fit of the spectrometer. XPS spectra of the fresh
catalysts Rh/CeO2 and Rh/c-Al2O3 and after 1 h in situ treatments
under 1000 ppm N2O/Ar or pure Ar at different temperatures be-
tween 250 and 325 �C were recorded. The in situ treatments were
carried out before the XPS measurement in an auxiliary reaction
chamber, where the sample is heated to the selected temperature,
and the gas mixture is fed at 1 atm total pressure. After the treat-
ment, the sample was introduced into the XPS chamber avoiding
exposure to air, and spectra were recorded at room temperature.

2.4. In situ Raman spectroscopy experiments

Raman spectra were recorded in a multichannel dispersive Ra-
man spectrometer (Labram from Jobin–Yvon Horiba) with a laser
source He:Ne (632.8 nm) using a Peltier cooled CCD as a detector.
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Fig. 1. N2O decomposition rates and conversions as a function of temperature in
tests conducted with 1000 ppm N2O/He (1st and 2nd runs) or with 1000 ppm N2O/
5% O2/He (3rd run). (a) Rh/Al2O3 and (b) Rh/CeO2 (continuous lines: data obtained
under chemical control of the reaction rate. Dashed lines: data affected by mass
diffusion).
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The spectrometer is coupled to a confocal microscope (confocal
hole set to 600 nm). As a monochromator, a diffraction grating of
600 lines/mm with an entrance slit of 200 nm was used providing
a spectral resolution of 4 cm�1. Starting with fresh catalyst Rh/
CeO2, in situ experiments at different temperatures under
1000 ppm N2O/Ar flow have been performed in the Raman spec-
trometer with a Linkam THMS600 reaction cell. Similar experi-
ments under pure Ar flow were performed.

2.5. Pulse experiments with isotopic gases (15N2
18O and 18O2)

18O2 (Isotec, 99%) and 15N2
18O (Isotec, min 98% 15N, min 95%

18O) were used in the pulse experiments. The experiments were
carried out in a 5-mm i.d cylindrical fixed-bed reactor with
50 mg of catalyst. The fresh catalyst was packed between plugs
of quartz wool. The carrier gas used was a 10 ml/min flow of He.
The experimental procedure consists of feeding three pulses of
the selected gas at each one of the following temperatures: 50,
200, 250, 300, 350 and 400 �C. Once the maximum temperature
is reached, the He flow is replaced by air, and the temperature is
cooled down to 50 �C. Then air is replaced by He, and the same pro-
cedure is repeated with another gas. First, pulse experiments with
Ar, N2O and O2 (non-isotopic) were carried out consecutively, in or-
der to evaluate the system response. After the non-isotopic pulses,
pulses of 15N2

18O and 18O2 were performed.
The experimental set-up used mainly consists of a set of mass

flow controllers (0.1 ml/min sensitivity), an injection valve with a
100-ll loop, and two high-sensitivity pressure transducers, which
allow the gas injections to be performed without a concomitant
pressure variation in the system. A vacuum pump is used to evac-
uate the helium into the loop and, once empty, a pressure regulator
is used to fill up the loop with the isotopic gas at 5 psi. The gas
composition was monitored with a mass spectrometer Pfeiffer Vac-
uum (model OmniStar), operating at 1-s frequency.

2.6. In situ DRIFTS-MS experiments

A FTIR spectrometer (model Infinity MI60 from Mattson) with a
diffuse reflectance accessory (model COLLECTOR from Spectra
Tech) was used for in situ DRIFTS experiments. A reaction cell fitted
with CaCl2 windows, which allows temperature and gas flow com-
position control, was used. The gas composition is monitored dur-
ing the experiments with a mass spectrometer Pfeiffer Vacuum
(model OmniStar).

Before the DRIFTS experiments under N2O-containing gas mix-
tures, the catalysts were in situ treated at 450 �C under helium flow
to remove adsorbed species. Afterwards, the temperature was low-
ered to room conditions (30 �C), and the inert gas was replaced by a
gas mixture of 1000 ppm N2O/He or 1000 ppm N2O/5% O2/He. The
temperature is raised in steps of 25 �C, and once the steady state is
reached both in the gas composition and in the catalyst surface, the
spectrum is recorded at each temperature. The background spectra
were recorded for each catalyst at room temperature under He
flow, and therefore carbonate bands and some other catalyst fea-
tures do not appear in the spectra recorder under reaction condi-
tions. Spectra were recorded with a resolution of 2 cm�1.
3. Results

3.1. N2O decomposition tests

Fig. 1 presents the N2O decomposition rates as a function of
temperature obtained with the catalysts Rh/c-Al2O3 (Fig. 1a) and
Rh/CeO2 (Fig. 1b) during the first and second runs, which were per-
formed under 1000 ppm N2O/He, and during the third run, which
was performed under 1000 ppm N2O/5% O2/He. The N2O decompo-
sition rates on the CeO2 and c-Al2O3 supports, also included in
Fig. 1, are negligible under the reaction conditions of these exper-
iments. The rates affected by mass transfer effects (dashed lines)
are distinguished from those measured under chemical control
(continuous lines).

For experiments conducted under equal conditions, the N2O
decomposition rate on the Rh/c-Al2O3 catalyst (Fig. 1a) is lower
than that on Rh/CeO2 (Fig. 1b). The N2O decomposition rates mea-
sured with Rh/CeO2 during the first and second cycle are equal,
while the decomposition rates of Rh/c-Al2O3 increase after the first
run. This activation process will be studied and discussed in the
coming sections. As expected, the N2O decomposition rates de-
crease partially in the presence of O2 (3rd run). This decrease is
reversible, that is, the N2O decomposition rate increases to the ori-
ginal level if O2 is removed from the gas stream. It has been re-
ported [1] that O2 inhibits partially the catalytic activity of most
N2O decomposition catalysts, in a different extent depending on
the nature of the catalyst, due to O2 chemisorption on the catalyst
active sites.

The N2O decomposition rates measured with our catalysts,
under chemical control of the reaction rate, are higher than some
values reported by other authors. For instance, the N2O decomposi-
tion rates of our catalysts under 1000 ppm N2O + 5%O2 at 300 �C are
0.36 and 0.71 mol(N2O)�g�1 h�1 for Rh/c-Al2O3 and Rh/CeO2,
respectively. Comparatively, it has been reported [23] a N2O
decomposition rate of 0.37 mol(N2O)�g�1 h�1 for a 0.5 wt.%Rh/
CeO2 catalyst measured under a gas mixture with 950 ppm
N2O + 5%O2 at 400 �C. The lower rate obtained with this Rh/CeO2

catalyst [23] in comparison with our results could be attributed
to the low surface area of the catalyst tested (9 m2/g) with regard



Table 2
XPS-measured atomic surface ratios in fresh catalysts and after 1 h in situ treatments
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to the surface area of our samples (76–78 m2/g). The N2O decompo-
sition rates of our catalysts are also higher than values reported for
other Rh/CeO2 and Rh/Al2O3 catalysts [24] (with 22 and 168 m2/g,
respectively, and both with 2 wt.%Rh). This comparison evidences
that the catalytic activity for N2O decomposition of the Rh catalysts
not only depends on the nature of the active phases but also on the
particular physicochemical features of each catalyst.

N2O decomposition experiments were performed with the Rh/
CeO2 and Rh/c-Al2O3 catalysts under N2O/He gas streams with dif-
ferent N2O partial pressures in the range 100–1400 ppm. The re-
sults obtained were fitted with n-order kinetic equations and the
apparent reaction orders towards N2O, and the reaction constants
at each temperature were estimated from these calculations.
Fig. 1SM in supplementary material shows the experimental rates
and the corresponding model fittings, from which the reaction con-
stant and apparent N2O reaction orders were estimated. Once the
reaction constants were determined, Arrhenius-type plots
(Fig. 2SM in supplementary material) were used to determine the
apparent activation energies.

The kinetic data obtained are compiled in Table 1. The apparent
N2O reaction orders are quite similar for both catalysts, and the
values obtained are lower than 1. This means that the N2O decom-
position rates are not linearly proportional to the N2O partial pres-
sure. The decomposition rate is faster in concentrated streams than
in those diluted, which has important relevance for practical appli-
cations. Kapteijn et al. [1] compiled the information available in
the literature about the catalytic decomposition of N2O using a
wide variety of materials including pure metals and metal oxides,
spinel-type mixed oxides, perovskites and hydrotalcites, zeolites
and metals and transition metal oxides supported on alumina,
silica and zirconia. In all cases, it was founded that the apparent
reaction order with respect to the N2O partial pressure is 1 or
slightly lower, suggesting that values below 1 may be related to the
inhibitory effect of O2 formed as reaction product. This argument
seems also valid for the catalysts studied in this article.

The apparent activation energies estimated, listed in Table 1,
were different for Rh/c-Al2O3 and Rh/CeO2 (146 and 121 kJ/mol,
respectively). These values are consistent with activation energies
reported in the literature for noble metal and transition metal
oxide catalysts (typically between 80 and 170 kJ/mol) [1] and are
lower than the energy required to break the N–O bond in the
N2O molecule without catalyst participation (250–270 kJ/mol)
[25–28], which requires about 625 �C [29]. The different apparent
activation energy obtained with Rh/c-Al2O3 and Rh/CeO2 implies
that the N2O decomposition mechanisms are different on the two
catalysts or that there are differences in the rate-limiting step.
The reaction mechanisms have been studied in the current article
by different techniques, and as will be discussed in coming sec-
tions, important differences between Rh/c-Al2O3 and Rh/CeO2 have
been noticed.

3.2. XPS characterization

The changes in the oxidation states of Rh and Ce during the cat-
alytic decomposition of N2O and the Rh/Al and Rh/Ce ratios have
been studied by XPS. The fresh Rh/CeO2 and Rh/c-Al2O3 catalysts
and also the catalysts after in situ treatments with 1000 ppm
N2O/Ar at different temperatures have been characterized by XPS.
Table 1
Apparent N2O reaction orders and activation energies for Rh/CeO2 and Rh/c-Al2O3

catalysts.

N2O reaction order Activation energy (kJ/mol)

Rh/c-Al2O3 0.74 ± 0.03 146 ± 5
Rh/CeO2 0.68 ± 0.03 121 ± 5
Table 2 compiles the XPS-measured Rh/Al and Rh/Ce atomic
surface ratios. Rh/Ce ratios are higher than Rh/Al ratios, regardless
of the temperature of the pre-treatment, evidencing that Rh dis-
persion on ceria is higher than on alumina both in fresh and in used
catalysts. This result contrasts with the TEM-estimated rhodium
particle sizes because, as mentioned, the average size of rhodium
particles is almost equal in both catalysts (2.2 nm in Rh/CeO2 and
2.3 nm in Rh/c-Al2O3 [16]). A detailed analysis of our TEM pictures
lead us to think that particles lower than 1 nm are hardly observed
in the Rh/CeO2 catalyst in our TEM device. However, they should
exist on Rh/CeO2 but not on Rh/c-Al2O3. It must be taken into ac-
count that the molecular weight of cerium is much higher to that
of aluminium, and therefore, the Rh–Al colour contrast is much
better than the Rh–Ce contrast. This experimental limitation of
TEM would overestimate the average particle size of Rh on the
Rh/CeO2 catalysts.

According to data on Table 2, the rhodium particles sinter under
reaction conditions between 250 and 275 �C, since the Rh/Al and
Rh/Ce atomic ratios decrease above this threshold. However, Rh
sintering seems to affect more to Rh/c-Al2O3 than to Rh/Ceria,
which is in agreement with the well-known stabilizing effect of
ceria [30].

Fig. 2 shows XP spectra obtained with Rh/c-Al2O3 (Fig. 2a) and
Rh/CeO2 (Fig. 2b) corresponding to the electronic transitions Rh
3d3/2 and Rh 3d5/2, with binding energies at 312–315 eV and
306–310 eV, respectively. It has been reported that the Rh 3d5/2

peaks of CeO2-supported Rh0 appear with binding energies in the
range 307.0–307.7 eV, while Rh3+ species on the same support ap-
pear at 308.3–310.5 eV [17,31,32]. For Al2O3-supported Rh, it has
been reported that the peaks corresponding to Rh0 are shifted to-
wards lower binding energies in comparison with Rh/CeO2,
appearing at �306 eV [33]. In our fresh Rh/c-Al2O3 and Rh/CeO2

catalysts, the Rh 3d5/2 binding energies appear at about 309 eV,
evidencing the presence of Rh3+ species in both catalysts. This
was expected taking into account that the catalysts were calcined
in air at 500 �C.

These Rh3+ species are partially or totally reduced to Rh0 during
the catalytic decomposition of N2O, as deduced from Fig. 2, and the
support plays a major role in this reduction process. For Rh/c-Al2O3

(Fig. 2a), the binding energy of the Rh 3d5/2 transition decreases
from around 309 eV at 275 �C to about 306.4 eV at 300 �C and high-
er temperature, evidencing the reduction of Rh3+ to Rh0. Note that
N2O decomposition on Rh/c-Al2O3 (see Fig. 1, 1st run) is low below
275 �C and increases significantly above this temperature. This
would mean that Rh0 is the most active species of rhodium when
supported on alumina, which would also explain the increase in
the N2O decomposition rate during the second run, once Rh+3 spe-
cies are reduced to Rh0.

On the contrary, the reduction of rhodium under reaction con-
ditions progressively occurs with temperature in the Rh/CeO2 cat-
alyst (Fig. 2b). In this case, the Rh 3d5/2 peaks can be deconvoluted
into two peaks corresponding to species of Rh3+ and Rh0 (high and
low binding energy contributions, respectively). From the area of
these deconvoluted peaks, the percentages of Rh3+ and Rh0 have
under 1000 ppm N2O/He at different temperatures.

Temperature
(�C)

Rh/Al atomic ratio in Rh/c-
Al2O3

Rh/Ce atomic ratio in Rh/
CeO2

Fresh catalysts 0.013 0.084
250 0.011 0.099
275 0.006 0.066
300 0.007 0.063
325 0.006 0.056
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Fig. 2. XPS spectra of the Rh 3d transition for the fresh catalysts and after in situ
treatments with 1000 ppm N2O/Ar for 1 h at different temperatures. (a) Rh/c-Al2O3

and (b) Rh/CeO2.
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been estimated, and the results obtained for Rh0 are compiled in
Table 3. These results reveal that part of the Rh3+ species on the
Rh/CeO2 catalyst remain oxidized under reaction conditions to
325 �C (at least). According to these XPS results, the ceria support
strongly interacts with rhodium and partially stabilizes the cat-
ionic species under reaction conditions. This stabilizing effect
would explain the equal catalytic results (Fig. 1b) obtained during
the first and second cycle of experiments performed with the Rh/
CeO2 catalyst.

The behaviour of the cerium oxidation state under N2O decom-
position conditions has also been studied by XPS with the Rh/CeO2

catalyst. For comparison, the same in situ treatments performed
with 1000 ppm N2O/Ar have been repeated with fresh Rh/CeO2 cat-
alyst under pure Ar. The Ce 3d core level has been analysed and,
after deconvolution of the experimental spectra, the degree of ceria
reduction has been calculated from the ratio of the sum of the
intensities of the u0, u1, v0 and v1 bands to the sum of the intensi-
ties of all the bands, following the method proposed elsewhere
[34]. As example, the Ce 3d photoelectron spectra of Rh/CeO2 after
in situ thermal treatments at 325 �C under Ar and N2O/Ar are in-
cluded as Supplementary data (Fig. 3SM).
Table 3
XPS-estimated Rh0 percentage in fresh catalysts and after 1 h in situ treatments under
1000 ppm N2O/He at different temperatures.

Temperature (�C) Rh/c-Al2O3 Rh/CeO2

Fresh catalysts 0 0
250 0 20
275 0 66
300 100 68
325 100 78
The Ce3+ percentages determined by XPS after in situ treatments
performed under 1000 ppm N2O/Ar or pure Ar have been plotted in
Fig. 3 as a function of temperature. It is important to mention that
ceria can be partially reduced under the high vacuum conditions of
the XPS measurements. For this reason, the Ce3+ percentages deter-
mined by XPS are expected to differ from the real values under
reaction conditions in a fixed-bed reactor. However, the differences
between the Ce3+ trends obtained under Ar and N2O/Ar provide
valuable information about the catalysts behaviour. At 250 �C,
where the catalytic activity is very low (see Fig. 1a), the Ce3+ per-
centage is equal (32.7%) after both thermal treatments performed,
regardless of the gas used. The Ce3+ percentage increases with tem-
perature for experiments performed under pure Ar while it re-
mains almost constant under 1000 ppm N2O/Ar. This means that
the ceria support delivers oxygen during the thermal treatment
under inert conditions, while N2O is able to restore the oxygen bal-
ance of ceria by oxidation of the vacant sites created on ceria upon
thermal reduction.

3.3. In situ Raman spectroscopy characterization of the Rh/CeO2

catalyst

The Rh/CeO2 catalyst has been characterized by Raman spec-
troscopy under reaction conditions. Raman spectra have been re-
corded at different temperatures under gas streams of pure Ar or
1000 ppm N2O/Ar. The spectra obtained at 150 and 350 �C are
shown in Fig. 4a (Ar) and b (N2O/Ar), as examples. The main peak
at around 460 cm�1 is the typical fluorite peak of ceria assigned to
the F2g mode. This peak presents a shoulder between 500 and
700 cm�1 including contributions of vacant sites of the ceria sup-
port and RhOx species. The small peak at 230 cm�1 can be also
attributed to RhOx species, and this peak is only observed in some
of the spectra [35–37].

The gas composition used for the thermal treatments signifi-
cantly affects the changes observed in the Raman spectra of the
Rh/CeO2 catalyst. The RhOx peak at 230 cm�1 decreases at 350 �C
under Ar (Fig. 4a) but remains invariable under N2O/Ar. This indi-
cates that the RhOx species are thermally unstable under Ar atmo-
sphere, while they are stable in the presence of N2O. On the other
hand, the intensity of the shoulder between 500 and 700 cm�1 in-
creases from 150 to 350 �C under Ar (Fig. 4a) due to the creation of
vacant sites on ceria, while it slightly decreases under N2O/Ar, be-
cause some vacant sites are depleted by N2O oxidation. Finally,
attention must be paid to the position of the F2g peak. In Fig. 5,
the position of the F2g peak for experiments performed under Ar
and N2O/Ar has been plotted versus temperature. Under both
gases, the position of the F2g peak decreases with temperature
reaching a more or less constant value at 150 �C under N2O/Ar
and at 250 �C on pure Ar. This decrease in the F2g peak position
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Fig. 3. Ce3+ percentage with regard to Ce3+ + Ce4+ estimated from XPS analysis of
the Rh/CeO2 catalyst after in situ treatments with 1000 ppm N2O/Ar or pure Ar for
1 h at different temperatures.
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can be attributed to the expansion of the unit cell of ceria due to
the partial reduction of Ce4+ cations (0.097 nm) to larger Ce3+ cat-
ions (0.114 nm). Once more, it is evidenced that the reduction oc-
curred under inert gas is partially inhibited by N2O, and the shift in
the F2g position is lower under N2O/Ar than under pure Ar. These
differences are mainly important above 250 �C, that is, once N2O
decomposition takes place (see Fig. 1b). This further evidences
the active participation of the CeO2 support in the N2O decomposi-
tion mechanism over the Rh/CeO2 catalyst.

3.4. Pulse experiments with isotopic gases (15N2
18O and 18O2)

In order to analyse the participation of the catalyst oxygen in
the N2O decomposition mechanism, pulse experiments have been
performed with isotopic gases (15N2

18O and 18O2). Qualitative
information could be obtained from the shape of the reactants
(15N2

18O and 18O2) and products profiles, and as examples, the
MS profiles monitored after 15N2

18O pulses to Rh/CeO2 at 300 �C
and 400 �C are included as Supplementary data (Fig. 4SM). These
profiles revealed that there is no delay between the profiles of
reactants and products, and neither delay with regard to reference
Ar pulses. This means that the rates of all the oxygen exchange pro-
cesses taking place upon 15N2

18O and 18O2 pulses are much faster
than the measuring time (1 s frequency; complete relaxation of
the system takes about 80 s). This is consistent with previous
18O2 pulse experiments performed with bare and La3+-doped ceria
in a TAP device, which operates in the milliseconds range of time,
where delay in the products profiles with regard to 18O2 and Ar
pulses was neither observed [19,20].

3.4.1. 15N2
18O pulses

Fig. 6 presents results of 15N2
18O pulses over Rh/c-Al2O3 and c-

Al2O3 (Fig. 6a) and over Rh/CeO2 and CeO2 (Fig. 6b). The 15N2
18O,

15N2
16O and 15N2 percentages in the gas mixture after the interac-

tion with the solid bed have been plotted as a function of temper-
ature. Additionally, ROxygen profiles have been also plotted,
calculated as twice the sum of the percentage of the different O2

species, that is:

ROxygen : 2 � ð18O2 þ 18O16Oþ 16O2Þ

Note that the 16O atoms come from the solids (Rh/c-Al2O3, c-
Al2O3, Rh/CeO2 or CeO2), while 18O atoms come from the pulsed
gas.

For 15N2
18O pulses, the processes that imply breaking and form-

ing bonds could be the following: (i) oxygen exchange between
15N2

18O and solids, which would lead to 15N2
16O release and/or

(ii) 15N2
18O decomposition with 15N2 and O2 release (18O2, 18O16O
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and/or 16O2). The contribution of the former process is negligible in
most cases and 15N2

16O formation is null in most pulse experi-
ments, N2O decomposition being the main process taking place.
The CeO2 support exchanges a very small amount of oxygen with
the 15N2

18O gas leading to 15N2
16O release at 400 �C (Fig. 6b), but

this phenomenon is not observed for c-Al2O3 (Fig. 6a).
N2O decomposition in the pulse experiments (Fig. 6) occurs

above 250 �C with both catalysts. This temperature is quite consis-
tent with the range of temperatures of N2O decomposition in the
conventional flow experiments (Fig. 1), in spite of the differences
between both experimental procedures. The pulse experiments
also reveal that the Rh/CeO2 catalyst is more active for N2O decom-
position than Rh/c-Al2O3 and that the supports have no activity for
N2O decomposition in the range of temperature studied in these
experiments.

The stoichiometric formation of O2 and N2 from N2O decompo-
sition is observed in pulse experiments, since the ROxygen and
15N2 percentage profiles overlap in Fig. 6. This means that the
amount of nitrogen species stored on the catalysts during the
N2O decomposition process, which were identified by in situ
DRIFTS experiments (see Figs. 9 and 10 and further discussion), is
negligible with regard to the amount of N2O pulsed and also that
there is no appreciable oxygen accumulation on the catalysts un-
der these experimental conditions.

Special attention must be paid to the nature of the O2 molecules
evolved as 15N2

18O decomposition product. In Fig. 7, the percent-
age of each O2 species (18O2, 18O16O and 16O2) with regard to the
total O2 has been plotted. Important differences in the O2 species
distribution are noticed between Rh/c-Al2O3 (Fig. 7a) and Rh/
CeO2 (Fig. 7b). The most abundant O2 species obtained with the
Rh/c-Al2O3 catalyst is 18O2, which means that most of the O2 deliv-
ered as N2O decomposition product comes from the 15N2

18O mol-
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Fig. 7. Nature of the O2 species evolved as 15N2
18O decomposition product with

catalysts (a) Rh/c-Al2O3 (b) Rh/CeO2.
ecules pulsed. The formation of 18O16O (and some 16O2), which
also occurs in a lower extent than 18O2, implies a certain participa-
tion of the catalyst oxygen in the N2O decomposition pathway. This
will be discussed in detail afterwards.

The proportion of the different O2 species evolved as 15N2
18O

decomposition product significantly changes for Rh/CeO2

(Fig. 7b). The main O2 products are 16O2 and 18O16O, pointing out
that the catalyst oxygen is actively involved in the N2O decompo-
sition mechanism as will be also discussed later.
3.4.2. 18O2 pulses
Understanding the oxygen exchange between 18O2 and the cat-

alysts presents a double interest in the context of this study. On the
one hand, O2 released as N2O decomposition product could interact
again with the catalysts, and on the other hand, N2O decomposi-
tion in O2-rich streams has practical relevance.

The exchange of oxygen between the 18O2 molecules and the
catalysts can yield 18O16O and/or 16O2. Fig. 8 shows the 18O2, 16O2

and 18O16O percentages upon 18O2 pulses over Rh/c-Al2O3 and c-
Al2O3 (Fig. 8a) and over Rh/CeO2 and CeO2 (Fig. 8b) at different
temperatures. Oxygen exchange between the 18O2 gas molecules
pulsed and the supports is negligible in most experiments, but
the presence of rhodium in the catalysts leads to the exchange of
oxygen. With both catalysts, 16O-containg O2 molecules release
above 200 �C, the oxygen exchange increasing with temperature.
As expected, the phenomenon is much higher for Rh/CeO2 com-
pared to Rh/c-Al2O3 [8–16,21,22].

For Rh/c-Al2O3 (Fig. 8a), the main 16O-containing product is
18O16O. This indicates that the exchange of the oxygen atoms of
the 18O2 molecules pulsed occurs sequentially, and only single ex-
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change takes place under the experimental conditions used in
these tests. Therefore, since re-adsorption of 16O18O upon 18O2

pulses does not occur after the first oxygen exchange, the re-
adsorption on Rh/c-Al2O3 of O2 molecules evolved as N2O decom-
position product is expected to be also minor under the experi-
mental conditions of these pulse experiments.

On the contrary, both 16O18O and 16O2 evolve above 200 �C after
18O2 pulses over the Rh/CeO2 catalyst (Fig. 8b). The 16O18O percent-
age reaches a maximum level at 350 �C, while the 16O2 percentage
rises monotonically with temperature. The formation of 16O18O
evidences that single exchange of the 18O2 oxygen atoms takes
place. The formation of 16O2 can occur by re-adsorption of 16O18O
molecules and/or by double exchange of oxygen atoms once 18O2

is adsorbed on the catalyst surface.
Finally, Table 4 shows the total amounts of 16O atoms ex-

changed by the two catalysts during the pulse experiments, calcu-
lated on the basis of 16O present in each catalyst as Rh2O3 or total
(Rh2O3 + support oxygen). In the case of the Rh/CeO2 catalyst, the
amount of 16O exchanged is much higher than the amount of oxy-
gen on Rh2O3 (442%), confirming that oxygen atoms in CeO2 are in-
volved in the exchange processes. However, the amount of oxygen
exchanged by Rh/CeO2 with regard to the total amount of oxygen
on this catalyst (Rh2O3 + CeO2 oxygen) is very low (0.055%), point-
ing out that a large reservoir of non-exchanged oxygen remains on
the catalyst after the pulse experiments. In the case of Rh/c-Al2O3,
the amount of oxygen exchanged only slightly exceeds the amount
of Rh2O3 oxygen (145%). This confirms that the support c-Al2O3 is
only able to exchange a very little amount of oxygen with the iso-
topic gases, much less than CeO2.
3.5. In situ DRIFTS-MS experiments

The surface of the catalysts has been studied under reaction
conditions by DRIFT spectroscopy during in situ N2O decomposi-
tion experiments. Figs. 9 and 10 show the DRIFT spectra recorded
during these experiments. For the sake of brevity, the MS results
recorded together with the spectra are not shown, but it has to
be mentioned that the catalytic decomposition of N2O in the
DRIFTS cell occurs in the same range of temperatures observed in
the flow reactor (Fig. 1) for both catalysts. The only difference be-
tween the results obtained in the flow reactor and in the DRIFTS
cell is the N2O decomposition rate reached at each temperature,
which is lower in the DRIFTS cell due to gas diffusion effects. As
an example, the MS profiles measured during the DRIFTS-MS
experiment performed with Rh/c-Al2O3 under 1000 ppm N2O/He
is presented as Supplementary data (Fig. 5SM).

Fig. 9 shows the DRIFT spectra recorded with the support c-
Al2O3 under N2O and N2O + O2 (Fig. 9a and b, respectively), and
their counterpart spectra recorded with the Rh/c-Al2O3 catalyst
under the same atmospheres (Fig. 9c and d, respectively). To
clearly observe nitrogen-containing surface species, both on the
support and on the catalyst, 200 �C or higher temperatures must
be reached. The N–N stretching frequency of adsorbed N2 or N2O
on metal oxides was reported to absorb within a wide range of
frequencies, typically between 2400 and 2150 cm�1 [38–41]. In
Fig. 9a–d, above 200 �C, a quite intense absorption band is
Table 4
Exchanged oxygen between gas molecules and catalysts in the pulse experiments
performed with isotopic gases.

Oxygen exchanged on
Rh2O3 basis (%)

Oxygen exchanged on
Rh2O3 + support basis (%)

Rh/c-Al2O3 145 0.011
Rh/CeO2 442 0.055
observed at 2315 cm�1, which could be assigned to adsorbed
N2O. Nitrites, nitrates and nitro compounds typically show bands
below 1700 cm�1. In all spectra of Fig. 9 recorded at temperatures
higher than 200 �C, several peaks are identified below this wave-
number. The spectra of the c-Al2O3 support and Rh/c-Al2O3 cata-
lyst under N2O flow (Fig. 9a and c, respectively) are consistent
with the formation of monodentate nitrites (bands in the range
1500–1400 cm�1), monodentate nitrates (bands at 1570–
1540 cm�1 and at 1290–1250 cm�1) and/or nitro compounds
(bands around 1345 cm�1). The existence of nitrites, nitrates or ni-
tro compounds in these spectra implies that the reaction between
N2O and oxygen at the support or catalyst surface is taking place.

In the presence of N2O + O2 (Fig. 9b and c), similar bands are ob-
served, but the relative intensity of these bands is different from
that measured under N2O only. The formation of nitrates seems
to be favoured at expenses of nitrites, that is, as expected, the sur-
face species seems to be more oxidized under N2O + O2 than under
N2O.

As a main conclusion of the DRIFTS analysis presented in Fig. 9,
it can be highlighted that the spectra of c-Al2O3 (Fig. 9a and b),
without catalytic activity in the temperature range studied, and
of Rh/c-Al2O3 (Fig. 9c and d), with catalytic activity, are quite sim-
ilar. This suggests that most nitrogen species observed on the alu-
mina samples upon N2O exposure are not involved in the N2O
decomposition mechanism, but they seem to be just spectators,
other way important differences between Rh/c-Al2O3 and c-
Al2O3 would be expected. This also demonstrates that not all the
adsorption sites suitable for N2O adsorption are active for N2O
decomposition. The similarities between the Rh/c-Al2O3 and c-
Al2O3 spectra also suggest that the surface nitrogen species are
mainly created on the c-Al2O3 support and not on rhodium.

This scenario significantly changes with the ceria samples.
Fig. 10 shows the DRIFT spectra recorded with the CeO2 support
under N2O and N2O + O2 (Fig. 10a and b, respectively) and their
counterpart spectra recorded with the Rh/CeO2 catalyst under
the same atmospheres (Fig. 10c and d, respectively). As a general
observation, the number of bands in the DRIFT spectra of Fig. 10
(ceria samples) is much higher than that in Fig. 9 (alumina sam-
ples), which evidences that the nature of nitrogen species created
at the surface is more heterogeneous on ceria than on alumina.

Bands between 2390 and 2100 cm�1 appeared in the ceria sam-
ples above 200 �C, which could be assigned to the N–N stretching
frequency of adsorbed N2, produced as N2O decomposition prod-
uct, or of adsorbed N2O [38–41]. The number of bands in this range
of values is much higher in the ceria samples (Fig. 10a–d) than in
those of alumina (Fig. 9a–d), which only showed a single band at
2315 cm�1, evidencing the higher heterogeneity of the ceria sur-
face. The appearance of several peaks in the Rh/CeO2 catalysts,
which did not appear in Rh/c-Al2O3, should correspond to the exis-
tence of N2 and/or N2O adsorbed on different rhodium and/or cer-
ium oxide sites.

The formation and transformation with temperature of absorp-
tion bands below 1700 cm�1 is very relevant in Fig. 10a–d. In bare
CeO2, below 200 �C, the absorption bands identified are consistent
with the formation of monodentate nitrates both in the absence
and presence of O2 (Fig. 10a and b, respectively), with bands at
1560 and 1300 cm�1 which progress together. Above this temper-
ature, these bands decrease and the spectra evidence the formation
of some other nitrogen compounds. The bands at 1695 and
1230 cm�1 are consistent with the formation of bridged nitrates
and those at 1530 and 1300 cm�1 with bidentate nitrates. Note
that bridged and bidentate nitrates are more stable than monoden-
tate nitrates, and therefore, they appear at higher temperatures. In
addition, bands compatible with the formation of monodentate ni-
trites (1434 cm�1) and nitro groups (1360 cm�1) remain on bare
CeO2 between 200 and 350 �C. The formation of nitrites, nitrates
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or nitro compounds in these spectra evidences the oxidation of
N2O with ceria oxygen. These complicated spectra compiled in
Fig. 10a and b are in agreement with the previously commented
heterogeneity of the ceria surface and evidence the high affinity
of this metal oxide towards N2O chemisorption and oxidation.

Below 200 �C, the nature of the surface species created on CeO2

(Fig. 10a and b) seems to be quite similar to the nature of those cre-
ated on Rh/CeO2 (Fig. 10c and d) suggesting that, in the Rh/CeO2

catalyst, these species are mainly created on ceria surface sites
rather than on rhodium sites. However, the evolution with temper-
ature of the surface species created on Rh/CeO2 is very different to
that observed on CeO2, and this could be related to the catalytic
activity of Rh/CeO2 for N2O decomposition. Under N2O (Fig. 10c)
and above 275 �C, that is, once N2O is being decomposed on Rh/
CeO2, most bands in the range 1550–1200 cm�1 disappear. This
means that monodentate nitrites and bidentate nitrates are not
stable under reaction conditions. As it has been deduced from
the pulse experiments with isotopic N2O, ceria oxygen is involved
in N2O decomposition over Rh/CeO2. This implies the constant cre-
ation of vacant sites on ceria, by oxygen depletion, and filling up
such vacant sites by N2O oxygen. The stabilization of certain ni-
trites and nitrates seems not to be possible under this dynamic
behaviour of ceria oxygen. In the presence of O2 (Fig. 10d), the
depletion of surface nitrogen species under reaction conditions is
slightly different than in the absence of O2 (Fig. 10c). For instance,
monodentate nitrites seem to remain stable during N2O decompo-
sition under N2O + O2 but not monodentate nitrates. This is consis-
tent with the previous hypothesis, that is, under N2O + O2, O2 keeps
ceria more oxidized than under only N2O, and then ceria is able to
oxidize more easily the chemisorbed N2O.

The main conclusion of this DRIFTS study is that both ceria and
alumina chemisorb and oxidize N2O, and the behaviour of the
chemisorbed nitrogen species during N2O decomposition on rho-
dium catalysts depends on the support nature. While the N2O
decomposition reaction over Rh/c-Al2O3 does not affect the nitro-
gen surface species created on the c-Al2O3 support, some of the
oxidized nitrogen species created on ceria upon N2O chemisorption
(monodentate nitrites and bidentate nitrates, for instance) are not
stable during N2O decomposition. The reasons could be that the
alumina support is not involved in the N2O decomposition mecha-
nism while ceria oxygen, which is required to oxidize N2O, is in-
volved in the N2O decomposition process on ceria.

4. Discussion

The different techniques used in this study provide complemen-
tary information about the N2O decomposition mechanisms cata-
lysed by Rh/c-Al2O3 and Rh/CeO2, explaining why this catalyst is
more active than the former one. As a main conclusion, it is dem-
onstrated that the CeO2 support, in the presence of Rh, is actively
involved in the N2O decomposition mechanism while c-Al2O3 is
not. The high catalytic activity for N2O decomposition of RhOx/
CeO2 catalysts was already reported, and it was proposed, based
on ESR analysis, that the low-temperature activity of Rh/CeO2 cat-
alysts for N2O decomposition relies on electron excess sites at
microinterfaces between the dispersed rhodium component and
the ceria support [42]. Further evidences about the synergy be-
tween rhodium and ceria in N2O decomposition have been ob-
served in this study.

Once the Rh/c-Al2O3 and Rh/CeO2 catalysts are put in contact
with a N2O stream surface nitrogen species are created on the sup-
ports, as demonstrated by the in situ DRIFTS experiments (See Figs.
9 and 10). This species include chemisorbed N2O and oxidized
nitrogen species like nitrites or nitrates. The oxidized nitrogen spe-
cies are not reaction intermediates of the N2O decomposition
mechanisms, but they are just spectators. At 200 �C or higher tem-
peratures, where N2O decomposition into N2 and O2 takes place
(see Fig. 1), these oxidized nitrogen species are stable on Rh/c-
Al2O3 while not all of them are stable on Rh/CeO2, because the ceria
oxygen required to oxidize N2O is involved in the N2O decomposi-
tion process.

From the pulse experiments performed with 15N2
18O, it is de-

duced that several redox processes occur on the catalysts during
N2O decomposition. 15N2

18O decomposition on Rh/c-Al2O3 yields
15N2 + 18O16O, and an oxidized rhodium site (Rh�–16O) becomes re-
duced (Rh�) in this process:

Rh�—16Oþ 15N2
18O! Rh� þ15N2 þ 18O16O Step 1

This reaction step explains the reduction of rhodium under
reaction conditions, as deduced by XPS (Fig. 2a), and the 18O16O
emission in pulse experiments (Fig. 7a). In the case of the Rh/c-
Al2O3 catalyst, the reoxidation of rhodium sites takes place with
gas phase 15N2

18O, as it is described by step 2:

Rh� þ15N2
18O! Rh�—18Oþ 15N2 Step 2

Once the redox process described by steps 1 and 2 has occurred
and part of the 16O atoms (on Rh sites) have been removed, the
decomposition of further 15N2

18O molecules yields 18O2 instead
of 18O16O, since the oxidized rhodium sites are progressively occu-
pied by 18O atoms, that is:

Rh�—18Oþ 15N2
18O! Rh� þ15N2 þ 18O2 Step 1bis

This explains why 18O2 is the main molecular oxygen species
yielded in Rh/c-Al2O3-catalysed N2O decomposition (Fig. 7a).

The formation of 16O2, which is minor when 15N2
18O is decom-

posed on the Rh/c-Al2O3 catalyst (Fig. 7a), would occur by recom-
bination of two 16O-containing oxidized rhodium sites:

2Rh�—16O! 2Rh� þ16O2 Step 3

The preferential formation of 18O16O (step 1) with regard to
16O2 (step 3) by the Rh/c-Al2O3 catalyst (Fig. 7a) evidences that
the Eley–Rideal mechanism (reduction of the noble metal sites
by N2O; step 1) is the main reaction pathway while the Lang-
muir–Hinshelwood mechanism (recombination of two oxygen
atoms on noble metal sites yielding molecular oxygen; step 3)
has a marginal contribution. The active sites for Rh/c-Al2O3 cata-
lyst (Rh�) could be ascribed to Rh0.

The N2O decomposition mechanism described by steps 1, 1bis
and 2 is valid for the Rh/c-Al2O3 catalyst, but the reaction pathway
is much more complicated on Rh/CeO2, since the steps 1, 1bis and 2
are not able to explain the high proportion of 16O2 yielded by this
catalyst (Fig. 7b). The in situ XPS experiments (Fig. 2) demonstrate
that ceria stabilizes the cationic species of rhodium during N2O
decomposition, while rhodium on Rh/c-Al2O3 is reduced to Rh0.
Therefore, the sequence of steps 1, 1bis and 2 seems to occur pref-
erentially on reduced rhodium, being the main reaction pathway
for Rh/c-Al2O3 and having a minor contribution for Rh/CeO2.

The participation of ceria oxygen in the N2O decomposition
mechanism over Rh/CeO2 is supported by the fact that the amount
of 16O atoms released during the pulse experiments with isotopic
gases is much higher than the amount of oxygen on Rh2O3 (see Ta-
ble 4). Taking the XPS results into account, the participation of the
support could consist of oxygen transfer from ceria to rhodium
(step 4), that is, once N2O reduces a rhodium site via step 1, the
reoxidation of this site could be accomplished by ceria oxygen:

Rh� þCe�—16O! Rh�—16Oþ Ce� Step 4

Probably this oxygen transfer is related to the high dispersion of
Rh observed on CeO2. In the case of Rh/CeO2 catalyst, the active site
for rhodium (Rh�) not necessarily means Rh0, but RhOx species at
the Rh–ceria interface, as proposed by Cunningham et al. [42].
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The transfer of oxygen from ceria to the rhodium site leads to the
creation of vacant sites on the ceria support (Ce�), and ceria must
restore the oxygen balance re-oxidizing such vacant sites by
15N2

18O:

Ce� þ15N2
18O! Ce�—18Oþ 15N2 Step 5

The constant Ce3+ percentages estimated by XPS (Fig. 3) on Rh/
CeO2 after in situ N2O decomposition treatments supports that the
step 5 takes place, that is, the XPS experiments demonstrate that
the ceria vacant sites can be reoxidized by N2O. Additional exper-
imental evidence supporting the participation of step 5 is obtained
by in situ Raman spectroscopy experiments (Fig. 5). These experi-
ments demonstrated that the thermal expansion of the ceria lat-
tice, due to the partial reduction of Ce4+ cations to Ce3+, is
hindered by reoxidation of these Ce3+ cations in the presence of
N2O.

The sequence of steps 1 + 4 + 5 can explain the emission of
18O16O by the Rh/CeO2 catalyst upon 15N2

18O decomposition
(Fig. 7b). Additionally, the high proportion of 16O2 yielded by this
catalyst could be mainly attributed to the recombination of oxygen
atoms on two oxidized sites. These oxidized sites could be two rho-
dium sites (step 3), two cerium sites (step 6) or a rhodium site and
a cerium site (step 7):

2Ce�—16O! 2Ce � þ16O2 Step 6

Rh�—16Oþ Ce�—16O! Rh � þCe � þ16O2 Step 7

Taking the described mechanisms and the different experimen-
tal observations into account, it can be concluded that Rh0 are the
most active sites for N2O decomposition on Rh/c-Al2O3, while the
opposite occurs on the Rh/CeO2 catalyst. Despite Rh0 percentage
increases on Rh/CeO2 with temperature (Table 3), the highest
activity is expected to remain on RhOx sites with high contact with
ceria [42]. The experimental evidence to support this is the partic-
ipation of ceria oxygen in the N2O decomposition mechanism, de-
duced from isotopic exchange experiments, even at temperatures
where Rh0 percentage is higher than that of Rh3+ (275 �C and high-
er temperature, Table 3). The 15N2

18O decomposition mechanism
occurring exclusively on Rh0 sites, without ceria oxygen participa-
tion, would yield 18O2 (mechanism described by steps 2 and 1b).
However, 16O2 and 16O18O are the main O2 species evolved above
275 �C upon N2O decomposition on the Rh/CeO2 catalysts
(Fig. 7b), and this means that most N2O is decomposed throughout
a mechanism that involves steps 4–7. In this reaction pathway,
step 4 is responsible to keep rhodium sites partially oxidized under
reaction conditions.

In conclusion, several N2O decomposition mechanisms seem to
occur concomitantly on Rh/CeO2, and all the processes described
by steps 1–7 participate in the N2O decomposition pathways.
These reaction mechanisms occurring on Rh/CeO2 are more effec-
tive than those based exclusively on steps 1, 1bis and 2 (occurring
on Rh/c-Al2O3), because the active sites for N2O chemisorption and
decomposition are not only located on rhodium but also on ceria.
5. Conclusions

The study of the N2O decomposition on Rh/c-Al2O3 and Rh/CeO2

allows concluding that:

� The Rh/c-Al2O3 catalyst is less active for N2O decomposition
than Rh/CeO2, and the apparent activation energies (146 and
121 kJ/mol, respectively) are consistent with such differences
in activity. The different activity is related to the fact that the
CeO2 support is actively involved in the N2O decomposition
mechanism while c-Al2O3 is not.
� The ceria support strongly interacts with rhodium and stabilizes
oxidized species of the noble metal of very small particle size
during N2O decomposition, while rhodium on Rh/c-Al2O3 is
reduced to Rh0 under reaction conditions.
� N2O decomposition over Rh/c-Al2O3 mainly occurs via the Eley–

Rideal mechanism (successive oxidation and reduction of the
noble metal sites by N2O) while the Langmuir–Hinshelwood
mechanism (oxidation of the noble metal sites by N2O and
recombination of two oxygen atoms on noble metal sites yield-
ing molecular oxygen) has a marginal contribution.
� In Rh/CeO2, once N2O reduces a rhodium site this site can be

reoxidized either by another N2O molecule or by ceria oxygen.
In the latter case, N2O subsequently oxidizes the vacant site cre-
ated on ceria.
� In Rh/CeO2, the active sites for N2O chemisorption and decom-

position are not only placed on rhodium but also on ceria.
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