
t

meter as a
his

d M2) and
ngly
of

that
the
in
Journal of Catalysis 228 (2004) 288–297
www.elsevier.com/locate/jca

Impact of Pt dispersion on the elementary steps of CO oxidation
by O2 over Pt/Al2O3 catalysts

Abdennour Bourane, Salim Derrouiche, Daniel Bianchi∗

Laboratoire d’Application de la Chimie à l’Environnement (LACE), UMR 5634, Université Claude Bernard, Lyon-I, Bat. Raulin,
43 Bd du 11 Novembre 1918, 69622 Villeurbanne, France

Received 26 April 2004; revised 26 July 2004; accepted 5 August 2004

Available online 22 October 2004

Abstract

The impact of Pt dispersion (denoted byD) of Pt/Al2O3 catalysts on the turnover frequency (TOF) of the CO/O2 reaction and on the
elementary steps involved in the catalytic reaction is studied using transient experiments with either a mass or a FTIR spectro
detector. Similar to literature data, it is observed that TOF decreases with an increase inD. The aim of the present study is to correlate t
observation with the modifications of the surface elementary steps of two kinetic models, M1 and M2, developed previously forD � 0.6.
The elementary steps considered are (1) adsorption of CO as a linear CO species (denoted by L and involved in models M1 an
as a bridged CO species (denoted by B); (2) the oxidation by O2 of the adsorbed CO species; and (3) the reduction by CO of the stro
adsorbed oxygen species (denoted by Osads) involved in model M2. It is shown thatD has no significant impact on the heat of adsorption
the L CO species and on the mechanism of the reduction of Osadsspecies by CO. For oxidation of the L CO species by O2, it is shown that
there is an induction period in the CO2 production forD � 0.60 not observed for a lower dispersion. This is explained by considering
the rate of formation of the Pt sites, which adsorb O2 during oxidation, depends onD. These sites, which represent a small fraction of
Pt0 sites, are associated with the B CO species. It is shown that the heat of adsorption of the B CO species increases with an increaseD.
It is suggested that it is the removal of the B CO species (by desorption and oxidation) that controls the induction duration.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In previous studies[1–5], a specific microkinetic ap
proach to the CO/O2 reaction on 2.9% Pt/Al2O3 catalyst was
developed to interpret the evolution of the coverage of
adsorbed species as well as the turnover frequency (TO
the reaction in the absence of mass transfers during ligh
off tests. The procedure consists mainly of (a) definin
plausible mechanism with elementary steps such as ad
tion of reactants, bimolecular Langmuir–Hinshelwood ste
and desorption of products; (b) studying experimentally e
elementary step to obtain the kinetic parameters of in
est (i.e., adsorption coefficients, heats of adsorption,
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-

constants, activation energies, preexponential factors)[1,2,4,
6–8], and (c) comparing the experimental curves (cover
of the adsorbed species and TOF during lighting-off te
to the theoretical curves obtained according to the plaus
ble kinetic model)[3,5]. This microkinetic approach leads
new insight into the CO/O2 reaction; in particular, one ma
consider the role of each adsorbed CO species (i.e., li
and bridged) in the catalytic process. For instance, we h
shown[1–5] that (a) the L CO species adsorbed on Pt0 sites
(the main adsorbed CO species) is oxidized into CO2 by O2

at room temperature; (b) L CO species can be consider
the adsorbed intermediate of the CO/O2 reaction according
to two kinetic models, M1 and M2, differing by the nature
the adsorbed oxygen intermediate; and (c) the experim
conditions (PCO/PO2 and reaction temperature)[5] fix the
operative kinetic model (either M1 or M2).

http://www.elsevier.com/locate/jcat
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One of the interests of this procedure is to afford
opportunity to study the impact of the catalyst prepara
(i.e., Pt dispersion and nature of the support) on the sur
elementary steps of the reaction and, in turn, on the T
Zafiris and Gorte[9] have proven that the CO/O2 reaction
on Pt particles can be structure sensitive, determining
TOF for Pt particle diameters of 14 and 1.7 nm depos
on aα-Al2O3 (0001) single crystal: the higher the Pt disp
sion, the lower the TOF, with a TOF14 nm/TOF1.7 nm ratio
≈ 10 atT ≈ 602 K for PO2/PCO = 1. Considering a kinetic
model based on (a) competitive chemisorption between
adsorbed CO species (not specified) and the oxygen inte
diate and (b) the assumption that the adsorbed CO sp
predominates (θCO ≈ 1 andθO � 1), the difference in TOF
values is ascribed to the higher heat of adsorption of the ad
sorbed CO intermediate on the smaller particles. Howe
it has been shown that the Pt dispersion has no signifi
impact on the heat of adsorption of the L CO species[10]
which can be considered the main adsorbed CO interm
ate of the CO/O2 reaction[1–5]. In the present study, it i
shown that the Pt dispersion modifies significantly the L
elementary step of kinetic model M1, while that of kine
model M2 is not significantly affected.

2. Experimental

2.1. Analytical procedures for the study of the elementary
steps

The procedures were the same as those used in pre
studies[1–5]. Mainly, experiments in the transient regim
(using either a FTIR or a mass spectrometer as a dete
were performed to characterize the oxidation by O2 of pread-
sorbed CO species and the reduction by CO of preadso
oxygen species.

The analytical system with the mass spectrometer
composed of various valves to perform switches betw
regulated gas flows (1 atm total pressure, flow rate in
range 100–600 cm3/min) passing through the catalyst co
tained in a quartz microreactor. A quadrupole mass s
trometer permitted determination of the composition (mo
fraction) of the gas mixture at the outlet of the reactor durin
a switch, after a calibration procedure. The temperature
recorded with a small K-type thermocouple (φ = 0.25 mm)
inserted in the catalyst sample (weight range≈ 0.2–0.5 g
according to the Pt loading). The exploitation of the dat
consisted of performing C and O mass balances for
termining the evolution of the coverage of the Pt surf
as well as the rates of different processes during the
periments[2,4]. For measurement of the Pt dispersion,
amounts of either CO or O2 chemisorbed at 300 K were ob
tained after pretreatment of the solids (see below) usin
He→ 1% CO (or O2)/2% Ar/He switch as described in[2].
Isothermal oxidation of the adsorbed CO species (den
by I.O.COads) at T < 353 K was studied according to th
-
s

t

s

)

following switches: He→ x% CO/2% Ar/He (ta ≈ 2 min,
x = 1 or 2) → He (duration denotedtd) → x% O2/y%
Ar/He (100 cm3/min, x and y in the range 1–4). Isothe
mal reduction by CO of strongly adsorbed oxygen spe
(denoted by Osads) was studied according to the follow
ing switches: He→ x% O2/y% Ar/He (ta ≈ 2 min)→ He
(td) → x% CO/y% Ar/He (100 cm3/min, x and y in the
range 1–4). Several successive isothermal cycles consti
by oxidation of the adsorbed CO species/reduction of
Osads species were denoted by O/R cycles. This ana
cal system was also used to perform lighting-off tests w
x% CO/y% O2/He mixtures providing the change in TO
(in s−1) with reaction temperature. The same sample of
alyst was used for several experiments and due to the
gressive decrease inD according to the number of the pr
treatments, the Pt dispersion for each experiment perfor
with the quartz microreactor is given here.

The second analytical system with a FTIR spectrom
as detector allowed us to perform similar experiments atT <

353 K studying the evolution of the adsorbed CO spec
The solids were compressed to form a disk (φ = 1.8 cm,
m = 40–150 mg) which was placed in the sample holde
a small-internal-volume stainless-steel IR cell (transmiss
mode) described elsewhere[11]. This IR cell enabled in situ
treatments (293–900 K) of the solid, at atmospheric p
sure, with the gas flow rate in the range 150–2000 cm3/min.
The IR band intensity of the B CO species was very m
lower than that of the L CO species. This made us incre
the weight of the pellet in specific experiments for a be
characterization of the B CO species (under such condit
the IR transmission was 0 at the position of the IR band
the L CO species).

2.2. Catalysts

The catalysts used in the present study,x wt% Pt/Al2O3
(γ -Al2O3 (Degussa), BET area 100 m2/g, incipient wetness
method with aqueous solutions of H2PtCl6 ·xH2O (Aldrich),
drying procedure: 12 h at room temperature and then
24 h at 373 K, pretreatment: 12 h in air at 713 K) withx =
1.2 or 2.9, were the same than those used to study the
pact of D on the heat of adsorption of the L CO species[10].
Considering the aim of the present study, the reduction
cedures for the sample were modified as compared with
previous works to decreaseD progressively. A fresh reduce
solid with the highest dispersion (D > 0.84) was obtained
according to the following procedure (P1) also used by
et al. [12]: He (300 K)→ He (423 K, 10 K/min) → H2
(423 K)→ H2 (713 K, 10 K/min)→ H2 (713 K, 30 min)→
He (713 K, 5 min)→ He (300 K). The same sample of cat
lyst was used for several experiments and it was reduce
fore each experiment according to the following proced
(P2): He (300 K)→ He (713 K, 10 K/min) → H2 (713 K,
10 min)→ He (713 K, 10 min)→ O2 (713 K, 10 min)→
He (713 K, 10 min)→ H2 (713 K, 30 min)→ He (713 K,
5 min) → He (300 K). It has been observed thatD de-



290 A. Bourane et al. / Journal of Catalysis 228 (2004) 288–297

from

ce-
0 K

lied
lly
t of

e-

dy
the
ed
ions

er
als

the
e
nt

and
n-
f
CO
g

o-
d
ible

y
on

e
p-

nice
CO

ear
e
-
s at

-
s
frac-

CO
ated
e
lyst.
d
d

rp-

-
a
e
total
tabi-
Pt
pre-
ified
tion

0 K
per-

per-

For

e

r.

revi-

pro-
low-

er-

O

creased slightly after two successive P2 procedures (
0.88 to 0.73 after 10 P2 procedures with 1.2% Pt/Al2O3).
The stabilized solids were obtained as follows (P3 pro
dure): after the P2 procedure, CO was adsorbed at 30
using the switch He→ 2% CO/2% Ar/He followed by an
increase in the temperature (10 K/min) to 713 K. Then, af-
ter a short helium purge, procedure P2 at 713 K was app
The stabilization pretreatment with CO, which was initia
imposed by the procedure for determination of the hea
adsorption[6,8], led toD � 0.65 for 1.2 and 2.9% Pt/Al2O3.
Then the following pretreatments according to P2 or P3 d
creasedD very slowly (lowerD value= 0.4). It must be
noted that (a)D cannot be measured during the FTIR stu
and (b) the inertia of the IR cell increased the duration of
heating and cooling stages of the pretreatment as compar
with the quartz reactor. To correlate the FTIR observat
to the change inD, it was considered that the decrease inD

(quantified with the quartz reactor) according to the numb
and nature (P1, P2, P3) of the reduction procedures was
valid for the catalyst pellet used with the IR cell reactor.

3. Results and discussion

3.1. CO uptake and Pt dispersion

The Pt dispersion before each O/R experiment with
quartz microreactor was measured using the switch H→
1% CO/2% Ar/He at 300 K and determining the amou
of adsorbed CO from the difference between the Ar
CO molar fractions[2,10]. The accuracy of the experime
tal procedure is≈ 1 µmol CO/g of catalyst. The amount o
reversible CO chemisorption ascribed in part to the B
species on stabilized solids[10] is determined by studyin
CO readsorption according to the following switches: 1%
CO/2% Ar/He (durationta, total CO uptake)→ He (td) →
1% CO/2% Ar/He (reversible CO chemisorption). The t
tal CO uptakes are 63 and 107 µmol/g on the fresh 1.2 an
2.9% Pt/Al2O3 catalysts, whereas the amounts of revers
CO chemisorption are≈ 4 and≈ 5 µmol/g, respectively, for
td = 300 s. The increase intd to 15 min does not significantl
change the reversible CO fraction. Similar experiments
the stabilized 2.9% Pt/Al2O3 indicated a total CO uptak
of 78 µmol/g (D = 0.54) with a reversible CO chemisor
tion of 4 µmol/g [2]. Adsorption of 1% CO/2% Ar/He
(PCO = 1 kPa) at 300 K on the pure Al2O3 support leads
to reversible CO chemisorption of≈ 3 µmol/g, indicating
a surface concentration of 0.18× 1017 CO molecules/m2,
in good agreement with that measured by Mao and Van
[13] on a comparable alumina support and for a similar
partial pressure (7.9 kPa): 0.72× 1017 CO molecules/m2.
FTIR studies[14] have evidenced a weakly adsorbed lin
CO species on Al3+ sites formed by dehydroxylation of th
Al2O3 surface at high temperatures[13,14]and we have ob
served (result not shown) the IR band of this CO specie
2202 cm−1 on 1.2% Pt/Al2O3 at 300 K for PCO > 5 kPa
.

o

(weight of the pellet= 140 mg). The impact of Pt depo
sition on the amount of CO adsorption on the support i
not known. However, it is reasonable to assume that a
tion of the reversible CO adsorption on Pt/Al2O3 is due to
the support. This means that the amount of reversible
chemisorption on the Pt particles can be roughly estim
to be in the range 1–2 µmol/g of catalyst according to th
metal loading and the reduction pretreatment of the cata
On the stabilized 2.9% Pt/Al2O3 solid it has been observe
that the heat of adsorption of the B CO species (denote
EBθB) varies linearly with its coverage (denotedθB): from
EB1 = 45 kJ/mol to EB0 = 94 kJ/mol (θB = 0.85 at 300 K
for PCO = 1 kPa). Assuming nonactivated CO chemiso
tion and solving numerically,−dθB/dt = kdθB, to determine
the theoretical evolution ofθB with the duration of the des
orption, these EB values indicate thatθB decreases to
quasi-constant value of≈ 0.25 at 300 K. Considering th
amount of reversible CO species, this indicates that the
amount of Pt sites adsorbing the B CO species on a s
lized solid is� 6 µmol/g. This shows that the number of
sites adsorbing the B CO species on a stabilized solid re
sents less than 8% of the total number of Pt sites quant
by the total CO uptake. One may believe that this propor
decreases with the increase inD. FTIR studies[6,8] and the
above calculations show that the adsorption of CO at 30
is due mainly to the L CO species on Pt particles. This
mits us to consider the ratio CO/M = 1 using the total CO
uptake (this leads to a slight overestimation ofD due to the
reversible fraction on the support) to determine the dis
sion as recently considered by Fanson et al.[15]. Moreover,
it has been shown that H2 and O2 chemisorption at 300 K
on a stabilized 2.9% Pt/Al2O3 catalyst give similarD values
[2,4]. This is also the situation for the other catalysts.
instance, for the stabilized 1.2% Pt/Al2O3, the total hydro-
gen uptake, 46 µmol H/g, is not significantly different from
the total CO uptake, 42 µmol/g. The average particle siz
according toD is obtained byd(nm) ≈ 1.1/D [16]. D is
measured after each reduction procedure using either O2 or
CO chemisorption at 300 K withthe quartz microreacto
The evolution ofD for the 2.9% Pt/Al2O3 catalyst during
the stabilization procedure has been studied in detail p
ously[17].

3.2. Impact of D on the TOF of the CO/O2 reaction

TOF has been measured on stabilized (P2 and P3
cedures) and fresh (P1) catalysts according to the fol
ing procedure: (a)D is measured using the switch He→
2% CO/2% Ar/He, (b) then three O/R cycles are p
formed to study the impact ofD on oxidation of the L
CO species by O2 [2] and the reduction of Osads species
by CO [4], and (c) after a short He purge, a 1% C/
1.75% O2/3% Ar/He mixture (excess O2) is introduced
(flow rate= 200 cm3/min, weight of catalyst≈ 0.5 g) and
the reaction temperature is increased linearly (20 K/min)
while the molar fractions of CO, O2, and CO2 (denoted
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Fig. 1. Evolution of the molar fractions of the gas and of the T
during lighting-off tests with 1% CO/1.75% O2/3% Ar/He on 1.2%
Pt/Al2O3. (A) Molar fractions on a fresh catalyst (D = 0.88). (B) TOF for
(a) D = 0.88 and (b)D = 0.59, and (c) CO conversion forD = 0.59.

XCO, XO2, XCO2) are measured at the outlet of the re
tor with the mass spectrometer.Fig. 1A gives the evolution
of the molar fractions during the experiment using fre
(D = 0.88) 1.2% Pt/Al2O3 catalyst until the total oxida
tion of CO. Similarly to previous observations[5], a strong
overshoot in CO2 production associated with strong O2 con-
sumption is detected (Fig. 1A) for CO conversions COC%>
60% (COC%= [(XCO)in − (XCO)out] × 100/(XCO)in) due
to oxidative removal of the L CO species[5]. As compared
with [5], the CO2 overshoot inFig. 1A is more discernible
due to the lower flow rate (600 cm3/min in [5]). Oxygen
and C mass balances during the lighting-off test indic
that O2 consumption before the overshoot (COC%� 60)
is due only to the CO gas oxidation (the TOF values fr
the CO and CO2 signals are equal) while during the ove
shoot it is due to (a) oxidation of COg, (b) oxidation of
the L CO species (the TOF from the CO2 signal is higher
than that from the CO signal), and (c) the formation of
Osadsspecies. This O2 adsorption leads to a change from
Pt surface covered mainly by L CO (denoted Pt–CO sur
[5]), where model M1 is operative, to a Pt surface cove
mainly by Osads (denoted Pt–O surface[5]), where model
M2 is operative. Similar experiments (not shown) have b
performed after stabilization of the catalyst to study the
pact ofD on TOF without observingsignificant qualitative
differences as compared withFig. 1A. However, the TOF
depends onD. For instance, curves a and b inFig. 1B give
the TOF as a function of the reaction temperature for
fresh (D = 0.88, P1 procedure) and stabilized (D = 0.59,
P3 procedure) 1.2% Pt/Al2O3 catalyst, respectively, for low
CO conversions (Fig. 1B, curve c, forD = 0.59). It is clear
that the TOF values are higher for the stabilized solid
agreement with the conclusions of Zafiris and Gorte[9].
Similar observations are obtained for fresh and stabili
2.9% Pt/Al2O3 solid (results not shown). The objective
the present study is to correlate the decrease in TOF with
increase inD to the modifications of the kinetic paramete
of the elementary steps involved in the two kinetic mod
M1 and M2, of the CO/O2 reaction.

3.3. Impact of D on the FTIR spectra and the heat of
adsorption of the adsorbed CO species

The impact ofD on the IR band of the L CO specie
has been described previously[10] and we summarize th
main results to facilitate the presentation. WhateverD, the
IR band of the L CO species dominates the IR spec
At 300 K, the IR band depends onD: 2073, 2066, and
2054 cm−1 for D = 0.44 (2.9% Pt/Al2O3), 0.65 (1.2%
Pt/Al2O3), and 0.75 (0.1% Pt/Al2O3), respectively[10].
These observations are similar to those of Fanson et al.[15]
on platinum-supported silica: 2058, 2065, and 2076 cm−1

for D = 0.99 (0.05% Pt/SiO2), 0.90 (0.6% Pt/SiO2), and
0.60 (3% Pt/SiO2), respectively[15]. This shift is explained
[15] considering Blyholder’s model[18] for the bonding
of CO molecules to Pt surfaces. For small platinum pa
cles (high platinum dispersion), the average number of P
bonds per Pt atom is smaller than in the larger particles (
platinum dispersion) and a higher metal electron density
available for backbonding into the 2π∗ orbital of adsorbed
CO molecules[15]. The strong IR band intensity of the
CO species as compared with those of the multibound
species indicates that the L CO species remains a cand
for the adsorbed intermediate of the CO/O2 reaction on the
three Pt catalysts. The impact ofD on the heat of adsorp
tion of the L CO species, ELθL, has been described in[10]
using an analytical procedure called adsorption equilibr
infrared spectroscopy (AEIR)[6–8]. This method consist
mainly of following the evolution of the IR band of the
CO species at a constant CO partial pressurePa with ad-
sorption temperatureTa (range, 300–713 K). This allow
us to determine the evolution of the coverage of the L
species,θL, with Ta [6–8] in isobar condition. The curv
θL = f (Ta) providesEθL considering either an adsorptio
model or the Clausius Clapeyron equation (isosteric hea
adsorption)[6–8]. WhateverD, EθL varies linearly withθL
(generalized Temkin’s adsorption model) and the values
high and low coverages are not significantly different c
sidering the experimental uncertainties: EL1 ≈ 110 kJ/mol
and EL0 ≈ 210 kJ/mol at θL = 1 and 0, respectively[10].
The AEIR procedure cannot be applied to fresh catal
(D > 0.85) because the sintering of Pt particles during
heating stage in CO/He also contributes to changes in th
band of the L CO species. The EL1 value clearly shows tha
the L CO species can desorb neither in helium nor durin
oxidation by O2 whateverD for T < 353 K.

Similarly to the L CO species, the position of the
band of the B CO species depends onD. However, it shifts
to higher wavenumbers with an increase inD: 1848 cm−1

on the fresh 1.2% Pt/Al2O3 catalyst (result not shown
1839 cm−1 after two P2 procedures (lower dispersion,
set toFig. 2), as compared with 1835 cm−1 on the stabi-
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Fig. 2. Evolution of the coverage of the adsorbed CO species at 300
1.2% Pt/Al2O3 during desorption in helium and oxidation with 2% O2/He.
(a) θB during desorption on a fresh solid (P1 procedure); (b)θB during
desorption (t � 110 s) and then oxidation on a fresh solid (P1 procedu
(c–e)θB, θ3FC, andθL , respectively, during desorption (t � 110 s) and then
oxidation on a solid with low dispersion (P1 followed by two P2 pro
dures). Inset: FTIR spectra after adsorption of 1% CO/He at 300 K on 1
Pt/Al2O3 with high dispersion.

lized 2.9% Pt/Al2O3 [8]. The evolution ofθB (θB andθ3FC
are obtained after deconvolution of the IR spectra as prev
ously described[8]) according to several experimental p
rameters reveals that EBθB decreases with a decrease inD.
Fig. 2, curve a, shows the evolution ofθB on the fresh 1.2%
Pt/Al2O3 catalyst with the duration of desorption at 300
θB decreases from 1 to≈ 0.78 after 900 s. This curve ca
be compared with the theoretical curve obtained consi
ing that (a) CO readsorption is negligible (this assump
is erroneous whenθB decreases rapidly becausePCO is not
negligible) leading to the differential expression−dθB/dt =
kdθB, and (b) the activation energy of desorption, EDθB,
increases linearly with the decrease inθB with the rate con-
stant of desorption given bykd = 1013exp(−[ED0− (ED0 −
ED1)θB]/RT ]). The theoretical curveθB = f (td) is obtained
by solving numerically the differential equation, and reas
able agreement withFig. 2, curve a is obtained for ED0 =
130 kJ/mol and ED1 = 80 kJ/mol (result not shown). Fo
nonactivated adsorption, these values (which are slightl
overestimated due to the readsorption process) corres
to those of the heats of adsorption and they show that EθB
is significantly higher on a highly dispersed Pt catalyst t
on a stabilized solid[8]. This is confirmed considering th
impact ofPCO on the intensity of the IR band of the B C
species. After adsorption equilibrium at 300 K on the fre
(P1 procedure) 1.2% Pt/Al2O3 catalyst usingPCO = 10 kPa,
it is observed that the switch 10% CO/He→ 1% CO/He
does not change the IR band intensity on the B CO spe
(the Pt0 sites adsorbing the B CO species are saturated
PCO = 1 kPa). At the opposite, on a stabilized solid (
procedure), the same modification ofPCO decreases the IR
band intensity, indicating thatθB is equal to 1 and 0.85 fo
d

Fig. 3. Determination of the heat of adsorption of the B CO species on 1
Pt/Al2O3 for different D values atPCO = 1 kPa.2 and": experimental
coverage of the B CO species for high and lowD values; (c, d) theoretica
curves obtained by using the AEIR procedure. (See text for more deta

PCO = 10 and 1 kPa, respectively[8] (see alsoFig. 3). The
AEIR method cannot be apply to measure EBθB on fresh
1.2% Pt/Al2O3 catalyst due to the change in catalyst s
face during the heating in CO. However, after a mode
decrease inD (P1 followed by two P2 procedures) the AE
procedure has been applied withPCO = 1 kPa providing
θB = f (Ta) which is compared with that obtained on the s
bilized solid (P3) (Fig. 3). The theoretical curves c and d
Fig. 3 are obtained from the generalized Temkin equa
[6–8] using EB0 = 92 kJ/mol and EB1 = 57 kJ/mol and
EB0 = 91 kJ/mol and EB1 = 46 kJ/mol (same values as o
the stabilized 2.9% Pt/Al2O3 [8]), respectively. The EB1 val-
ues confirm clearly that EBθB increases with an increase
D (roughly forD > 0.6).

3.4. Impact of D on the reduction by CO of strongly
adsorbed oxygen species

The reduction by CO of strongly adsorbed oxygen spe
(denoted by Osads) formed by the dissociative O2 adsorption
on the reduced stabilized 2.9% Pt/Al2O3 catalyst (D < 0.6)
has been studied in detail previously[4]. The heat of adsorp
tion of this oxygen species, 175 kJ/mol at θOsads ≈ 1 [2],
shows that at 300 K it is removed from the surface o
by reduction with CO[4] (no oxygen desorption). After ad
sorption of O2 on the Pt catalyst, the IR band of the L C
species, during introduction of 1% CO/He, increases s
larly to that observed on a clean Pt surface[4]. However,
it is detected at a higher position, 2084 cm−1, as compared
with that on a clean Pt surface, 2075 cm−1 [4]. This indi-
cates that adsorption of the L CO species is not affected
nificantly by the presence of Osadsspecies (no competitiv
chemisorption), in agreement with observations on sin
crystals[19,20]. The reduction of Osadsby CO atTr = 300 K
on stabilized 2.9% Pt/Al2O3 catalyst (D = 0.45) according
to the procedure He→ 1% O2/2% Ar/He (formation of the
Osads) → He→ 2% CO/4% Ar/He (tr) is characterized by
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Fig. 4. Molar fraction of the gas during reduction and oxidation at 300 K
and TPR of the adsorbed species using 1% CO/2% Ar/He and 2% O2/2%
Ar/He on a fresh 1.2% Pt/Al2O3 (D = 0.88). (A) Reduction of the Osads
species; (B) Oxidation of the adsorbed CO species; (C) TPR of the rem
ing Osadsspecies.

strong CO2 peak detected a few seconds after the switch,
fore the appearance of CO in the gas phase (see[4, Fig. 2]).
The C and O mass balances indicate that (a) the CO
sumption is due to the CO adsorption and the Osadsreduction
[4] and (b) some Osadsspecies remain on the Pt surface d
to the decrease in the rate of reduction with the decrea
oxygen coverage[4]. The sharp CO2 peak corresponds to
high rate for the reduction of Osadsby CO and mass transfe
compete with the surface reaction atTr ≈ 300 K while they
dominate the titration at higher temperatures[4]. The mea-
surement of the rate constant of oxidation atθOsads= 1 can
be performed only by decreasingTo: To = 223 K [4].

Fig. 4A shows the evolution of the molar fractions du
ing the reduction of Osads species formed on fresh 1.2
Pt/Al2O3 (D = 0.88, oxygen chemisorption) by adsorptio
of O2 (Pt–O surface). After 60 s of helium purge, the int
duction of CO (Fig. 4A) leads to a strong CO2 peak without
any O2 desorption, showing that there is no competitive
sorption between Osads and L CO species, similar to th
observations at lowerD values[4]. The delays between A
CO2, and CO signals come from the fact that CO is stron
adsorbed as a linear CO species on Pt–O before reducti
the Osadsspecies[4]. The comparison between the CO2 pro-
duction inFig. 4A for D = 0.88 and that in previous work
for 0.4 < D < 0.55 shows that Pt dispersion has no sign
icant impact on reduction of the Osadsspecies. This agree
with the fact that similar CO2 production profiles have
been observed in several studies on various platinum-
palladium-containing solids (supported catalysts and si
crystals) with different dispersions such as 0.12% Pt/S2
(D = 0.47) [21], 2% Pt/Al2O3 (D = 0.85) [22], 1% Pt/SiO2
(D = 0.22)[12], 1% Pd/SiO2 (D = 0.15)[12], Pd(110)[23],
and Pt(111)[19,20]. This leads to the conclusions that (a) t
L-H elementary step Osads+ L → CO2 (denoted S3a[5]) of
model M2 is not significantly modified by Pt dispersion, a
(b) the kinetic model M2 of the CO/O2 reaction operative a
f

high temperatures in excess O2 [5] (after the ignition proces
associated with the oxidative removal of L CO species
with Pt–CO→ Pt–O transformation) is not significantly a
fected byD (structure-insensitive reaction).

3.5. Impact of D on the oxidation by O2 of the adsorbed
CO species

After a short helium purge,Fig. 4B shows the evolution o
the molar fractions during oxidation at 300 K of the adsorb
CO species formed during the reduction stage (Fig. 4A) of
the fresh solid.Fig. 4B differs strongly from our previou
observations[2] for D < 0.5: there is very little CO2 pro-
duction forD = 0.88 without any discernible peak, whi
for lower D values (seeFigs. 3–5in [2]) a strong CO2 peak
is observed on the introduction of O2. After a He purge, the
1% CO/2% Ar/He mixture is introduced to perform a TP
(Fig. 4C) of the Osadsspecies remaining afterFig. 4A. The
reduction is revealed by the CO consumption associated
CO2 production atT < 500 K. Fig. 4C leads to the conclu
sion that some Osadsspecies remain on the Pt surface af
the isothermal reduction, as observed forD < 0.6 (see Fig. 9
in [2]). At T > 500 K, other reactions such as CO disprop
tionation and reaction with the OH groups of the support a
contribute to the CO consumption.Fig. 4B reveals that ox-
idation of the adsorbed CO species formed in the course o
the reduction stage on a highly dispersed Pt/Al2O3 catalyst
differs significantly from that on the same solid with a low
dispersion. This oxidation reaction has been studied in m
detail after adsorption of CO on reduced solids with differ
Pt dispersions.

The results and conclusions for oxidation of L CO spec
on 2.9% Pt/Al2O3 catalyst with low dispersion (D < 0.5)
[1,2] can be summarized as follows. The IR observati
during the switches 1% CO/He→ He (60s)→ x% O2/He
(durationto, x < 50) [1] show that the L CO species is o
idized atto = 0 s and that the increase inPO2 increases the
rate of oxidation. In agreement with these observations, C2
production (quartz reactor) during the I.O.COads[2] is char-
acterized by a CO2 peak atto = 0 s without any significan
CO desorption (no competitive adsorption between oxyge
and L CO species). The impact ofD on I.O.COadsmust be
studied considering that (a) whateverD the IR band of the L
CO species dominates the IR spectra (the CO2 production is
mainly linked to the oxidation of this CO species); (b)D

affects the IR band position of the L CO species[10,15]
without a significant modification of its heat of adsorpti
(L CO cannot desorb significantly atT < 353 K); and (c)D
affects the position of the IR band of the B CO species
modifies its heat of adsorption (the higherD is, the higher is
the heat of adsorption).

3.5.1. COads for D > 0.6: experiments with the mass
spectrometer as a detector

Fig. 5 compares the evolution of the CO2 and O2 mo-
lar fractions at the outlet of the quartz reactor during
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Fig. 5. Molar fractions of the gas during oxidation at 300 K using 2% O2/

2% Ar/He of the adsorbed CO species on fresh (D = 0.73) and stabilized
(D = 0.54 and 0.48) 2.9% Pt/Al2O3. ai = CO2 and bi = O2 with i = 1, 2,
3 for D = 0.73, 0.54, and 0.48, respectively.

I.O.COads at 300 K on 2.9% Pt/Al2O3 for three dispersion
values,D = 0.73, 0.54, and 0.48 (experiments perform
with the same sample of catalyst: weight 0.5 g), accord
to the switches He→ 1% CO/2% Ar/He (not shown)→ He
(80 s)→ 2% O2/2% Ar/He (to). For D = 0.73, the rate
of CO2 production, RCO2 (curve a1), is characterized b
a progressive increase forto � 30 s followed by a pseudo
stationary value for≈ 30 s< to � 150 s, and then RCO2
increases for≈ 150 s< to � 205 s before a progressiv
decrease. This leads to a discernible CO2 peak with a max-
imum at tmo = 205 s. Curve b1 shows that this peak is a
sociated with O2 consumption: this eliminated the idea th
the CO2 peak is due to the desorption of adsorbed spe
(i.e., carbonate species on the Al2O3 support). Curves a2
and a3 (identical to those observed in[2]) give the evolu-
tion of RCO2 for two lower dispersions:D = 0.54 and 0.48
respectively. It can be observed that RCO2 is detected a few
seconds after introduction of O2 and increases sharply, lea
ing to a CO2 peak attmo = 20 s. Curve b3 in Fig. 5 shows
that CO2 production is associated with O2 consumption
leading to a small negative peak (a smaller amount of
alyst or a lower Pt dispersion[2] suppresses the detection
this negative O2 peak and the oxygen signal increases p
gressively).Fig. 5 demonstrates clearly thatD significantly
affects the rate of CO2 production from the adsorbed C
species. Several authors[19,24–26]have observed a RCO2
profile similar to curve a1 inFig. 5 during I.O.COads on
metal-supported catalysts. The duration of oxidation be
the CO2 peak is called theinduction period and its duration
(the induction time) is denoted bytm [26]. For D = 0.73
and 0.48, the amounts of CO2 produced inFig. 5 are≈ 20
and≈ 38 µmol/g, respectively, as compared with the to
amounts of adsorbed CO, 107 and 71 µmol/g, respectively
this confirms clearly that the higherD is, the lower is the
reactivity of the surface for I.O.COads (mainly the L CO
Fig. 6. CO2 production of the gas during oxidation at 323 K using 2% O2/

2% Ar/He of the adsorbed CO species on 1.2% Pt/Al2O3 catalyst with dif-
ferent Pt dispersions: (a)D = 0.88, (b)D = 0.58, (c)D = 0.52. Curve d:
Ar.

species). The amount of CO2 produced during the inductio
period of curve a1 is 4 µmol/g, corresponding to a sma
fraction (≈ 4%) of the total CO uptake.

The I.O.COads performed with the 1.2% Pt/Al2O3 cat-
alyst leads to the same qualitative observations. Howe
for D = 0.88, the CO2 peak at 300 K is very small (i.e
Fig. 4B) andTo has been increased to 323 K to reveal
impact of D on I.O.COads. Fig. 6 illustrates CO2 produc-
tion for threeD values (0.88, 0.58, and 0.52 for curves a
and c, respectively) using a 2% O2/2% Ar/He mixture after
two previous O/R cycles. It can be observed that the hig
D is, the longer is the induction period, confirming that
increase inD significantly decreases the rate of I.O.COads, in
particular the L CO species. This is in line with (a) the low
TOF values for the higher dispersion (Fig. 1) and (b) the in-
terpretation of the TOF at low reaction temperatures[3,5]
considering the kinetic model M1 which involves oxidati
of L CO species according to the elementary L-H step
[1,2,5]: L CO + Owads→ CO2. FTIR observations lead t
more insight into the modifications of the kinetic parame
of step S3.

3.5.2. I.O.COads for D > 0.6: experiments with the FTIR
spectrometer as a detector

Fig. 7A gives the FTIR spectra observed at 300 K
1.2% Pt/Al2O3 (P1 followed by two P2 procedures) durin
CO (a) adsorption, (b) desorption, and (c) oxidation acc
ing to the switches 1% CO/He→ He→ 2% O2/He. Curves
c, d, and e inFig. 2give the evolution ofθB, θ3FC, andθL dur-
ing the experiments inFig. 7. After adsorption of CO the IR
band of the L CO species (Fig. 7A, spectrum a) is observe
at 2062 cm−1 (as compared with 2066 cm−1 on the stabi-
lized solid[10]), associated with the IR band of the mul
bound CO species below 1900 cm−1: i.e., a B CO species a
1839 cm−1 and a 3FC CO species at 1800 cm−1 [8, and ref-
erences therein]. The desorption in helium does not mod
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Fig. 7. FTIR spectra of adsorbed CO species at 300 K on 1.2% Pt/A2O3
(pretreated according to P1 followed by two P2 procedures). Part A: (a
CO/He; (b) after 110 s in helium; (c–f): after 30, 70, 220, and 600 s in
O2/He, respectively. Part B: (a) in He before adsorption, (b) in 1% CO/He
(c, d) after 40 and 600 s in O2, respectively.

the IR band of the L CO species (spectra a and b), whe
the IR band of the B CO species decreases progressive
shown inFig. 2, curve c, fort � 110 s. Introduction of O2
does not significantly change the intensity and position
the IR band of the L CO (spectrum c,Fig. 7), whereas those
of the B and 3FC species decrease more rapidly than during
desorption (curves c and d,Fig. 2, for t � 110 s), associate
with a shift to higher wavenumbers for the B CO spec
(from 1839 to 1850 cm−1) (Fig. 7A). A progressive decreas
in the IR band of L CO in the presence of O2 (Fig. 7A, spec-
tra d–f) is observed after a delay of≈ 40 s (curve e,Fig. 2)
from introduction of O2. This shows that similar to the ob
servations forD � 0.6 [1,2], the L CO species is oxidize
on a highly dispersed Pt catalyst and it is the kinetic pa
meters of the L-H elementary steps that are modified.
decrease in the IR band at 2062 cm−1 leads to better detec
tion of a shoulder at 2080 cm−1 (Fig. 7) also observed on th
2.9% Pt/Al2O3 catalyst withD < 0.5 (see[1, Figs. 1–3]).
Similarly to a stabilized 2.9% Pt/Al2O3 catalyst, a shoulde
develops at≈ 2110–2120 cm−1 during I.O.COads (Fig. 7,
spectra d–f). It is due to a linear CO species adsorbe
Pt2+ sites (IR band at 2120 cm−1 [1]). This indicates tha
a small fraction of the Pt0 sites are oxidized into Pt2+ dur-
ing I.O.COads. However, this adsorbed CO species does
contribute to CO2 formation during O2 titration [1]. The de-
crease inθL during the oxidation process (Fig. 2, curve e)
is delayed from those ofθB andθ3FC. This shows that CO2
production during the induction period inFigs. 5 and 6is
due initially to oxidation of the B and 3FC CO specie
while oxidation of the L CO species contributes to the
nal part of the induction and to the CO2 peak (Figs. 5 and 6).
Curve b inFig. 2shows the evolution ofθB according to 1%
CO/He→ He (110 s)→ 2% O2/He on the 1.2% Pt/Al2O3
catalyst with the highest dispersion (P1 procedure). C
s

parison of curves b and c inFig. 2 clearly reveals that th
higherD is, the lower is the rate of oxidation of the B C
species, whereas comparison of curves a (desorption in
lium) and b indicates that the rate of disappearance of th
B CO species increases in the presence of O2 due to oxi-
dation of the B CO species. Three IR bands at 1649, 1
and 1229 cm−1 (Fig. 7B) increase with the duration of ox
dation. They indicate the adsorption of a fraction of the C2
formed by I.O.COadsas carbonate species on the Al2O3 sup-
port. This shows that it is difficult to perform accurate C a
O mass balances during the first O/R cycle with the qu
reactor.

The results inFigs. 4–7lead to the conclusion that th
higherD is, the lower are the rates of oxidation of the
and B CO species. We have shown that whatever the CO/O2
ratio, the kinetic model M1, involving oxidation of L CO
species, fixes the TOF of the catalytic reaction at low te
peratures for stabilized solids (D < 0.55). It is reasonable to
assume that the lower the rate of oxidation of the adso
CO intermediate, the lower the TOF. This is the qualitat
explanation of the impact ofD on TOF (Fig. 1). In turn, the
interpretation of the presence or the absence of an in
tion period during I.O.COadson highly (D � 0.6) and lowly
(D � 0.6) dispersed solids, respectively, may allow expla
tion of howD modifies the TOF. A qualitative explanatio
of the induction period can be provided by considering lit-
erature data[21–28]. However, it must be noted that th
first conclusion of the present study is that there exis
clear relationship between the value ofD and the absenc
or presence of an induction period in CO2 production dur-
ing I.O.COads. Other experimental parameters, such asTo,
determine the duration of the induction period[24–26], and
they are studied in more detail in a separate article. To
knowledge this impact ofD on the induction period has no
been considered previously.

3.6. Interpretation of the induction period according to
literature data

The presence of an induction period during I.O.COadshas
been observed on Pt- as well as on Pd-supported cata
[21–28]. On reduced 1% Pt/SiO2 catalyst, Li et al.[12] ob-
serve an induction period oftm = 109 s atTo = 353 K that
decreased with an increase inTo (tm = 4 s atTo = 468 K).
They suggest that the dissociative adsorption of O2 required
to initiate the reaction is strongly inhibited at low tem
peratures by the adsorbed CO species. On 8% Pd/A2O3
catalyst, Zhou and Gulari[26] observed that the duratio
of the induction period is an exponential function ofTo:
ln(tm) = f (1/To) is a straight line with a positive slope. Th
authors[26] used the slope to determine an activation ene
of 90 kJ/mol for the process involved in the induction. Th
consider that this value eliminates the involvement of m
transfers in the induction process[26]. On 9.1% Pt/Al2O3
catalyst, Dwyer and Bennett[24] observed that the induc
tion period at 393 K decreases from 35 to 5 s with an
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crease in the flow rate of a 2% O2/Ar mixture from 9.5 to
114 cm3/min, respectively. This is interpreted[24] as the de-
pendence of the net desorption rate of adsorbed CO sp
on the residual CO partial pressure in the IR cell reactor
fluence of the design of the IR cell). This means that
desorption of CO species allowing the adsorption of O2 is
considered to be in a pseudo-adsorption equilibrium during
the induction period. The above interpretations of the ind
tion period point out the role of desorption of an adsor
COads species in the induction period. On Pd/Al2O3, Zhou
and Gulari[26] provided another interpretation consideri
the impact of an argon purge before oxidation on thetm
value. They observed thattm strongly decreased from 11
to 25 s for 0 and 15 min of desorption in argon, respectiv
without a significant impact on the amount of CO2 formed
during the oxidation. The authors suggest[26] that the Ar
purge is associated with a restructuring of the adsorbed
species in a more compact and energetically favorable
and/or a reconstruction of the catalyst surface. However
other interpretation could be that the argon purge allows
desorption of an adsorbed CO species present in a very
amount on the metal surface and different from the one
dominates CO2 production. The removal of this adsorb
CO species creates the sites that activate O2 (i.e., Owads
species in our interpretation[1,2]) for oxidation of the main
adsorbed CO species.

3.7. Qualitative interpretation of the impact of D on
oxidation of the L CO species

WhateverD, CO2 production due to I.O.COads is asso-
ciated mainly with oxidation of the L CO species, which
the most important adsorbed CO species (B and 3FC
species contribute to less than 8% of the total CO upta
For the stabilized 2.9% Pt/Al2O3 catalyst (D < 0.5), we
have shown[1,2] that in the presence of O2, the rate of dis-
appearance of the L CO species is due only to its oxida
The ELθL value at high coverage indicates that there is
desorption while there is no competitive adsorption with2.
The oxidation rate of the L CO species depends on O2 par-
tial pressure[1,2], indicating that the oxygen intermedia
is weakly adsorbed on some free Pt sites of the surfac
has been suggested[1,2] that these sites are those libera
by the desorption of B CO species. This species, which
a low heat of adsorption at high coverages forD < 0.5 [8],
desorbs during the helium purge before the isothermal
dation. According to these views, the rate of disappearan
of the L CO species (controlled by the elementary L-H s
(S3), L CO+ Owads→ CO2ads) is given by[1,2,5]

(1)−dθL

dt
= k3θLθOwads,

whereθOwads is the coverage of the Owads species andk3 is
the rate constant of step S3. FTIR results have shown[10]
that (a) ELθL is not modified byD, and (b) the EL1 indicates
that the L CO species cannot desorb atT < 353 K. This
s

ll

leads to the conclusion that it is not a modification ofθL
by the increase inD that explains the induction period. Th
impact ofD on the rate of oxidation must concernk3 or/and
θOwads.

Data in the literature strongly support the view that the
duction is linked to the desorption of an adsorbed CO spe
[23,24], in particular considering the interpretation of t
impact of the gas flow rate[24]: effect on the net desorp
tion rate. This is valid only if it is assumed that the hea
adsorption of the desorbing CO species is (a) not very
(i.e.,> 70 kJ/mol; otherwise it must desorb in a few secon
at 300 K) and (b) not very high (i.e.,< 110 kJ/mol; oth-
erwise the species does not desorb at 300 K). For insta
considering a rate of desorption ofkd = 1013exp(−Ed/RT ),
simple calculations show that at 300 K the coverageθ is 0
after a desorption duration< 1 s forEd = 70 kJ/mol (θ = 0
after 40 s of desorption for 80 kJ/mol), whereasθ = 1 af-
ter 10 min forEd = 110 kJ/mol (θ = 0.97 after 10 min
for Ed = 100 kJ/mol). The above range ofEd values (70–
90 kJ/mol) (a) does not correspond to that of the L C
species (> 110 kJ/mol) and (b) agrees with that of the
CO species (< 90 kJ/mol [8] and� 130 kJ/mol according
to the coverage forD < 0.6 andD ≈ 0.88, respectively)
Finally, the view that the induction period comes from
desorption of the B CO speciesis in agreement with (a) th
literature data (in previous studies[23,24]on Pt-containing
solids, the nature of the adsorbed CO species was not
sidered) and (b) our first suggestion[1,2] that it is the sites
liberated by the removal of the B CO species that activa
the Owadsspecies.

This interpretation suggests that the longer induction
riod on highly dispersed Pt particles is due to the fact
EBθB at high coverages increases withD and that for a given
duration of helium purge there are more free sites at low
persion than at high dispersion. This leads to a larger am
of Owadsspecies at the beginning of the oxidation for low
D values. However,Fig. 2 (curves c and d) shows that th
introduction of O2 increases the rate of disappearance of th
B and 3FC CO before the decrease inθL (curve e). Zhou
and Gulari have observed a similar situation for I.O.COads
on Pd/Al2O3 [26]. However, it is the L CO species th
decreases faster than the B CO species on Pd[26]. This sup-
ports the view that CO2 production during the initial stag
of the induction period is due to oxidation of the B and 3
CO species (progressive decrease in their coverages),
oxidation of the L CO species contributes to the final p
of the induction and to the CO2 peak. This indicates that th
oxidation of the B and possibly of the 3FC CO species c
tributes to the formation of Pt sites that activate O2 as the
Owads species involved in step S3. In summary, it must
considered that the impact ofD on the duration of the in
duction period is linked mainly to the rate of formation
the specific Pt sites activating Owads. This rate depends o
two reactions: the desorption and the oxidation of the B (
possibly of the 3FC species). The point of interest is
the removal of B and 3FC species (by desorption and
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dation) creates these specific Pt0 sites, while the removal o
L CO species (by oxidation, step S3) allows the adsorp
of strongly adsorbed oxygen species Osadsthat are not reac
tive (see[1, Fig. 7]) at low coverages with the remaining
CO species. In a separate article, a kinetic model is de
oped to interpret quantitatively the duration of the induct
period in line with a previous work on the hydrogenation
adsorbed carbonaceous species on Fe/Al2O3 catalyst[29].

4. Conclusion

Transient experiments employing mass and FTIR sp
trometers as detectors have been used to study the im
of the Pt dispersion of Pt/Al2O3 catalysts on the elementa
steps involved in the CO/O2 reaction. It has been shown th
D values in the range 0.4–0.88 have no impact (a) on the
of adsorption of the L CO species and (b) on the mechan
and kinetic parameters of the reduction by CO of stron
adsorbed oxygen species. This leads to the conclusion
kinetic model M2[5] controlling the CO/O2 reaction on a P
surface covered by oxygen (Pt–O surface) does not de
on dispersion.

On the other hand, the oxidation of L CO species by2
depends onD, for D � 0.6, an induction period is observe
(not detected forD � 0.6). This induction period has bee
qualitatively interpreted by a lower rate of formation (by d
sorption and oxidation of the B/3FC CO species) of spec
Pt0 sites (in small number on the Pt surface) adsorbing
Owads species. The impact ofD on the elementary step S
of kinetic model M1[3,5] for the CO/O2 reaction on a P
surface covered by CO (Pt–CO surface) is correlated to
decrease in TOF with increase in dispersion[9].

The present study on the impact of Pt dispersion on
elementary steps of model M1 (which controls TOF at l
temperatures) focuses on the importance of a small num
of specific Pt sites (linked to the B CO species) on the
of the L-H elementary stepimplicated in the CO/O2 reac-
tion at low temperature. This reveals one of the difficulties
the microkinetic approach of a catalytic reaction. We hav
characterize the impact of a small fraction (� 8%) of the Pt
sites on the CO/O2 reaction. This requires us to find adapt
analytical procedures to discern those sites from the oth
sites. In this line, the correlation established in the pre
study between the formation of those sites and the induc
period shows that the study of the parameters influen
t

t

t

r

t

this induction period (in addition to the Pt dispersion) off
a way of characterization. This is described in a separat
ticle.
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