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Abstract

The study concerns modifications of the elementary steps involved in the isothermal oxidation with O2 of linear and bridged CO species
adsorbed on a reduced 2.9% Pt/Al2O3 catalyst in the presence of co-adsorbed N-containing species. The rate of the CO2 production at T < 350 K:
RCO2(t) with time on stream, t , in x% O2/y% Ar/He (x, y < 3) presents a decreasing exponential-like profile for a Pt dispersion D < 0.26 in
the absence of N-containing species. This profile is significantly modified if NO is adsorbed before oxidation of the adsorbed CO species. An
induction period is observed, with a characteristic peak defined by the coordinates of its maximum, tm and RCO2 m. This new RCO2(t) profile is
unchanged during successive reduction in CO/oxidation in O2 cycles, indicating that the perturbation created by the NO adsorption is permanent
at T < 350 K. The impact of NO adsorption on RCO2(t) is ascribed to Nads species formed by NO dissociation. Previous studies allow us to
show that the modification of the RCO2(t) profile is due to the decreased rate constants of two elementary steps after the adsorption of NO: (a)
the desorption of the bridged CO species, which leads to fewer Pt◦ sites for the activation of oxygen, and (b) the Langmuir–Hinshelwood steps
involved in the oxidation of the adsorbed CO species.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The aim of the microkinetic approach [1] of a gas/solid cat-
alytic reaction is to correlate the kinetic parameters of the sur-
face elementary steps (i.e., adsorption, desorption, Langmuir–
Hinshelwood steps) involved in a plausible kinetic model of
the reaction to the turnover frequency (TOF) for different ex-
perimental conditions. Different approaches can be followed
for characterizing the elementary steps, including DFT cal-
culations and experimental procedures on either well-defined
single-crystal surfaces or conventional metal-supported cata-
lysts. In previous studies [2–8], this latter approach has been
developed for the CO/O2 reaction on reduced Pt/Al2O3 cata-
lysts, taking into particular account the presence of different
adsorbed CO species on the Pt◦ sites (i.e., linear, bridged, and
threefold-coordinated CO species) [7,8]. It has been shown that

* Corresponding author.
E-mail address: daniel.bianchi@univ-lyon1.fr (D. Bianchi).
0021-9517/$ – see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2006.06.006
the evolution of TOF during lighting-off tests can be reasonably
interpreted considering that the strongly adsorbed linear CO
species (which is the main adsorbed CO species on Pt/Al2O3) is
the intermediate of the reaction [4,6]. The bridged CO species is
weakly adsorbed [8], and its removal from the surface (by either
the modification of the adsorption equilibrium or the oxidation
with O2) provides Pt◦ sites for the activation of a weakly ad-
sorbed oxygen species involved in the oxidation of the linear
CO species at low temperatures [2,3]. The experimental mi-
crokinetic approach allows us to correlate modifications of the
TOF of the CO/O2 reaction through changes in catalyst prepa-
ration, such as Pt dispersion D [9–11] and the nature of the
support [12], to the modifications of the kinetic parameters of
specific elementary steps. This constitutes a concretization of a
perspective imagined by Boudart in the Foreword of [1] and ex-
tended in [13]: the microkinetic as a tool to aide catalyst devel-
opment. For instance, literature data indicate that the TOF of the
CO/O2 reaction decreases with increasing Pt particle size [14].
It has been shown [9–11] that this is related to the fact that
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the increase in D (a) decreases the rate constant of oxidation
of the linear CO species at low temperatures and (b) augments
the heat of adsorption of the bridged CO species (denoted by
EBθB at a coverage θB), limiting the amount of Pt◦ sites for the
activation of oxygen. Finally, experimental microkinetic study
[2–8] of the CO/O2 reaction on Pt/Al2O3 has focused on the fact
that two types of Pt◦ sites (in significantly different amounts)
are involved in the CO/O2 reaction at low temperatures on
Pt/Al2O3; roughly 90% of the Pt◦ sites adsorb the linear CO
species, and the remaining fraction (10%) adsorbs the bridged
CO species and the weakly adsorbed oxygen species. This com-
petitive chemisorption bridged CO/oxygen species on a small
number of Pt◦ sites constitutes a key process of the CO/O2 re-
action on Pt/Al2O3. Characterizing these sites constitutes one of
the difficulties of the experimental microkinetic approach of the
CO/O2 reaction. This justifies the development of experimental
procedures associated with kinetic models to confirm the im-
pact of these Pt◦ sites on the rate of the CO/O2 reaction. For
instance, we have explained how modifying the properties of
these two types of Pt◦ sites with Pt dispersion affect the TOF of
the CO/O2 reaction by studying the isothermal oxidation of the
linear and bridged CO species on Pt/Al2O3 catalysts [10,11].

In the present article, which is an extension of [11], we con-
firm the important role of the small amount of Pt◦ sites adsorb-
ing the bridged CO species and the weakly adsorbed oxygen
species by studying the impact of co-adsorbed NO species on
the rate of O2 oxidation of the linear and bridged CO species.
This is of particular interest in light of the reactions involved in
three-way catalysis and De-NOx on Pt-containing catalysts.

2. Experimental

2.1. Catalysts

The 2.9 wt% Pt/Al2O3 catalyst and the reduction proce-
dure by hydrogen at 713 K was the same as used in previous
studies [2–11]. The Pt dispersion was decreased to low values
(D < 0.26) according to the following procedure [11]: After
reduction of the catalyst, CO was adsorbed at 300 K using the
switch He → 2% CO/2% Ar/He, followed by a temperature
increase (at 10 K/min) to 713 K. At 713 K, the catalyst was
treated in O2 for 10 min and then in H2 for 30 min, providing
a Pt dispersion D in the range of 0.5–0.6. Then the subsequent
O2 and H2 pretreatments at 713 K performed before each ex-
periment decreased D very progressively. In the present study,
the 2.9% Pt/Al2O3 catalyst sample was used in numerous tran-
sient experiments using CO/(and/or O2)/He gas mixtures, lead-
ing to a Pt dispersion in the 0.2–0.26 range measured by CO
chemisorption at 300 K [10].

2.2. Analytical procedures for studying the elementary steps

The two analytical systems used in the present study have
been described in detail elsewhere [2–11]. Mainly, they allowed
us to perform experiments in the transient regime studying the
evolutions either of the molar fractions of the gas at the out-
let of a quartz microreactor (weight of catalyst = 0.2 g) with a
quadrupole mass spectrometer or the IR bands of the adsorbed
species using a stainless steel IR cell with a FTIR spectrome-
ter. The first analytical system was used to determine the rate of
CO2 production, RCO2(t ), during isothermal oxidation of the
adsorbed CO species at TO < 350 K, according to the following
switches (100 cm3/min): He (last stage of the pretreatment pro-
cedure) → 1% CO/1% Ar/He (CO adsorption, duration ta) →
He (desorption of a fraction of the bridged CO species, du-
ration td) → x% O2/y% Ar/He (isothermal oxidation of the
linear CO species and of the remaining fraction of the bridged
CO species, duration tO, x, y < 4). During the oxidation stage,
strongly adsorbed oxygen species were formed in parallel to the
removal of linear CO species by oxidation [5]. These species
were reduced at T < 350 K by CO, according to the follow-
ing switches: x% O2/y% Ar/He (formation of the adsorbed
oxygen species) → He, td → 1% CO/1% Ar/He (reduction of
the oxygen species, duration tr). The reduction stage was as-
sociated with the adsorption of CO as linear and bridged CO
species [5]. This allowed us to perform successive isothermal
oxidation/reduction of the adsorbed species, which we call O/R
cycles [5].

The present study aimed to investigate the impact of NO ad-
sorption before the oxidation stage according to such switches
as 1% CO/1% Ar/He → He → 1% NO/1% Ar/He → He →
x% O2/y% Ar/He. The dispersion of Pt was measured using ei-
ther CO or O2 chemisorption at 300 K [10] after each reduction
pretreatment. The experiments were designed according to sev-
eral criteria to prevent the contribution of diffusion processes
on the measurement of RCO2(t ) [11]. The mass spectrometer
did not allow us to quantify CO2 and N2O individually for ex-
perimental conditions leading to their simultaneous production.
For these situations, we quantified the m/e = 44 signal as CO2.

The second analytical system with a FTIR spectrometer as a
detector [2,7,9] allowed us to perform similar transient experi-
ments studying the evolutions of the IR bands of the adsorbed
species. The solid was compressed to form a disk (Φ = 1.8 cm,
m = 40–100 mg), which was placed in the sample holder of
a small-internal volume stainless steel IR cell (transmission
mode). To prevent a significant difference in the Pt dispersion
of the sample between the two analytical systems, the pellet
for the IR study was prepared with the catalyst sample previ-
ously used with the quartz microreactor (last measurement of
D: 0.20).

3. Results

3.1. Design of the experimental microkinetic procedure

In a previous study [11], it was shown that the rate of the
CO2 production, RCO2(t ), at T < 350 K during O2 oxidation
of adsorbed CO species on Pt/Al2O3 catalysts was the sum
of the rates of oxidation of the linear and of the bridged CO
species remaining on the Pt◦ sites after desorption in helium:
RCO2L(t ) and RCO2B(t ), respectively. The RCO2(t ) curves
present different profiles according to the Pt dispersion [10,11].
For D � 0.6, a decreasing exponential-like profile was ob-
served, whereas for D � 0.6, RCO2(t ) was characterized by an
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induction period ending with a peak defined by the coordinates
of it maximum, tm and RCO2 m [11]. The amount of CO2 as-
sociated with the RCO2(t ) peak indicates clearly that this peak
was due mainly to oxidation of the linear CO species, whereas
oxidation of the bridged CO species is involved in the induc-
tion period [10,11]. Several reports have noted the presence of
an induction period for the oxidation of adsorbed CO species
on Pt- and Pd-supported catalysts [15–17]. A kinetic model has
been developed to interpret the experimental data considering
that the induction period is linked to the increased number of
Pt◦ sites activating the weakly adsorbed oxygen species by ox-
idation of the bridged CO species [11]. This model provides
mathematical expressions of the coordinates of the maximum
of RCO2L(t ) that are dependent on several kinetic parame-
ters [11]:
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where kOB (k3), NTB (NTL), and B(0) (L(0)) are related to the
bridged (linear) CO species, the rate constant of oxidation of
the L–H step, the total amount (in molecules/cm2) of Pt◦ sites
that may adsorb the species, and the amount of CO species at
t = 0 of oxidation, respectively; KO2 and PO2 are the adsorp-
tion coefficient and the partial pressure of oxygen, respectively;
and x is the number of Pt◦ sites for the adsorption of oxy-
gen created by the removal of each bridged CO species [11].
The linear CO species is strongly adsorbed [7,8], leading to
L(0) = NTL, whereas B(0) � NTB because a fraction of the
bridged CO species desorbs during the helium purge before ox-
idation. Expression (1) shows that a CO2 peak can be observed
(tm > 0) only if

(3)B(0) � NTB
kOB
k3

+ 1
.

Otherwise, the rate of CO2 production is the greatest at time
0 of oxidation, leading to a decreasing exponential-like profile
(situation observed for D � 0.6 [10,11]). The value of B(0)

is dependent on (a) the activation energy of desorption of the
bridged CO species and (b) the duration of the isothermal des-
orption td before the oxidation. It has been shown [8] that the
activation energy of desorption of the bridged CO species in-
creases linearly with the decrease in its coverage θB whatever
the Pt dispersion. This explains why a fraction of the bridged
CO species remains adsorbed after desorption duration td. How-
ever, the activation energy of desorption for θB = 1 increases
from 46 kJ/mol at D � 0.5 to 57 kJ/mol at D = 0.8 [10]. This
explains why the higher the Pt dispersion, the higher the B(0)

value, allowing the criterion (3) to be fulfilled.
In the present study we selected a catalyst with a low Pt dis-

persion, which leads to an exponentially decreasing profile for
RCO2(t ) at 300 K < T < 350 K after a desorption duration
of td = 80 s before oxidation [10,11]. The aims of the present
experimental microkinetic study were to investigate how this
profile is modified by co-adsorbed N-containing species. This
leads us to study the competitive chemisorption between ad-
sorbed CO and NO species in a first step.

3.2. Competitive chemisorption CO–NO using FTIR
spectroscopy

3.2.1. Impact of the adsorption of CO on the adsorbed NO
species

The adsorption of 1% NO/He at 300 K for 5 min on the
freshly reduced 2.9% Pt/Al2O3 catalysts with D = 0.2 leads to
spectrum a in Fig. 1A showing a main IR band at 1705 cm−1

Fig. 1. Competitive chemisorption between CO and NO on 2.9% Pt/Al2O3
(D ≈ 0.20) at 300 K studied by FTIR spectroscopy. (A) Adsorption of CO
on the strongly adsorbed NO species: (a) in the presence of 1% NO/He; (b–e)
desorption in helium 10, 20, 35, and 80 s, respectively; (f) after 10 s of adsorp-
tion of 1% CO/He. (B) Adsorption of NO on the strongly adsorbed CO species:
(a) 5 min in helium after adsorption of 1% CO/He; (b–e) time on stream in 1%
NO/He 15, 55, 150, and 380 s, respectively.
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Table 1
IR bands observed on the Pt particles of the reduced 2.9% Pt/Al2O3 solid with a Pt dispersion D ≈ 0.2

Experimental conditions Position (cm−1) and intensity Assignment (* references)

Adsorption of NO at 300 K 1705 (s) Linear NO*

1764 (w) Linear NO*

1651 (w) Bridged NO

Adsorption of CO at 300 K 2090 (v.s) Linear CO**

1845 (w) Bridged CO**

Co-adsorption of CO and NO at 300 K 2090 (v.s) Linear CO
1845 (w) Bridged CO

Co-adsorption of CO and NO at 300 K
followed TPSR at T > 350 K

2090 (v.s) Linear CO
1845 (w) Bridged CO
2257 (v.w) Isocyanate (on Al2O3)***

2233 (v.w) Isocyanate (on Pt◦ or Al2O3)***

Note. (v.s), (s), (v.w), and (w): very strong, strong, very weak, and weak.
* [18] and references therein, ** [7,8] and references therein, *** [19,43,44].
associated with shoulders at 1746 and 1651 cm−1. This spec-
trum is similar to that obtained on the same catalyst for a higher
D value with IR bands at 1710 and 1764 cm−1 [18]. Accord-
ing to literature data (see references in [18]), the IR bands at
1710/1705 cm−1 and 1764/1746 cm−1 can be ascribed to linear
NO species adsorbed on terrace and defect Pt sites, respec-
tively, whereas the shoulder at 1651 cm−1 must correspond to
a bridged NO species not observed at a higher Pt dispersion
[18]. Several IR bands (not shown) of low intensities can be
seen in the 1600–1200 cm−1 range, including 1227, 1430, and
1480 cm−1, ascribed either to nitrito-, nitro-, and nitrato-species
on the Al2O3 support (denoted by NOx–Al2O3) [19] or to bent
NO species on Pt◦ sites (IR band at 1430 cm−1) (see references
in [18]). The desorption in helium led to progressive modifi-
cation of the IR bands (Fig. 1A, spectra a–e); the IR band at
1705 cm−1 decreased progressively and split into two new IR
bands at 1784 and 1621 cm−1 with a shoulder at 1682 cm−1.
The reintroduction of 1% NO/He provided a spectrum identical
to spectrum a in Fig. 1A. The evolution during helium des-
orption may be due to the removal of a weakly adsorbed NO
species interacting with the strongly adsorbed NO species. Re-
cent IRAS literature data on single Pt crystals [20,21] supported
by DFT calculations [21,22] attributed the complexity of the IR
spectra of the adsorbed NO species to (a) the unpaired electron
in the antibonding 2π∗ orbital of NO, which permits formation
of a wide variety of linear and bridged NO species according
to the position of the Pt◦ sites, and (b) interconversion of the
bridged NO species (the most stable NO species at low cover-
age) into the linear NO species with the increase in coverage.
After the adsorption of NO, a switch He → 1% CO/He led to
disappearance of the IR bands of the adsorbed NO species as-
sociated with the detection of (a) a sharp IR band at 2090 cm−1

and (b) a broad IR band in the 1900–1700 cm−1 range, in-
dicating the formation of the linear and bridged CO species,
respectively [8]. The IR bands below 1600 cm−1 ascribed to
NOx–Al2O3 species were not affected by CO adsorption. The
presence of the IR band at 1651 cm−1 in spectrum f, associated
with IR bands at 1440 and 1229 cm−1 (not shown), indicates
the formation of carbonate species on the support. The dis-
placement at 300 K of the molecularly adsorbed NO species by
the adsorbed CO species is consistent with the observations on
Pt(100) [23,24]. Table 1 summarizes the IR band positions of
the adsorbed species on the Pt particles and their assignments.

3.2.2. Impact of NO adsorption on the adsorbed CO species
Spectrum a in Fig. 1B was recorded after the adsorption of

1% CO/He on the reduced 2.9% Pt/Al2O3 solid (D ≈ 0.20),
followed by a helium purge for 5 min. The sharp IR band at
2090 cm−1 and the weak and broad IR band in the 1900–
1700 cm−1 range can be ascribed to the linear CO species
on Pt◦ sites and to the bridged CO species remaining on the
surface after the desorption at 300 K, respectively [8]. The in-
tensity of the IR band of the bridged CO species was very low,
providing only semiquantitative data during the different exper-
iments. The position of the IR band of the linear CO species
was higher than that observed for D = 0.44: 2073 cm−1 [9]
because of the impact of the average particle size on this pa-
rameter [9,25]. There were no significant modifications of the
IR bands of the adsorbed species after 10 s of the switch He
→ 1% NO/He (Fig. 1B, spectrum b), in agreement with IRAS
observations on Pt(100) [23,24]. This indicates that the com-
petitive chemisorption CO–NO was in favor of CO. Fig. 1B
shows that for longer time on stream in 1% NO/He, (a) the IR
bands of the linear and bridged CO species decreased progres-
sively (compare spectra a and e), associated with a shift of the
IR band of the linear CO species (from 2090 to 2076 cm−1 af-
ter 380 s in 1% NO/He), and (b) in parallel, strongly overlapped
IR bands increased at 1700 and 1651 cm−1 (Fig. 1B) and at
1440 and 1229 cm−1 (not shown). The IR bands at 1651, 1440,
and 1229 cm−1 indicate the formation of different carbonates
species on the alumina support because of the adsorption of
CO2 [10,26] formed by slow oxidation of the adsorbed CO
species with time on stream in 1% NO/He. This leads to the
conclusion that there was a small number of free Pt◦ sites at
time 0 of NO introduction for the activation of NO, probably
those released by the desorption of a fraction of the bridged CO
species. The IR band at 1700 cm−1 in spectrum e in Fig. 1B
(observed at 1690 cm−1 in spectrum c) indicates the forma-
tion of a linear NO species on the Pt◦ sites [18] released by
the oxidation of the linear CO species. This oxidation suggests



176 S. Derrouiche, D. Bianchi / Journal of Catalysis 242 (2006) 172–183
that dissociation of NO occurred at 300 K. On Pt single crys-
tals [27], the dissociation seems favored by specific defect sites,
such as on Pt(410) [28,29], Pt(211), and Pt(411) [30,31]. On
Pt/SiO2, Morrow et al. [32] reported a slight NO dissociation at
300 K and assigned an IR band at 1710 cm−1 to a linear NO
species on a partially oxidized Pt surface. Finally, the adsorp-
tion of NO in the presence of adsorbed CO species may lead
to a Pt surface containing (a) molecularly adsorbed NO species
(i.e., the linear NO species with an IR band at ≈1700 cm−1),
(b) Nsads and Osads species from the NO dissociation, and (c) the
remaining fraction of the adsorbed CO species. Compared with
a previous study, Fig. 1B shows that the rate of oxidation of
the linear CO species using 1% NO/He was much less than that
observed with 1% O2/He [2]. This is probably linked to the dis-
sociation energies of the O-containing gases used in the present
study: 498, 630, and 1076 kJ/mol for O2, NO, and CO, respec-
tively [33].

3.2.3. Co-adsorption and reaction of NO/CO at T < 350 K
The introduction of 0.5% CO/0.5% NO/He on Pt/Al2O3 at

300 K led in the 1700–2100 cm−1 range to the same spec-
trum as that after the adsorption of 1% CO/He (spectrum a
in Fig. 1B). However, strong IR bands at 1651, 1440, and
1229 cm−1 can be ascribed to carbonate species on the support,
indicating the oxidation of CO by oxygen species coming from
the NO dissociation via a molecularly adsorbed NO species not
detected by FTIR (either present in small amounts or inactive
in IR such as the adsorption of NO parallel to the surface).
The IR bands of isocyanate species at 2251 and 2235 cm−1

[19] were detected only at a reaction temperature of 360 K.
The presence of a small amount of free Pt◦ sites for the dis-
sociation of NO (without detectable molecularly adsorbed NO
species) is consistent with IRAS observations on Pt(100); the
adsorption of a CO/NO mixture (total pressure 8 × 10−7 mbar,
PNO/PCO = 1.5) led only to the IR bands of the linear and
bridged CO species, whereas a small rate of CO2 production
was observed [23].

3.3. Competitive chemisorption CO–NO using MS

3.3.1. Adsorption of NO on the adsorbed CO species
Fig. 2A shows the evolution of the molar fractions of the

gases at the outlet of the quartz microreactor during the switch
He → 1% CO/1% Ar/He at 300 K on the reduced 2.9%
Pt/Al2O3 catalyst. The amount of adsorbed CO species at
300 K, QCOads = 39 µmol/g (D ≈ 0.26), was obtained using
the difference between the argon and the CO curves [3]. After a
helium purge (Fig. 2B), a new switch, He → 1% CO/1% Ar/He
at 300 K, was performed (Fig. 2C) to quantify the amount of
reversible adsorbed CO species: QCOwads = 5 µmol/g (a frac-
tion of the bridged CO species on Pt and of the weakly adsorbed
CO species on the Al+δ sites of the support [2,3]). The amount
of strongly adsorbed CO species, corresponding mainly to the
linear CO species, was QCOsads = 34 µmol/g. After a helium
purge (Fig. 2D), a 1% NO/1% Ar/He mixture was introduced
(Fig. 2E), leading to (a) the absence of CO desorption and (b) a
NO consumption, QNOads = 33 µmol/g, associated with detec-
Fig. 2. Competitive chemisorption between adsorbed CO species on 2.9%
Pt/Al2O3 and NOg at 300 K studied by MS. (A, C) Adsorption of 1% CO/1%
Ar/He; (B, D, F) desorption in helium; (E) adsorption of 1% NO/1% Ar/He.

Fig. 3. Competitive chemisorption between adsorbed NO species on 2.9%
Pt/Al2O3 and CO at 300 K studied by MS. (A, C) Adsorption of 1% NO/1%
Ar/He; (B, D, F) desorption in helium; (E) adsorption of 1% CO/He.

tion of small amounts of CO2 or/and N2O (m/e = 44 quantified
as CO2). These observations show that (a) NO did not displace
CO, in agreement with Fig. 1, and (b) NO was dissociated on
the free Pt sites due to desorption of the bridged CO species and
consumption by the oxygen species of the adsorbed CO species,
explaining the formation of CO2 and/or N2O (Fig. 2E). These
observations are consistent with the decreased IR band of the
linear CO species and the formation of carbonate on the sup-
port shown in Fig. 1B. A fraction of the NO consumption is due
to (a) adsorption of the strongly adsorbed linear NO species, in
parallel to oxidation of the adsorbed CO species (Fig. 1A), and
(b) formation of the NOx–Al2O3 species.

3.3.2. Adsorption of CO on the adsorbed NO species
Fig. 3A shows the evolution of the molar fractions of the

gases during the switch He → 1% NO/1% Ar/He at 300 K
on the freshly reduced 2.9% Pt/Al2O3 catalyst. The amount
of adsorbed NO species was QNOads = 53 µmol/g. A small
amount of N2O production (m/e = 44) occurred, according to
the global reaction

2NO → N2O + Osads. (4)
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The NO conversion was ≈1%, and this value decreased with
time on stream, indicating that the N2O production was not
sustained. A similar low N2O production during the adsorp-
tion of NO at 300 K on Pt/Al2O3 catalysts was reported by
Maunula et al. [34]. On Pt single crystals, N2O formation from
adsorbed NO species is often observed at higher temperatures
(T > 400 K), indicating a significant activation energy for the
catalytic processes [30]. However, Burch et al. [35,36] showed,
based on DFT calculations, that there are two possible routes for
the N2O formation: NO dissociation and decomposition of an
adsorbed dimer (NOads)2 on the Pt defect sites. These authors
concluded that the dimer mechanism has a very low activation
energy, explaining that N2O can be formed at low temperatures
on several metal surfaces. The involvement of defect Pt sites
explains why this reaction is absent on well-defined Pt single
crystals. Moreover on Pt(100), some authors [37] used DFT cal-
culations to show that recombination of the Nads species to form
N2 is a barrierless process, suggesting that the N2O formation
via the NO dissociation is not significant due to the low cover-
age of Nads species.

After a helium purge (Fig. 3B), a new switch, He → 1%
NO/1% Ar/He at 300 K, was performed (Fig. 3C) to quan-
tify the amount of reversible adsorbed NO species, QNOwads =
11 µmol/g, that is consistent with the modifications of the IR
bands of the molecularly adsorbed NO species during the he-
lium purge (Fig. 1A). The amount of strongly adsorbed NO
species, QNOsads = 42 µmol/g, is higher than QCOsads =
34 µmol/g, due to the formation of the NOx–Al2O3 species.
After a helium purge (Fig. 3D), a 1% CO/1% Ar/He mix-
ture was introduced (Fig. 3E), revealing that a significant frac-
tion of NO desorbed (in agreement with Fig. 1A) due to
competitive chemisorption. The amount of CO adsorbed in
Fig. 3E was 31 µmol/g (a value consistent with 34 µmol/g
on a freshly reduced solid), and the amount of NO displaced
was 23 µmol/g. The ratio 34/23 = 1.4 is consistent with
the data on Pt single crystals [38] indicating saturation cov-
erages for adsorbed CO and NO species of 0.75 and 0.5,
respectively. In Fig. 3E, CO adsorption is associated with
low CO2 production, probably because of the reduction of
strongly adsorbed oxygen species formed by the dissociation
of NO.

3.4. Oxidation of the adsorbed CO species on Pt/Al2O3 solid
for D < 0.26

For the development of the microkinetic study, the afore-
mentioned FTIR and MS observations led to the conclusion
that the competitive chemisorption CO–NO was in favor of CO.
This indicates that NO could not displace the linear CO species
at 300 K for short adsorption durations. However, NO could be
dissociated on the free Pt◦ sites because of desorption of the
bridged CO species, leading to a decreased amount of linear
CO species by oxidation. According to the aims of the present
study, and to prevent significant modification of the coverage of
the linear CO species before the oxidation with O2, the adsorp-
tion of NO was limited to a short duration.
Fig. 4. CO2 production at 300 K during oxidation/reduction cycles of the ad-
sorbed species on 2.9% Pt/Al2O3 (after 3 previous cycles). (A, E, I) Oxidation
stage with 1% O2/1% Ar/He; (B, D, F, H) desorption in helium; (C, G) reduc-
tion stage with 1% CO/1% Ar/He.

3.4.1. Profile of RCO2(t ) in the absence of N-containing
species

The impact of the Pt dispersion on the rate of oxidation of
the linear CO species has been described in detail for D > 0.44
[10,11]. Fig. 4 shows the CO2 production for D = 0.26 dur-
ing several O/R cycles, performed after three previous O/R
cycles to saturate the Al2O3 surface with carbonate species
[5,10,11]. In Fig. 4A, the switch He → 1% O2/1% Ar/He,
performed after a reduction step followed by a desorption in
helium during 80 s, led to a rate of CO2 production, RCO2(t ),
with no induction period, which is consistent with the fact that
the bridged CO species desorbed significantly during the he-
lium purge for D < 0.5 [10,11]; the B(0) value does not fulfil
the criterion (3). The amount of CO2 production in Fig. 4A is
28 µmol/g whereas that of the O2 consumption is 29 µmol/g.
This finding indicates that oxidation of the linear CO species
(denoted by L-CO), the main adsorbed CO species on the Pt
surface, corresponds to the global reaction

L-CO + O2 → CO2 + Osads, (5)

where Osads is a strongly adsorbed oxygen species, in agree-
ment with previous results for D > 0.44 [3]. Fig. 4C shows
CO2 production during reduction of the Osads species formed
in reaction (5), after a helium purge (Fig. 4B) to remove O2,
by the switch He → 1% CO/1% Ar/He. The initial rate was
higher than that during the oxidation of the linear CO species
(Fig. 4A), as observed previously for D > 0.44 [5]. The amount
of CO2 production shown in Fig. 4B is 27 µmol/g and that of
CO consumption is 58 µmol/g, indicating that reduction of the
Osads species corresponds to the global reaction

Osads + 2CO → CO2 + COads. (6)

One aim of the present experimental microkinetic study is to
determine how CO2 production from the oxidation of the ad-
sorbed CO species is modified if NO is adsorbed before the
oxidation stage.

3.4.2. Evolution of the coverage of the linear CO species
during oxidation

MS observations provide the rate of CO2 production from
the oxidation of the linear and bridged CO species, whereas
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Fig. 5. FTIR spectra during the oxidation of the adsorbed CO species on a
freshly reduced Pt/Al2O3 solid at 300 K: (a) in helium after CO adsorption;
(b–g) time on stream in 1% O2/He: 9, 17, 26, 35, 45, and 135 s, respectively.

FTIR data differentiate the two species. Fig. 5 shows the evolu-
tion of the IR bands of each adsorbed CO species on the freshly
reduced Pt/Al2O3 solid (D ≈ 0.20) with time on stream in 1%
O2/He. The IR band of the linear CO species at 2090 cm−1 de-
creased (Fig. 5, spectra a–g) without any shift associated with
the disappearance of those of the bridged CO species in the
1900–1700 cm−1 range. In parallel, the IR bands of the car-
bonate species on the support at 1651, 1441, and 1229 cm−1

increased (Fig. 5, inset) due to adsorption of the CO2 produced
by reaction (5). The main difference from the observations on
Pt/Al2O3 with a higher dispersion [2,10] is related to detec-
tion of the small IR band at ≈2070 cm−1 (Fig. 5), indicating
a second linear CO species of low reactivity. The detection of
several IR bands for linear CO species (i.e., linear CO species
on steps and terraces) is due to the structure of the Pt particles,
which is dependent on particle size and on the support [10,12,
and references therein]. Curve 1 in Fig. 6 shows the evolution
of the coverage, θL, of the linear CO species (without differ-
entiation of the two IR bands) with time on stream t in O2,
θL = A(t)/A(0), where A(t) and A(0) are the IR band area of
the linear CO species at time t of oxidation. The coverage be-
gan to decrease at t = 0 s, consistent with (a) the decreasing
exponential-like profile of the CO2 production in Fig. 4A and
(b) the fact that the linear CO species dominates CO adsorption.
Successive O/R cycles provide the experimental data overlap-
ping the curve 1 in Fig. 6.

3.5. Impact of the adsorption of NO on the oxidation of the
adsorbed CO species by MS

3.5.1. Adsorption of NO after CO adsorption
After the adsorption of CO (Fig. 2A) on the freshly reduced

Pt/Al2O3 catalyst followed by a helium purge to decrease the
amount of bridged CO species, adsorption of NO was per-
Fig. 6. Evolution of the coverage of the linear CO species during oxidation at
300 K with 1% O2/He according to several experimental conditions: (1) after
adsorption of 1% CO/He; (!) after 80 s of adsorption of NO following the
reduction stage of the first O/R cycle; (2) oxidation during the second O/R
cycle after curve !; (") oxidation during the third cycle after curve 2.

Fig. 7. Impact of the adsorption of NO at 300 K on the oxidation with 1%
O2/1% Ar/He of the adsorbed CO species on 2.9% Pt/Al2O3. (A) Oxidation
stage following the adsorption of NO after adsorption of CO on a freshly re-
duced solid; (B, D) desorption in helium; (C) reduction stage in 1% CO/1%
Ar/He; (E) oxidation stage in 1% O2/1% Ar/He.

formed (Fig. 2E) for a short period (80 s), to prevent significant
oxidation of the linear CO species (Figs. 1B and 2E). Then,
after a helium purge, a 1% O2/1% Ar/He mixture was intro-
duced to perform the oxidation of adsorbed CO species. Fig. 7A
shows a RCO2(t ) curve slightly modified by NO adsorption
compared with that shown in Fig. 4A; a short induction pe-
riod for oxygen consumption (the negative O2 peak in Fig. 7A),
tm = 12 s, from the appearance of Ar can be seen. This indi-
cates that NO adsorption/dissociation had only a limited impact
on the oxidation rate of the adsorbed CO species. The amounts
of O2 consumed and CO2 produced, 25 and 12 µmol/g, respec-
tively, do not correspond to reaction (5) because a fraction of
the CO2 production is adsorbed on the alumina support. After
a helium purge Fig. 7B), reduction of the Osads by CO was per-
formed (Fig. 7C). CO consumption was 43 µmol/g, and CO2

production was 9 µmol/g, lower than that expected from reac-
tion (6), due to (a) the adsorption of CO2 on Al2O3 and (b) the
fact that all of the Osads species were not reduced during the
first reduction stage [2–4]. Fig. 7C shows slight NO production
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Fig. 8. CO2 production during three O/R cycles of the adsorbed species on 2.9%
Pt/Al2O3 after the adsorption of NO.

Fig. 9. Impact of the partial pressure of O2 on the CO2 production from the
oxidation of the adsorbed CO species in the presence of N-containing ad-
sorbed species: (a–c) oxidation with 1% O2/1% Ar/He; (d–f) oxidation using
2% O2/2% Ar/He.

(4 µmol/g), which may be due to competitive chemisorption be-
tween NOx–Al2O3 (formed during the NO adsorption) and the
carbonate species. After a helium purge (Fig. 7D), a new oxida-
tion of the adsorbed CO species was performed (Fig. 7E). After
this new oxidation, the RCO2(t ) profile was strongly altered
(compare Fig. 7E with Figs. 4A, 4E, and 4I), marked by a clear
induction period with a CO2 peak (23 µmol/g) with a maxi-
mum at tm = 117 s measured from the appearance of Ar. This
peak is associated with O2 consumption (negative O2 peak in
Fig. 7E) of 20 µmol/g, in agreement with reaction (5), because
the alumina support was saturated by the carbonate species dur-
ing the experiments illustrated in Figs. 7A and 7C. Fig. 8 shows
the observations during three successive O/R cycles after the
oxidation shown in Fig. 7E with no new NO adsorption. An in-
duction period similar to that shown in Fig. 7E (tm = 117 s) can
be observed during the oxidation stages. Fig. 8 clearly shows
that the perturbations of the oxidation process by the adsorp-
tion/dissociation of NO were permanent during the O/R cycles
at 300 K (they were suppressed by the reduction procedure at
713 K).

After a reduction procedure at 713 K, the experiments il-
lustrated in Figs. 7 and 8 provided similar observations; how-
ever, their tm values were never exactly the same. For instance,
curve c in Fig. 9 shows that tm = 132 s using 1% O2/1% Ar/He.
The difference between the tm values for two successive ex-
periments stems from the fact that in addition to the impact
of NO adsorption, tm is dependent on several kinetic parame-
ters (Eq. (1)) that can be affected by slight differences in the
experimental procedure [11]. The impact of the oxygen partial
pressure, PO2 , on tm (after modification of the oxidation process
by NO adsorption/dissociation) is shown in Fig. 9; this figure
compares the evolution of the O2 and CO2 molar fractions us-
ing x% O2/x% Ar/He with x = 1 and 2 for curves (b, c) and
(e, f), respectively. It can be seen that the increase in PO2 de-
creased tm and increased RCO2 m, as was observed previously
on Pt/Al2O3 catalysts with high Pt dispersion [11].

3.5.2. Preadsorption of NO
The adsorption of NO was performed for 3 min on freshly

reduced Pt/Al2O3 solid; then, after a helium purge of 80 s,
CO adsorption was performed, leading to desorption of the ad-
sorbed NO species (Figs. 1A and 3E). After 80 s in helium,
a 1% O2/1% Ar/He mixture was introduced to perform the oxi-
dation of the adsorbed CO species (results not shown). A large
induction was observed, tm = 126 s, which increased slightly
after the second O/R cycle, tm = 154 s, probably due to the
presence of the Osads species formed during the first oxidation.
For D > 0.6, it has been observed that tm augments during the
three first O/R cycles (see Fig. 4 in [11]).

3.5.3. NO adsorption after the reduction stage of an O/R cycle
A fraction of the Osads species formed according to reac-

tion (5) during the first oxidation of the adsorbed CO species
remained on the surface after the first reduction stage [5], lead-
ing to a Pt◦ surface different than that after adsorption of CO
or NO on a freshly reduced solid. After the last reduction stage
of three O/R cycles (shown in Fig. 4G), 1% NO/1% Ar/He was
adsorbed for 80 s. After a helium purge, the oxidation with 1%
O2/1% Ar/He led to a small induction period: tm = 42 s, simi-
lar to that shown in Fig. 7A. After the reduction stage, with 1%
CO/1%Ar/He, the following oxidation stages led to tm = 178 s,
similar to that illustrated in Figs. 7E and 8. This demonstrated
that the remaining fraction of Osads species did not qualitatively
modify the impact of NO; it is the duration of the induction pe-
riod that was longer after the O/R cycles.

The aforementioned observations regarding modification of
the RCO2(t ) profile by the presence of a small amount of ad-
sorbed N-containing species can be summarized as follows:
(a) The adsorption/dissociation of NO after the formation of the
linear and bridged CO species on the reduced 2.9% Pt/Al2O3

solid did not give a strong induction period (tm = 12 s in
Fig. 7A); (b) tm was larger (42 s) when NO was adsorbed after
the reduction stage of several O/R cycles; and (c) tm was very
large (in the range of 115–180 s) if the adsorption of CO fol-
lows the adsorption of NO (whatever the state of the Pt surface
before the NO adsorption). This leads to the conclusion that a
large induction period is not due to the simple poisoning of free
Pt◦ sites by a small amount of strongly adsorbed N-containing
species: it is linked to the impact of these species on the reac-
tivity of the linear and bridged CO species.
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3.6. Modification of the oxidation of the adsorbed CO species
by NO adsorption studied by FTIR

FTIR observations provide additional data on the evolution
of the coverages of the adsorbed species during the O/R cycles
after NO adsorption. Moreover, an experiment can justify the
presence of a small amount of strongly adsorbed N-containing
species.

3.6.1. Oxidation after adsorption NO on the adsorbed CO
species

After CO adsorption, three O/R cycles were performed (see
Figs. 4 and 5); then, after the last reduction stage, 1% NO/He
was adsorbed for 80 s (to limit the decrease in the IR band of
the linear CO species). After a helium purge of 80 s, oxidation
with 1% O2/He led to a decrease in the IR band of the linear
CO species (results not shown), providing the evolution of cov-
erage θL with the duration of the oxidation according to curve
! in Fig. 6. The overlap of curves ! and 1 indicates that the
NO adsorption on the adsorbed CO species did not significantly
disturb the oxidation of the linear CO species, in agreement
with the findings shown in Fig. 7A. However, after a reduction
stage with 1% CO/He, the following oxidation stage with 1%
O2/He led to curve 2 in Fig. 6: the coverage of the linear CO
species decreased significantly only after a delay due to oxygen
introduction at the difference of curves ! and 1. This delay
corresponds to the induction period of the RCO2(t ) curves in
shown Fig. 8. The overlap of curves 2 and " obtained after
a second O/R cycle confirms that the perturbation of the oxida-
tion process by the N-containing species is permanent at 300 K.

3.6.2. On the presence of N-containing species after NO
adsorption on the adsorbed CO species

The FTIR spectra recorded after the adsorption of CO on
a surface perturbed by the adsorption of NO do not reveal
the presence of N-containing adsorbed species on the Pt◦ sites
(Fig. 1A). This may be because they are not detectable by FTIR
(small amounts or/and inactive in IR) or because perturbation
by NO adsorption is linked to another process (e.g., surface
reconstruction). The presence of N-containing species was re-
vealed by the following experiment. After the adsorption of 1%
NO/He at 300 K on the freshly reduced solid (Fig. 10a), fol-
lowed by a helium purge of 80 s, a 1% CO/He mixture was
introduced (Fig. 10b), leading to a spectrum similar to that
shown in Fig. 1A. After a helium purge, the temperature was
increased progressively to create temperature-programmed sur-
face reactions (TPSRs) among the various adsorbed species
(spectra c–e in Fig. 10). It can be observed that (a) new small
IR bands at 2257 and 2233 cm−1 appeared at T = 354 K and
increased progressively up to T = 415 K, and (b) in parallel,
the IR bands of the adsorbed CO species decreased. Accord-
ing to literature data, the IR bands at 2257 and 2233 cm−1 must
be ascribed to strongly adsorbed isocyanate species on the alu-
mina support via diffusion from the Pt particles and to either
adsorption on the Pt◦ particles or a negatively charged iso-
cyanate species, respectively [19,43,44]. Detection of the iso-
cyanate species provides clear proof that N-containing species
Fig. 10. On the presence of a small amount of N-containing adsorbed species
in the presence of adsorbed CO species on the Pt surface by using FTIR exper-
iments. (a) Adsorption of 1% NO/He at 300 K on the freshly reduced Pt/Al2O3
solid; (b) adsorption of 1% CO/He at 300 K after (a); (c–e) TPSR in helium
after (b) at 354, 391, and 415 K, respectively.

were co-adsorbed with the linear and bridged CO species after
NO adsorption. Their formation may have involved either Nads
species or an inactive molecular NO species [45]. The IR bands
of the isocyanate species in Fig. 10 are very weak, indicating
the presence of a small amount of N-containing species; for ex-
ample, they increased by a factor ≈100 after 15 min of 0.5%
NO/0.5% CO/He at 553 K (result not shown). This is consistent
with the fact that these bands could form only on the Pt◦ sites
adsorbing the bridged CO species, which represent <8% of the
total number of Pt◦ sites. Note that the coverage of the linear
CO species at T = 415 K during TPSR was slightly smaller
in Fig. 10 (θL ≈ 0.7) than during a simple TPD (θL = 0.8)
[46]. This suggests that several processes contributed to the de-
crease in the amount of linear CO species during the TPSR
illustrated in Fig. 10, including (a) its desorption [46], (b) its
reaction to form isocyanate species, and (c) its oxidation via
strongly adsorbed oxygen species formed by NO dissociation
at 300 K.

4. Discussion

4.1. On the nature of the N-containing adsorbed species after
CO adsorption

Fig. 10 clearly shows that N-containing adsorbed species
were co-adsorbed with the linear and bridged CO species after
NO adsorption. The main experimental fact is that the pertur-
bation of the oxidation of the adsorbed CO species created by
these species was permanent at T < 350 K (Fig. 8), indicat-
ing that they were neither displaced nor transformed by CO
and O2. Figs. 1–3 show that the competitive chemisorption of
CO and NO at 300 K for the molecularly adsorbed species was
in favor of CO. These observations are consistent with the find-
ings of Pt single-crystal studies that found only adsorbed CO
species during co-adsorption of CO and NO at 300 K [23,24].
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The fact that the linear CO species displaced the linear NO
species on the present Pt/Al2O3 catalyst is in agreement with
their respective heats of adsorption Eθ at a coverage θ deter-
mined in previous works: E0 = 206 and E1 = 115 kJ/mol for
the linear CO species [7,8] and E0 = 135 and E1 = 105 kJ/mol
for the linear NO species [18]. The situation is different for
the bridged CO species because the Eθ values for D < 0.5,
EB0 = 94 and EB1 = 45 kJ/mol, [8] are smaller than those of
the linear NO species [18] and significantly smaller than litera-
ture data on the bridged NO species. Yeo et al. [38] determined
by single-crystal microcalorimetry that the heat of adsorption
of NO at low coverage on a Pt single crystal, corresponding
to the bridged NO species, was >200 kJ/mol, consistent with
the results of DFT calculations [21,22]. However, the increase
in θ leads to reconstruction of the surface, favoring the linear
NO species [38]. The aforementioned findings lead us to adopt
the view that the N-containing species remaining on the Pt sur-
face after O/R cycles is not a molecularly adsorbed NO species
but rather is probably a Nads species formed by the dissociation
of NO.

This NO dissociation is supported by the slow (compared
with O2) oxidation of the adsorbed CO species at 300 K
(Figs. 1–3), involving the Pt◦ sites released by desorption of the
bridged CO species. This could not be sustained at 300 K in the
absence of adsorbed CO species. DFT calculations [21] con-
sidering NO dissociation on the step sites of Pt(211) indicate
that the transition state for the dissociation had lower energy
(by 64 kJ/mol) than NOg, supporting the view that NO could
be dissociated on those sites via the formation of a bridged NO
species with a heat of adsorption of 228 kJ/mol. The heats of
adsorption of Nads and Oads species would be expected to be
higher, leading to the conclusion that NO dissociation is over-
all an energetically favored process [21]. A recent DFT study
[39] confirmed these views, showing that whatever the nature
of the Pt sites, the binding energies of Nads (>3.9 eV) and
Oads (>3.2 eV) were higher than the binding energy of NO
(>1.3 eV), indicating that Nads could remain on a Pt◦ surface.
This is consistent with the STM observations of Zambelli et al.
on Ru(0001) [40,41] showing that NO dissociated at 300 K on
the step sites and the Nads species did not desorb, but rather
migrated to the terrace sites. These observations have been sup-
ported by DFT calculations and they seem to be valid for other
metal surfaces as well [42]. The nature of the defect sites may
lead to different conclusions concerning the stability of the Nads
species from DFT calculations [37,42]. The stability of Nads at
300 K on a Pt surface is supported by the TPD study of Mukerji
et al. [30] after adsorption of NO at 300 K. Those authors re-
ported that strongly adsorbed NOads and Nads species formed at
a low temperature reacted at 471 K to form N2Oads that either
desorbed as N2O or was decomposed into N2 and Oads. The
foregoing discussion supports the view that the Nads species
formed by the NO dissociation at 300 K on the Pt◦ sites adsorb-
ing the bridged CO species can be eliminated only by reaction
at a higher temperature, such as the formation of isocyanate
species during TPSR (Fig. 10). This explains the permanent
perturbation of the oxidation of the adsorbed species by NO
adsorption/dissociation at 300 K.
4.2. Impact of NO adsorption on the induction period
observed on RCO2L(t )

Expressions (1) and (2) are used to support the interpreta-
tions of the induction period during oxidation of the adsorbed
CO species in the presence of co-adsorbed N-containing species
(Figs. 7–9). In the absence of NO adsorption, RCO2(t ) had
a decreasing exponential-like profile because the B(0) value
did not obey the criterion specified in (3). The first obser-
vation is that the adsorption of NO after that of CO on the
freshly reduced solid created a very small induction (tm = 12 s)
during the subsequent oxidation stage (Fig. 7A). This means
that the criterion (3) was fulfilled after NO adsorption. This
change cannot be ascribed to an increase in B(0), because
NO adsorption can only decrease B(0) due to oxidation of
the bridged CO species via the NO dissociation or to com-
petitive chemisorption. The B(0) value fulfilled the criterion
in (3) after NO adsorption due to the decreased value of the
right side of expression (3). For instance, the formation of
Nads on the Pt◦ sites released by desorption of the bridged CO
species either decreased NTB or increased the ratio kOB/k3.
We show below that the activation energy of oxidation of the
bridged CO species was increased after NO adsorption (de-
crease in kOB).

The main impact of NO adsorption/dissociation was ob-
served after the readsorption of CO during the first reduction
step (Fig. 7C). Fig. 7E shows that this situation entailed a strong
induction period and that this modification was irreversible dur-
ing the subsequent O/R cycles at 300 K (Fig. 8). Clearly, the
induction period was linked to the adsorption of CO on a Pt sur-
face perturbed by the presence of the N-containing species; the
criterion (3) was largely fulfilled. Considering previous work
[10,11], this must be due to the increased heat of adsorption
of the bridged CO species due to the presence of Nads. This
led to a larger amount of bridged CO species for the same des-
orption period (td = 80 s) before the oxidation stage; the B(0)

value was higher than that without Nads species, fulfilling crite-
rion (3). This was confirmed by a subsequent experiment; after
several O/R cycles performed on a surface perturbed by the Nads
species (Fig. 8), the increased duration of the desorption td be-
fore oxidation from 80 s to 50 min led to a significantly lower

Fig. 11. Impact of the desorption duration td in helium after the CO adsorp-
tion on the CO2 production from the oxidation of the adsorbed CO species,
using 1% O2/1% Ar/He, in the presence of Nads species. (a–c) td = 80 s;
(d–f) td = 50 min.
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value of tm, as shown in Fig. 11 (compare curves c and f). This
decrease is due to the decrease in B(0) linked to the long des-
orption duration; there are more Pt◦ sites for the activation of
oxygen at time t = 0. Note that the next O/R cycle after curve f
in Fig. 11, using a helium purge of 80 s, provides an induction
period similar to curve c in Fig. 11. This demonstrates that the
long desorption period did not significantly modify the amount
of Nads species.

The kinetic model developed for the interpretation of the in-
duction period on Pt/Al2O3 catalysts with high Pt dispersions
can be verified by noting that the impact of oxygen partial
pressure on the experimental values of tm and RCO2Lm corre-
sponded to what was expected based on expressions (1) and (2)
[11]. Similar experiments were performed to determine whether
the same kinetic model could be applied for the observations in
the presence of co-adsorbed Nads and CO species. Fig. 9 shows
that decreasing PO2 by a factor of 2 increased tm by a factor
of (132 s/91 s) = 1.45 and decreased RCO2 m by a factor of
(1/1.46), as was expected based on expressions (1) and (2):

√
2

and (1/
√

2), respectively. This confirms that the co-adsorbed
Nads species did not change the nature of the elementary steps
of the kinetic model involved in the oxidation of the linear CO
species [11], but only modified the kinetic parameters of some
elementary steps.

In a previous work [11], we showed that tm decreases with
increasing oxidation temperature, T , and that ln tm = f (1/T )

is a straight line, as observed by Zhou and Gulary [16] on
Pd/Al2O3 catalysts. Expression (1) indicates that the slope of
the straight line provides EOB − (EO2/2), where EOB is the
activation energy of oxidation of the bridged CO species and
EO2 is the heat of adsorption of the weakly adsorbed oxygen
species involved in the oxidation at low temperatures [11]. We
have studied the evolution of tm with an oxidation tempera-
ture of T < 350 K to limit the modifications of the impact
of Nads (formation of the isocyanate species at T > 350 K
in Fig. 10). Fig. 12 shows ln tm = f (1/T ) as a straight line,
confirming that the kinetic model developed previously [11]
remained operative after the adsorption/dissociation of NO.
However, the slope of the straight line indicates that EOB −
(EO2/2) = 57 kJ/mol, whereas it was equal to 44 kJ/mol be-
fore NO adsorption [11]. This increase may be due either to
the augmentation of EOB (kOB decreases) or to the decrease
in EO2 .

Fig. 12. Impact of the oxidation temperature on tm according to ln(tm) =
f (1/T ).
5. Conclusion

The present study confirms that the experimental microki-
netic approach of a catalytic process such as the CO/O2 reac-
tion on Pt/Al2O3 catalysts is a powerful tool for establishing a
relationship between the changes of a macroscopic kinetic pa-
rameter (such as TOF [6,14] and the rate of O2 oxidation of the
adsorbed CO species, RCO2(t ) [11]) and the kinetic parameters
of the elementary steps. We have explained how co-adsorbed
Nads species affects RCO2(t ). We have shown that NO can
be adsorbed/dissociated on the Pt◦ sites released by desorp-
tion of the bridged CO species that represents a small fraction
of the Pt◦ sites adsorbing CO. This leads to a RCO2(t ) curve
with an induction period characterized by the coordinates of its
maximum: tm, RCO2 m, whereas a decreasing exponential-like
profile is observed in the absence of Nads species. This induc-
tion period is due mainly to the altered heat of adsorption of the
bridged CO species in the presence of the Nads. The modifica-
tions of the rate constants of oxidation of the linear and bridged
CO species also contribute to the induction period. Our results
reinforce the previously expressed view [2–6] that two types of
Pt◦ sites are involved in the CO/O2 reaction at low temperature.

Finally, the study has shown that the kinetic parameters con-
trolling the rate of the CO/O2 reaction can be modified in the
presence of co-adsorbed species using complex gas mixtures
such as CO/NO/O2, corresponding to three-way and De-NOx

catalytic processes similar to their modifications due to Pt dis-
persion [11]. It must be noted that the decreased rate of oxida-
tion of the adsorbed CO species by co-adsorbed N-containing
species described in the present study is consistent with the in-
hibition of the CO/O2 reaction on Pt/Al2O3 by NO observed by
Voltz et al. [47].
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