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Université des Sciences et Technologies de Lille, Laboratoire de Catalyse de Lille, UMR CNRS No. 8010, Bˆatiment C3,
59655 Villeneuve d’Ascq Cedex, France

Available online 8 December 2004

Abstract

This paper deals with the kinetics of the reduction of nitric oxides by CO, which is a major reaction involved in automotive exhaust three-way
catalysts. Spectroscopic and steady state kinetic measurements have been compared in order to explain the different selectivity behavior of
Pt- and Rh-based catalysts, particularly during the cold start. It was found that in situ spectroscopy can be a useful tool either for stating on
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he nature of intermediates or checking the validity of a rate equation. Regarding the kinetics, subsequent calculations and com
hermodynamic and kinetic parameters provide relevant information for modeling purposes. Also, it was found that our kinetic resu
orrelated to surface modifications in the particular case of supported bimetallic Pt–Rh catalysts.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Catalytic reactions promoted over three-way catalysts
ave been the subject of numerous investigations during the
ast 30 years, in various ranges of temperature and pressure

1,2]. A particular attention has been paid toward the reduc-
ion of NO by CO in N2, that is a major reaction in automotive
xhaust three-way catalysts (TWC). Generally, the reduction
f NO by CO is displayed by a two-step reaction involving

he intermediate formation of nitrous oxide (N2O) according
o the following sequences:

CO + 2NO → N2 + 2CO2 (1)

O + 2NO → N2O + CO2 (2)

O + N2O → N2 + CO2 (3)

Typically, TWCs are mainly composed of noble metals
Pt, Rh, and Pd) dispersed on a modified�-alumina by ad-
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ditives that improve their oxygen storage capacity. Rh is
sential for the reduction of NO by CO. Comparative sur
science studies under UHV conditions, over single crys
shown that Rh exhibits the most interesting properties to
the dissociation of NO into chemisorbed N and O atoms
the subsequent desorption of N2 [3–5]. However, some con
troversial results are sometimes reported in the literatur
ative to the observation or not of N2O. By way of illustration
Castner and Somorjai[6] evidenced significant amounts
N2O on Rh(s)-[6(1 1 1)× (1 0 0)]. At atmospheric pressu
the formation of N2O usually occurs whatever the catal
composition. Nevertheless, Williams and co-workers[7,8]
still found from in situ surface Raman spectroscopy on
Pt, and Pd films, that Rh is more selective during the CO +
reaction. These authors postulated that the higher abil
dissociate, the lower the selectivity for the production of N2O
on Rh. Although, Rh is intrinsically more active, it see
obvious that under typical three-way conditions, the com
tition between adsorbates may also drastically influenc
selectivity[9–12].

Presently, one of the main drawback in the developm

E-mail address:pascal.granger@univ-lille1.fr (P. Granger). of three-way catalysts is the incomplete reduction of NO into
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N2O, particularly during the cold start engine, N2O being
the main N-containing product in those conditions. Future
standard regulations on the emissions of N2O, and a more
stringent legislation on NOx emissions, should imply further
improvements on the catalytic performances of noble met-
als in order to convert selectively NO into N2 at lower tem-
peratures and conversions and/or to enhance the subsequent
CO + N2O reaction according to step(3). Up to now, modifi-
cations in the composition of three-way catalysts by additives
such as ceria, and more recently by ceria–zirconia mixed ox-
ides, sharply enhance their oxygen storage capacity due to
the peculiar redox properties of ceria[13–15]. Such mod-
ifications significantly promote the activity. Unfortunately,
the consequences on the selectivity are not so obvious with
sometimes controversial statements regarding the beneficial
effect of ceria on the selectivity toward the formation of N2.

Clearly, subsequent practical improvements on the perfor-
mances of three-way catalysts, particularly on the selectivity,
need probably more details on the composition of the active
phases and on the intermediates involved in the formation of
N2O and N2 during the CO + NO reaction. The clarification
of the mechanism schemes either for the formation[16–18],
or the subsequent transformation of N2O, is still questionable
[9,10]. By way of illustration, Burch and Coleman[17] re-
cently proposed, from transient kinetic experiments, that the
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2. Kinetic behavior of supported noble metal based
catalysts in the CO+NO reaction—comparisons
between Rh, Pt, and Pd

2.1. In situ spectroscopic studies of the CO + NO
reaction—correlations with catalytic performances

The development of operando studies, coupling simulta-
neous in situ spectroscopic and catalytic measurements under
transient conditions, can provide relevant information relative
to the nature of intermediates involved during catalytic reac-
tions, or of strongly chemisorbed species, which can induce
inhibiting effects on the reaction rate[19]. Recently, such an
experimental procedure has been successfully operated by
Almusaiteer et al.[20] and Chafik et al.[18], respectively,
on Pd and Rh. These authors observed the development of
positively, neutral, and negatively charged NO species either
on Rh or Pd during the CO + NO reaction. The formation of
gem-dinitrosyl NO species has also been earlier mentioned
on Rh[21]. Changes in the strength of the metal–NO bond is
usually assigned to the electron-withdrawing effect of oxy-
gen atoms, from the dissociation of NO, which accumulate
on the surface, further lowering the extent of electron-back-
donation into the molecular anti-bonding orbital�* of NO
[21]. Hence, it is generally accepted that the NO bond break-
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ormation of N2O would mainly proceed via the followin
tep:

Oads+ NOads→ N2O + Oads, (4)

hereas, previous studies claimed that N2O mainly forms by
eaction between NOads and Nads [1,2]. Probably, quantita
ive or semi-quantitative correlations between in situ spe
copic and kinetic measurements should provide new ins
nto the functioning mode of three-way catalysts at mol
ar scale in order to develop more accurate predictive ki

odels. It seems obvious that a better understanding o
ole of rhodium, and of the weak effect of Ce addition on
electivity behavior of TWCs is probably a pre-requisite
or further successful practical developments.

This article reports mechanistic investigations perfor
n our laboratory in the past decade. Correlations betw
heoretical calculations, spectroscopic and kinetic mea
ents allow the selection of a mechanism scheme fo
O + NO and the CO + N2O reactions. A rate equation h
een established which has been checked in a wider
f temperature and conversion above the light-off tem
ture. Subsequent comparisons of kinetic and therm
amic parameters for these two reactions obtained on va
onometallic and bimetallic noble metal-based catalysts
ring useful arguments for discussing on changes in th

ectivity behavior. It was found that correlations betwee
itu spectroscopic and kinetic measurements can be profi
sed either for the identification of intermediate species o
onitoring changes in surface properties of bimetallic Pt

atalysts.
ng is easier in the case of bent RhNO species. Both stud
es agree with the formation of N2O on oxidic palladium an
hodium species. However, some divergences arise wi
ard to the nature of intermediates involved in the forma
f N2O. Almusaiteer et al. propose that N2O comes from ni

rosyl species, whereas Chafik et al. suggest the involve
f dinitrosyl species Rh(NO)2. Nevertheless, these latter a

hors do not completely exclude nitrosyl species RhNO+ as
ossible intermediate according to Liang et al.[21] who sug-
ested the existence of some degree of reversibility bet
h(NO)2 and Rh NO+ according to the following reactio

h–NO+ + NOg ⇔ Rh(NO)2 (5)

An alternative route involving isocyanate species
ilised over W6+-doped Rh/TiO2 catalysts has been propos

16]. Such a suggestion seems more controversial with p
us investigations which report from pulse transient IR s

es on Rh/SiO2, that NCO is not directly involved in the fo
ation of CO2 but more probably acts as spectator[22,23].

n the light of these above-mentioned observations, d
nt elementary steps have been suggested in the literatu
xplaining the formation of N2O:

h0 NO− + Rh0 N → 2Rh0 + N2O (6)

Rh(NO)2 + Rh N + NO

→ Rh NO+ + Rh0 NO− + N2O (7)

h NCO + NO → Rh + N2O + CO (8)
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Fig. 1. IR spectra during CO pulses under a continuous 1% NO/He flow on
Rh/Al2O3 at 300◦C: before CO pulses (a); beginning of the first CO pulse
(b); middle of the first CO pulse (c); end (d); after the first pulse (e); flush
under helium after eight CO pulses (f)[24].

2.1.1. Operando infrared spectroscopic studies on
Rh/Al2O3

Recent operando spectroscopic measurements, performed
in our laboratory on Rh/Al2O3 during the CO + NO reaction,
show that positively (RhNO+), neutral (Rh NO) and neg-
atively charged NO species, respectively, at 1888, 1805, and
1693 cm−1 predominate on Rh[24–26](seeFig. 1a).Fig. 2
illustrates the sequence when a pre-adsorbed NO surface is
exposed to successive CO pulses at 300◦C. Clearly, the disap-
pearance of the RhNO+ band (1869 cm−1) is in connection
with the development of the typical 2243 cm−1 band assigned
to gaseous N2O. The sudden overestimation, of the relative
mass spectrometer signal of CO2

+ (m/e= 44) primary ioni-

sation compared to the CO2
2+ double ionisation (m/e= 22)

emphasizes an extra formation of N2O that is not observed
when a pre-adsorbed CO surface is exposed to successive
NO pulses (seeFig. 3). During this sequence, mainly neutral
NO species have been observed (1810 cm−1) [24]. Further
transient experiments when CO and NO co-adsorb and react
at 300◦C (Fig. 1) highlight a similar correlation between the
formation of N2O on Rh/Al2O3 and a more extensive attenu-
ation of the IR band assigned to RhNO+ species, that could
act as intermediate in the production of N2O, while neutral
NO species would be mainly involved in the formation of N2.

2.1.2. In situ surface Raman spectroscopy on Pd/Al2O3

Similar trends were observed from in situ Raman spec-
troscopic measurements during temperature programmed
CO + NO reaction on bulk and supported Pd catalysts[27,28].
Resonance Raman effects can be profitably used for charac-
terising the formation of palladium oxide[29,30]. As ex-
emplified inFig. 4, the formation of PdO, characterised by
Raman lines at 640 and 420 cm−1, corresponding to the Ra-
man B1g and Eg vibrational modes of PdO, develops mainly
on 1 wt.% Pd/Al2O3 during time on stream, while bulk Pd
preserves its metallic character (seeFig. 5). Additional spec-
tral features at low wavenumbers are observable associated
to vibrational stretching modes of chemisorbed N, NO and
C r-
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3 arily
t
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p

ig. 2. IR spectra and MS analyses obtained on pre-adsorbed NO on2

ulse (b); during the second CO pulse (c)[24].
O species coordinated to Pd0 [7,8,27,28]. These obse
ations shown that this technique is an interesting in
ime probe for investigating catalytic mechanisms. Ra
eatures inFig. 5 are in qualitative agreement with pre
us assignments, the vibrational stretching mode of P
f chemisorbed N atoms and NO molecules are disting
ble, respectively, at 277 and 314 cm−1. An additional line a
56 cm−1 characterised adsorbed CO molecules. Contr

o bulk Pd, chemisorbed NO species on 1 wt.% Pd/Al2O3 sta-
ilise at 300◦C which has been related to the developm
f less reactive PdNO�+ species towards the dissociati
s exemplified inFig. 6. Such differences in spectral featu

r successive CO pulses at 300◦C: before CO pulses (a); during the first C
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Fig. 3. IR spectra and MS analyses obtained on pre-adsorbed CO on Rh/Al2O3 after successive NO pulses at 300◦C: before NO pulses (a); during the first NO
pulse (b); during the second NO pulse (c)[24].

Fig. 4. In situ Raman spectra obtained on a pre-reduced 1 wt.% Pd/Al2O3 catalyst during the CO + NO reaction in stoichiometric conditions with 5× 10−3 atm
NO and 5× 10−3 atm CO at: (A) 25◦C; (B) 50◦C; (C) 100◦C; (D) 200◦C; (E) 300◦C; (F) after cooling at 25◦C—(spectrum (F) was multiplied by 0.5)[23].
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Fig. 5. In situ Raman spectra obtained on a pre-reduced bulk Pd catalyst during the CO + NO reaction in stoichiometric conditions with 5× 10−3 atm NO and
5× 10−3 atm CO at: (A) 25◦C; (B) after 1 h exposure at 25◦C; (C) 50◦C; (D) 100◦C; (E) 200◦C; (F) 300◦C; (G) after cooling at 25◦C—(spectrum (G) was
multiplied by 0.5)[23].

Fig. 6. In situ infrared spectra in the course of the CO + NO reaction on a pre-reduced 1 wt.% Pd/Al2O3 in stoichiometric conditions with 5× 10−3 atm NO
and 5× 10−3 atm CO.
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Table 1
Steady-state catalytic performances of Pd-based catalysts in the CO + NO reaction at 300◦C [25]

Catalysts Metal dispersion (%) Intrinsic rate (molecules h−1 surface at−1) N2O selectivity

Bulk Pd 1.4 12 0.32
1 wt.% Pd/Al2O3 40 373 0.62

correspond to significant changes in the catalytic behavior of
supported and bulk Pd catalysts. As indicated inTable 1, the
formation of N2O is more accentuated on 1 wt.% Pd/Al2O3
than on bulk Pd. Such a difference has been associated to the
segregation of smaller Pd particles on alumina much more
oxidisable than those in the bulk catalyst[27].

Finally, both observations on Rh/Al2O3 and Pd/Al2O3 are
in agreement with previous IR observations relative the in-
volvement of oxidic Pd and Rh species in the formation of
N2O. On the other hand, our conclusions slightly differ from
those earlier suggested as far as concerned the nature of in-
termediates in the formation of N2O. Correlations between
spectroscopic and catalytic measurements show that N2O
could originate from RhNO+, while neutral and/or nega-
tively charged NO species, that dissociate more easily, would
lead more probably to the production of nitrogen. It was also
found that the accumulation of strongly adsorbed O and/or
NO species mainly on 1 wt.% Pd/Al2O3, contrarily to bulk
Pd, have some repercussions on the subsequent CO + N2O
reaction. These strongly adsorbed species probably prevent
the re-adsorption of N2O and its further decomposition into
N2 in the course of the CO + NO reaction[23].

2.2. Kinetics of the CO + NO reaction on monometallic
Rh, Pt and Pd catalysts
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NO + ∗ ⇔ NOads (10)

NOads+ ∗ → Nads+ Oads (11)

NOads+ Nads→ N2 + Oads+ ∗ (12)

NOads+ Nads→ N2O + 2∗ (13)

Nads+ Nads→ N2 + 2∗ (14)

COads+ Oads→ CO2 + 2∗ (15)

A rate expression can be derived that correctly fits the
partial dependency of the rate at 300◦C by assuming that
the adsorption of the reactants takes place in equilibrium,
with the surface mainly covered by chemisorbed CO and NO
molecules. Generally speaking, the key step is the dissocia-
tion of NOadsusually considered as rate determining.

rNO = kλNOPNO

(1 + λNOPNO + λCOPCO)2
, (16)

wherek is the rate constant related to the step of NO dissoci-
ation,λi andPi being, respectively, the equilibrium adsorp-
tion constant and the partial pressure of the compoundi (with
i = NO or CO).
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Various mechanism proposals listed in the litera
ainly differ from the step of NO transformation[31–36].
revious investigations suggested a bimolecular reactio

ween NOadsand COadson Pd[33]. Alternately, the dissocia
ion of gem-dinitrosyl[17,34]or nitrosyl species[35–37]has
een proposed. Moreover, the involvement of gem-dinitr
pecies as possible intermediate in the formation of N2 and
2O is supported by earlier theoretical calculations u
xtended Huckel methods[38] which shown that the forma
ion of NO dimer species (NO)2 likely occurs on Rh(1 0 0). A
trengthening of the NN parallel to a weakening of the term
al N O bond more accentuated than in monomer NO sp

s consistent with an easier NO bond breaking. Hence, t
etter selectivity of Rh-based catalysts could be explaine

he involvement of dinitrosyl species. In that case, the pro
ion of N2 would preferentially occur via the following ste
NOads→N2 + 2Oads. As a matter of fact, steady-state r
easurements performed on Pt/Al2O3 [36] and Rh/Al2O3

39] disagree with this proposal for explaining the forma
f N2 and N2O. It has been found that the more represent
echanism involves the following sequences:

O + ∗ ⇔ COads (9)
The adjusted values fork and λi in Table 2emphasis
he fact that NO adsorbs more strongly and dissociates
eadily on Rh than on Pt and 10 wt.% Pd/Al2O3 by compar
ng the value of the intrinsic rate constantk andλNO. On
he other hand, no clear correlation was obtained on 1
d/Al2O3 using Eq.(16). In accordance with previous spe

roscopic observations the oxygen coverage cannot b
lected on 1 wt.% Pd/Al2O3 at 300◦C. Such an accumulatio
f chemisorbed O atoms could also underline a shift o
ate limiting from step(12) to step(15) in accordance wit
arlier investigations[40]. Consequently, both observatio
robably invalidate Eq.(16)on 1 wt.% Pd/Al2O3.

Now, regarding elementary steps(12)–(14)related to the
ormation of N2 and N2O, the NO partial pressure depe
ency of the selectivity toward the formation of N2O (SN2O)
n Pt/Al2O3 depends on the relative ratio[36]:

rN2

rN2O
= k12

k13
+ 2

[
1 + k12

k13

]
k14k11

(k12 + k13)2λNOPNO
(17)

The selectivity behavior of Rh/Al2O3 differs from that o
t/Al2O3 mainly by the weak sensitivity ofSN2Oto the re-
ction conditions (temperature, pressure conditions)[39,41].
uch a weak dependence earlier observed on Rh could

he involvement of a common reaction path for the forma
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Table 2
Comparison of kinetic and thermodynamic parameters calculated at 300◦C for the CO + NO reaction on various supported noble metal-based catalysts

Catalysts ka k′b λNO (atm−1) λCO (atm−1) Reference

1 wt.% Pt/Al2O3 11.4× 10−3 404 11 121 [36]
0.2 wt.% Rh/Al2O3 225× 10−3 12315 412 71 [39]
10 wt.% Pd/Al2O3 830× 10−3 3585 373 236

a Specific rate constant (mol h−1 g−1).
b Intrinsic rate constant (molecules h−1 ats−1).

of N2O and N2 [41]. On the basis of Eq.(17), it could be ex-
plained by much higher values for the rate constantsk12 and
k13 compared tok14 or k11, or a much higher value forλNO
on Rh/Al2O3. In any case, the surface of Rh would be pre-
dominantly covered by NO compared to Pt. Consequently,
steps(12) and(13) are likely much faster on Rh/Al2O3 than
step(14). Hence, Eq.(18)correctly represents the selectivity
on Rh/Al2O3 [39].

rN2

rN2O

∼= k12

k13
(18)

Both kinetic data emphasise previous statements from
spectroscopic observations relative to the involvement of ni-
trosyl species as intermediates in the formation of N2O and
N2. Accordingly, nitrosyl species involved in steps(12) and
(13)could differ from the strength of the metal–NO bond and
their ability to dissociate.

3. Kinetics of the CO+NO reaction on bimetallic
Pt–Rh catalysts

3.1. On a freshly prepared Pt–Rh/Al2O3

In the case of the kinetic behavior of bimetallic
P om-
p if the
i ronic
p tals
c ccor-
d
o as a
d O
r ossi-
b and
R op-
e huys
[ on
P tions
o sons
o on
P -
e d on
t r va-
c d of
R ex-

perimental and predicted rates is obtained with the following
equation, which accounts for a vacant site mainly composed
of Pt [39].

rNO = kθNO(1 − θCO) = kλNOPNO

(1 + λNOPNO)(1 + λCOPCO)
,

(19)

Further, in situ transmission infrared spectroscopic inves-
tigation of the CO + NO reaction on Pt–Rh/Al2O3 agree with
preferential adsorptions of NO on Rh and CO on Pt in the
case of Pt–Rh/Al2O3. As illustrated inFig. 7, the infrared
band at 2071 cm−1 mainly characterises linear CO species
on Pt0 sites, while the 1708, 1825 at 1900 cm−1 bands cor-
respond to the usual vibrational modes of nitrosyl species
coordinated on Rh[21,26]. No IR band relative to NO and
CO chemisorbed, respectively, on Pt and Rh are discernible.

Eq. (19) has been checked in a wider range of tempera-
ture and conversion. Temperature-programmed NO conver-
sion curves obtained in differential conditions can be cor-
rectly modelled using Eq.(20) that accounts for the partial
pressure dependencies (i.e. the surface coverage) of the ad-
sorption enthalpies of NO and CO according to Freundlich’s

F
t
C

t–Rh/Al2O3, two borderline cases can be considered. C
etitive adsorptions of the reactants can be assumed

nteraction between the two metals averaged the elect
roperties of rhodium and platinum. Alternately, both me
an preserve their peculiar adsorption properties in a
ance with previous observations of Ng et al.[42] who found
n Pt10Rh90 (1 1 1) that Pt, much less active than Rh, acts
ilutant further lowering the overall activity in the CO + N
eaction. Nevertheless, these authors do not rule out p
le electronic modifications. The fact that supported Pt
h catalysts could retain their individual adsorption pr
rties is also supported by Van Slooten and Nieuwen

43] who investigated the co-adsorption of CO and NO
t–Rh/SiO2. These authors observed preferential adsorp
f NO on Rh and CO on Pt. In our case, further compari
f the equilibrium adsorption constants of NO and CO
t/Al2O3 and Rh/Al2O3 in Table 2speak in favor of pref
rential adsorptions of NO on Rh and CO on Pt. Base

his hypothesis, the composition of the nearest-neighbo
ant site is questionable since it could be only compose
h, Pt, or either Pt or Rh. In fact, the best fit between
ig. 7. In situ IR spectra recorded on a pre-reduced Pt–Rh/Al2O3 catalyst in
he course of the CO + NO reaction with 5× 10−3 atm NO and 5× 10−3 atm
O.
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Fig. 8. Comparison between experimental and predicted conversions on
Pt–Rh/Al2O3 in stoichiometric conditions with 5× 10−3 atm NO and
5× 10−3 atm CO[44].

assumptions[44].

rNO = 1.74× 108 exp[(−13697− 492 lnPN
0

(1 + 2.9 × 10−2 exp[(793− 492 lnPNO − 186 lnPCO)/T ](1 − τNO)P0
NO)(1

with

τCO = τNO

[
1.33+ τNO(2.2 × 10−7 exp�6330/T � − 1.33)

2 + τNO(2.2 × 10−7 exp[6330/T ] − 2)

]

By way of illustration, the correlation between experimen-
tal and predicted conversion curves, inFig. 8on Pt–Rh/Al2O3
shows a good fit.

As shown inTable 3, the adjusted values forλCO andλNO
on Pt–Rh/Al2O3, close to those obtained, respectively, on
Pt/Al2O3 and Rh/Al2O3, emphasise the occurrence of pref-
erential adsorption of NO on Rh and of CO on Pt. The very
low value obtained fork on Pt–Rh/Al2O3 compared to that
obtained on Rh could reflect a surface Pt enriched catalyst
with a random distribution of Rh atoms at the surface. Alter-
nately, it could be in connection with different locations of
Pt and Rh atoms in the bimetallic particles since it is gener-
ally accepted that the dissociation of NO is structure sensitive
[45–47].

3.2. Effects of deactivation on the kinetic behaviour of
Pt–Rh/Al2O3

Catalyst deactivation may drastically affect the reaction
rate since it can be caused by—a decrease in the number
of active sites—a modification in the quality of the active
site. Under three-way conditions, alloying effects can be sig-
nificant and drastically altered the catalytic performances of
bimetallic Pt–Rh catalysts[48]. These effects can be mim-
icked by submitting Pt–Rh/Al2O3 to a thermal sintering un-
der wet atmosphere at 800◦C[49]. A loss of metal dispersion
from 0.64 to 0.27 and a surface Rh enrichment occur during
thermal sintering. Eq.(19)based on non-competitive adsorp-
tions is invalidated on the sintered Pt–Rh/Al2O3 catalyst[47].
As a matter of fact, it mimics the behavior of a mono-metallic
catalysts with competitive adsorptions of the reactants. The
calculations of the rate constantk andλi using Eq.(16) lead
to comparable values obtained on Rh/Al2O3 according to the
margin of error (seeTable 3). Such comparisons agree with a
surface Rh enrichment in accordance with previous infrared
spectroscopy of CO adsorbed[49].

Various comments arise from these comparisons. Clearly,
spectroscopic measurements help to check a posteriori the

a n ki-
n om-
p rse of
t tech-
n lving
a

3 f
P

n
P ra-

T
C 00for the

C

1
S

able 3
omparison of kinetic and thermodynamic parameters calculated at 3◦C

atalysts ka k′b

wt.% Pt–0.2 wt.% Rh/Al2O3 4.74× 10−3 469
intered Pt–Rh/Al2O3 11.9× 10−3 623

a Specific rate constant (mol h−1 g−1).
b Intrinsic rate constant (molecules h−1 ats−1).
O − 186 lnPCO)/T ](1 − τNO)PNO

+ 2.1 × 10−1 exp[(474− 156 lnPNO − 112 lnPCO)/T ](1 − τCO)P0
CO)

(20)

(21)

ssumptions for establishing a rate equation. In additio
etics could be a useful tool for characterising surface c
ositions and subsequent changes induced in the cou

he reaction compared to classical physico-chemical
iques, such as X-ray photoelectron spectroscopy invo
ultra-high vacuum.

.3. Influence of Ce addition on the kinetic behaviour o
t–Rh/Al2O3

As illustrated in Fig. 9, the conversion profile o
t–Rh/Al2O3–CeO2 usually tends towards lower tempe

CO + NO reaction on supported bimetallic Pt–Rh on alumina

λNO (atm−1) λCO (atm−1) Reference

505 122 [39]
448 85 [49]
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Fig. 9. Temperature-programmed conversion and selectivity curves on
Pt–Rh/Al2O3–CeO2 in the course of the CO + NO reaction with
5× 10−3 atm NO and 5× 10−3 atm CO.

tures. This synergy effect on the activity due to interactions
between noble metals and ceria strongly attenuates with a
rise in temperature. Above 280◦C, Pt–Rh/Al2O3–CeO2 and
Pt–Rh/Al2O3 behave similarly[50–52]. It was also found

that no significant enhancement on the initial selectivity and
on the subsequent reduction of N2O is obtained after ceria
addition.

The beneficial effect of ceria on the kinetic behavior of
noble metals can be explained either by a mono- or a bi-
functional mechanism involving the reactivity of oxygen
from ceria at the vicinity of metallic particles. The subse-
quent formation of anionic vacancies can provide active sites
that can potentially dissociate NO. Consequently, the rate
enhancement can be explained by the following sequences:

CO + ∗ ⇔ COads (9)

N

COads+ “O” → CO2g+ “V” + ∗ (22)

NOads+ “V” → Nads+ “O” + ∗ (23)

NOads+ Nads→ N2 + Oads+ ∗ (12)

NOads+ Nads→ N2O + 2∗ (13)

Nads+ Nads→ N2 + 2∗ (14)

where “V” and “O” stand for anionic vacancies and reactive
oxygen species on ceria, respectively.

Alternately, only noble metals could catalyse the CO + NO
reaction on Pt–Rh/Al2O3–CeO2. In such a case, ceria would
mainly influence the adsorption properties of noble metals
with subsequent modifications of the relative rates of steps
(9)–(15). Such an explanation is in line with previous findings
made by Oh[53] who found that ceria strongly favors the
adsorption and the dissociation of NO on Rh. Consequently,
kinetic data on ceria modified TWCs could be predicted using
a kinetic model that derives either from a mono-functional
mechanism, involving only noble metals, or a bi-functional
mechanism including steps on ceria[54,55]. Accordingly,
the following Eq.(24) that accounts for the mono- and bi-
functional mechanism can be considered for modelling the
conversion in the whole range of TP conversion curves.

r

rNO = kλNOPNO

(1 + λCOPCO)(1 + λNOPNO)

i
s cha-
n
C
r

g very
l vail-
a met-
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( nts
o e
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m f the
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C

P
P

O + ∗ ⇔ NOads (10)

able 4
nfluence of ceria on the kinetic behavior of noble metals

atalysts T (◦C) ka k32
a

t–Rh/Al2O3 300 4.74× 10−3 –
t–Rh/Al2O3–CeO2 300 38.5× 10−3

120 2.7× 10−4 89.5× 10−3

a Specific rate constant (mol h−1 g−1).
NO = r1 + r2 (24)

+ k22k23λNOλCOPNOPCO

k23λNOPNO(1 + λCOPCO) + k22λCOPCO(1 + λNOPNO)

Comparisons of the optimized rate constantsk, k22, k23,
n Table 4, from kinetic measurements performed at 120◦C
how that steps on ceria prevail, the bi-functional me
ism being the most likely on Pt–Rh/Al2O3–CeO2 at 120◦C.
onsequently, at low temperature Eq.(24)can be simplified

NO ∼= r2.
The relative rate constantk22/k23 ∼1400 at 300◦C sug-

ests an extensive surface reduction of ceria, with a
ow surface concentration of reactive oxygen species a
ble, that indicates a reaction mainly catalyses by noble
ls. In that case, the mono-functional mechanism pre
rNO ∼= r1). Further comparisons of the equilibrium consta
f NO and CO at 300◦C in Table 4also indicate that th

nteraction between reduced ceria and noble metal par
odifies their adsorption properties with a weakening o
dsorption of the reactants[51].

k33
a λNO (atm−1) λCO (atm−1) Reference

– 505 122 [39]
12.1 29.9 [51]

1.2× 10−3 353 751 [51]
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4. Mechanism of the single CO+N2O reaction on
supported monometallic and bimetallic Pt–Rh on
Al2O3

Presently, there is no consensus on the mechanism of the
CO + N2O reaction. Most of them differ from the step of
N2O transformation. A dissociative N2O adsorption is pro-
posed under ultra high vacuum between 427 and 1327◦C
[56]. On the other hand, the decomposition of N2O at higher
pressure on Pt[57], or its reduction in the presence of CO
on Rh/Al2O3 [6] has been depicted by a mechanism in-
volving a molecular N2O adsorption prior to dissociation.
A two-step mechanism involving the intermediate formation
chemisorbed N2O molecules (N2Oads) has also been consid-
ered on rhodium-based catalysts[58–62]. In that case, the
involvement of a nearest-neighbor vacant site is questionable
because of the steric hindrance of N2Oads. Indeed, previous
studies shown that the adsorption and the subsequent disso-
ciation of N2O need geometrical requirements[63]. In fact,
the orientation N2O molecules adsorbed via the terminal N
or O atom may drastically influence on the elementary steps
[63–65], with a dissociation involving or not an additional
site. Steady state kinetic measurements on Pt/Al2O3 [62],
Rh/Al2O3, and Pt–Rh/Al2O3 [12] at 300◦C agree with the
following mechanism scheme where N2O dissociates on a
n

C

N

N

N

C

et of
a n.

r

nsity
F
t ed
o and
i
b o
a ing of
t s in
a N

Fig. 10. Optimised geometrical configurations of chemisorbed N2O
molecules on noble metal clusters (composed of four atoms) using DFT
calculations: (a) Pti (b) Rh.

dissociation on Rh/Al2O3 and Pt/Al2O3, of respectively 3400
and 1000 molecules h−1 ats−1, which indicate a better N2O
dissociation on Rh.

Subsequent modifications by Ce addition lead to a signif-
icant enhancement of the overall activity during the single
reduction of N2O by CO reflected by a significant shift of the
light-off temperature toward lower values. It is worthwhile
to note that the synergy effect on the activity is preserved on
the whole range of conversion of temperature-programmed
experiments (seeFig. 11) contrarily to previous observations

F
( h
5

T
G d cluste

C N N (Å) Distance N O (Å) Angle NNO (◦)

P 1.19 180
R 1.24 128
earest-neighbor vacant site.

O + ∗ ⇔ COads (9)

2O + ∗ ⇔ N2Oads (25)

2Oads+ ∗ → N2 + ∗ + Oads (26)

2Oads+ ∗ → N2,ads+ Oads

Oads+ Oads→ CO2 + 2∗ (15)

A rate equation can be established from a similar s
ssumptions earlier mentioned for the CO + NO reactio

N2O = k26λN2OPN2O

(1 + λCOPCO + λN2OPN2O)2
(27)

Further theoretical calculations based on the De
unctional Theory summarised inTable 5andFig. 10show

hat the adsorption of N2O on Pt and Rh clusters compos
f four atoms, mainly occurs via the terminal N atoms

nduces a lengthening of the NN and the terminal NO
ond. The stabilisation of bent N2O molecules linked to tw
djacent Rh atoms leads to a more extensive weaken

he terminal N O bond than on Pt. Such a comparison i
greement with changes of the intrinsic rate constant of2O

able 5
eometrical features of chemisorbed N2O molecule on Pt- and Rh-base

luster Distance MN (Å) Distance

t 1.96 1.14
h 1.87 1.25
ig. 11. Temperature-programmed CO + N2O reaction on Pt–Rh/Al2O3

©) and Pt–Rh/Al2O3–CeO2 (�) in stoichiometric conditions wit
× 10−3 atm CO and 5× 10−3 atm N2O.

rs
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for the CO + NO reaction. Similarly, such a synergy effect
can be correctly explained by the following steps involving
ceria:

COads+ “O” → CO2g+ “V” + ∗ (22)

N2Oads+ “V” → N2,ads+ “O” (28)

N2Oads+ “V” → N2 + “O” + ∗
then Eq.(29) can be established accounting for the mono-
functional mechanism, restricted to noble metals, and the bi-
functional one involving the redox properties of ceria[66].

rN2O = k26λN2OPN2O

(1 + λCOPCO + λN2OPN2O)2
+ k22k28λN2OλCOPN2OPCO

k28λN2OPN2O(1 + λCOPCO) + k22λCOPCO(1 + λN2OPN2O)
(29)

It was found that the bi-functional mechanism prevails in
the whole range of conversion. TP conversion profiles can
be correctly predicted after simplification of Eq.(29) by ne-
glecting the term relative to the mono-functional mechanism.
At 300◦C, the relative ratek22/k28 of 0.34 clearly indicates
that oxygen species from ceria predominate at the surface
contrarily to previous observations during the CO + NO re-
action. Consequently, the synergy effect on the reduction of
N

5. Which parameters govern the selectivity for the
production of N2O?

In a first approach, it could be postulated that the higher
the ability to dissociate N2O on Rh, the lower the selectiv-
ity towards N2O formation during the CO + NO reaction on
that noble metal. In fact, the selectivity curves inFig. 12
cannot be completely explained based on the intrinsic prop-
erties of Rh toward the dissociation of N2O. Consistently,
the selectivity mainly depends on the competition between
adsorbates.Table 6shows significant changes in the equilib-
rium constants of N2O and NO suggesting that the competi-
tion between NO and N2O probably governs the selectivity

behavior of Pt and Rh. Their comparisons show that the ad-
sorption of N2O is favored on Pt, which can re-adsorb and
react more readily than NOadsspecies on Pt. Such a statement
correctly explains the continuous decrease in the selectivity
of Pt/Al2O3 with a rise in conversion. On the other hand,
the stronger NO adsorption on Rh/Al2O3 and Pt–Rh/Al2O3
p nt

F
P

2O by CO is preserved on Pt–Rh/Al2O3–CeO2.
ig. 12. Comparison of temperature-programmed conversion and selecti
t–Rh/Al2O3 (c) in stoichiometric conditions with 5× 10−3 atm CO and 5× 10−3
revents the re-adsorption of N2O and its subseque
vity profiles for the CO + NO reaction on Pt/Al2O3 (a); Rh/Al2O3–CeO2 (b);
atm N2O.
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Table 6
Kinetic and thermodynamic data obtained at 300◦C for the CO + NO and CO + N2O reactions[12,62]

Catalyst Reaction PCO (10−3 atm) PNO or PN2O (10−3 atm) λNO orλN2O (atm−1) λCO (atm−1) k′
n

a (atm−1) (102 mol h−1 ats−1)

Pt/Al2O3 CO + NO 5–9 1.5–5.6 11 121 4.0
CO + N2O 3.6–13.8 1.8–7.4 90 78 10.0

Rh/Al2O3 CO + NO 3–13.6 0.5–3.2 472 71 123.1
CO + N2O 3.6–13.8 1.8–7.4 36 50 34.0

Pt–Rh/Al2O3 CO + NO 3–8 1.5–5.6 505 122 2.8
CO + N2O 3.8–10.4 1.5–5.6 66 91 4.2

a Intrinsic rate constant for the dissociation step of N2O (N2Oads+ *→N2 + Oads+ *) and of NO (NOads+ *→Nads+ Oads) in the mechanism of the CO + N2O
and CO + NO reactions.

reaction. Consequently, the CO + N2O sub-reaction takes
place when NO depletes the surface near 100% NO conver-
sion on Rh/Al2O3. The thermal sintering also sharply altered
the selectivity behavior of Pt–Rh/Al2O3 due to a weakening
of N2O adsorption[66].

Now, regarding the weak effect of ceria on the selectivity
behavior of Pt–Rh/Al2O3–CeO2, the comparison of the rel-
ative constantk22/k23 for the CO + NO reaction andk22/k28
for the single CO + N2O reaction is relevant. In this latter
case, ceria benefits the activity at 300◦C, near the light-
off temperature, while in the presence of NO the extensive
reduction of ceria suppresses this beneficial effect. Conse-
quently, the subsequent CO + N2O reaction in the course
of the CO + NO reaction on Pt–Rh/Al2O3–CeO2 would be
catalysed only by noble metals that could explain the weak
effect of ceria on the selectivity toward the production of
nitrogen.

6. Conclusion

This paper compares kinetic and spectroscopic features of
the CO + NO and CO + N2O reaction mainly on supported Pt-
and Rh-based catalysts in order to explain changes in the se-
lectivity behavior toward the production of N2O, particularly
a rva-
t ates
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f opic
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p cting
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