
t

eric
y
verage
d by mass

ts
by Pt is
mposition)
d (LH)
g transient

orbed CO
Journal of Catalysis 226 (2004) 422–434
www.elsevier.com/locate/jca

A transient in situ FTIR and XANES study of CO oxidation over
Pt/Al2O3 catalysts

Per-Anders Carlssona,b,c,∗, Lars Österlunda,c,e, Peter Thormählena,c, Anders Palmqvista,d,
Erik Fridell a,c, Jonas Janssona,b,1, Magnus Skoglundha,d

a Competence Centre for Catalysis, Chalmers University of Technology, SE-412 96 Göteborg, Sweden
b Department of Chemical Engineering and Environmental Sciences, Chalmers University of Technology, SE-412 96 Göteborg, Sweden

c Department of Applied Physics, Chalmers University of Technology, SE-412 96 Göteborg, Sweden
d Department of Materials and Surface Chemistry, Chalmers University of Technology, SE-412 96 Göteborg, Sweden

e Department of Environment and Protection, FOI NBC Defense, SE-901 82 Umeå, Sweden

Received 4 March 2004; revised 4 June 2004; accepted 7 June 2004

Available online 20 July 2004

Abstract

We report experimental results for the oxidation of CO over supported Pt/Al2O3 catalysts operating in oxygen excess at atmosph
pressure. To study the reaction kinetics under transient conditions we have employed step changes of the O2 concentration by intermittentl
switching off the O2 supply at various temperatures ranging from 523 to 623 K. Detailed in situ FTIR and XANES data for CO co
and the chemical state of Pt, respectively, are presented together with the CO conversion, which in both cases was monitore
spectrometry. A red-shift of the vibrational frequency of linearly bonded CO which correlates with a blue-shift of the Pt LIII binding energy
indicates that the Pt catalyst initially is partially oxidised and gradually reduced when the O2 supply is switched off. Control experimen
with a NO2 oxidised Pt/Al2O3 catalyst support these findings. A hysteresis in the catalytic activity due to the different rates where
oxidised and reduced as a function of gas-phase composition is observed. The activation energy for the Pt oxide reduction (deco
process is estimated to be about 50 kJ/mol. The results further emphasise that the conventional three-step Langmuir–Hinshelwoo
scheme used to interpret CO oxidation on Pt surfaces must be complemented by a Pt oxidation and reduction mechanism durin
conditions. Moreover, FTIR data suggest that during the extinction, the partially oxidised platinum surface is reduced by chemis
which should be explicitly accounted for in the modeling of the reaction mechanism.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The oxidation of carbon monoxide over precious met
e.g., platinum, is probably one of the most studied cata
reactions, beginning already with the pioneering work
Langmuir in 1922[1]. The role as a key step in many i
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dustrial processes and the importance in pollution con
for stationary and mobile applications[2] motivates further
studies of this reaction. Even though the literature on
subject is extensive, there is still a need to further clarify
reaction mechanism, particularly under transient conditi
e.g., ignition and extinction.

It is well documented that under UHV conditions, t
CO oxidation on Pt proceeds via the conventional three-
Langmuir–Hinshelwood (LH) reaction scheme[3,4],

COgas� COads, (1)

http://www.elsevier.com/locate/jcat
mailto:perc@chemeng.chalmers.se
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(O2)gas→ 2Oads, (2)

COads+ Oads→ (CO2)gas, (3)

where the indices “gas” and “ads” refer to gas phase and
sorbed species, respectively. Here CO adsorbs associa
and starts to desorb rapidly above about 350 K, while2
adsorbs dissociatively above about 100 K[5] and desorbs
associatively above 720 K[6]. CO diffuses rapidly over the
surface and reacts with O to yield CO2, which immediately
desorbs into the gas phase (CO2 desorbs at 95 K[7]).

Based on the reaction scheme(1)–(3)one can predict, in
agreement with experiments, two stable states for CO
dation [4,8,9]. One state (branch) with a low reaction ra
and one with high reaction rate. Physically this can be tra
to the different adsorption kinetics of CO and O2; CO and
O2 adsorb competitively, where CO adsorption is favo
at low temperatures. This together with the ability for C
molecules to form rather denseadsorption layers, blockin
O2 adsorption, leads to low reaction rates when the CO/O2
ratio is too high.

In the state with a low reaction rate, the Pt surface is p
dominantly CO covered (the reaction is CO self-poison
while in the state with a high reaction rate, it is almo
exclusively covered with O species. The two reaction-r
branches overlap giving rise to a bistable regime for wh
the actual reaction rate (high or low) depends not only
the reaction conditions but also on the preceding histor
the system[4,8,9]. Moreover, the exact location and for
of the bistable regime are a function of reaction conditio
For example, with increasing temperature and/or decreasin
CO/O2 ratio, the tendency for CO self-poisoning relents a
shrinks the bistable regime. A temperature increase shift
CO adsorption–desorption equilibrium towards desorption
leaving a larger part of the active surface available for2
adsorption.

Often the transitions between the two (high and low) re
tion rate branches are referred to as ignition and extinct
respectively. Strictly speaking this is only the case when th
so-called Frank–Kamenetskii condition is not fulfilled[11],
i.e., when the ability of the Pt catalyst to dissipate heat is
sufficient to avoid a reaction-induced heating (temperatu
rise). These are thus not solely kinetic effects. In those c
when one can expect that the kinetics alone governs the tran
sitions, e.g., where full conversion is not realised or un
low partial pressures of reactants, or when the heat diss
tion is effective, the “ignition” and “extinction” processe
should more correctly be referred to as kinetic phase tra
tions, with bifurcations connecting the two stable reacti
rate branches[8]. In this study we have not determined t
conditions of the transitions in detail, since this is not i
portant for a qualitative interpretation of the data, and we
not distinguish between a kinetic-phase transition and ign
tion/extinction, respectively.

A special feature of the CO oxidation over Pt is the occ
rence of intrinsic kinetic rateoscillations, under otherwis
constant reaction conditions, leading to an oscillating C2
y

-

production rate. The first observation of such oscillatio
was reported by Hugo in 1970[12]. The nature of these os
cillations is not yet fully understood. It is, however, clear th
some slow process, i.e., slow in comparison with react
(1)–(3), must accompany the LH reaction scheme abov
order to periodically move the system between the two re
tion rate branches. On Pt(110) and Pt(100) the oscillat
apparent under vacuum conditions can be traced to a
versible surface reconstruction, which exposes surfaces
very different O2 sticking probabilities while on Pt(111), for
which no surface reconstruction exists, no oscillations
observed[4]. However, under atmospheric conditions, o
cillations may occur irrespective of exposed platinum face
The incorporation of a Pt oxidation and reduction cycle
suggested by Sales et al.[13] is generally considered as th
most likely mechanism to explain such oscillations[14]. In
this model a less active (or non-active) surface oxide is
posed to form under oxygen-rich conditions, which even
ally brings the system from the high to the low reaction-r
branch. The catalytic activityis restored when CO reac
with oxidic oxygen and reducesPt back to its metallic state
which thus completes the cycle. There are a number of s
ies which support this model and the existence of an o
phase[15,16]. Usually, the oxide model incorporates the f
lowing processes,

Oads� Oox, (4)

COads+ Oox → (CO2)gas, (5)

where the index “ox” refers to an oxidised Pt site. It is, ho
ever, not clear if the formation of Oox is governed solely by
Eq. (4) or whether O2 dissociation on the oxide phase (e.
at vacancies) also occurs, viz.

(O2)gas→ 2Oox. (6)

Previous studies of CO oxidation over supported p
inum catalysts at atmospheric pressures reported by
group [10,17] have shown that the conventional LH rea
tion scheme can be used to successfully model the ign
process, i.e., the transition from the low to the high re
tion rate branch as the CO/O2 ratio is decreased. Based o
mean-field kinetic equationscombined with suitable reacto
equations, the gas-phase concentrations, gas-phase an
alyst temperatures, and surface coverages were possib
predict with simulations for both Pt/Al2O3 monolith samples
[17] and planar electron-beam lithography (EBL) fabrica
Pt/SiO2 model catalysts[10]. However, using the same equ
tions to simulate the extinction process, that is the reve
transition from the high to the low reaction-rate branch as
CO/O2 ratio is increased, was not possible without cha
ing the model parameters, e.g., the sticking probability
O2 or introducing a significantly lower CO+ O reaction
rate [10,17]. Interpreting these findings, one should ke
in mind the so-called material and structure gaps betw
single crystals under UHV conditions and supported cat
lysts at atmospheric pressure. Although the (111) and (1
facets are the dominating surfaces for supported plati
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particles under “working conditions”[18], there is still a
boundary between the Pt particle and the support, cha
teristic for such catalysts. High pressures give effects
high surface coverages which in turn may lead to sign
cant adsorbate-adsorbate[19] or adsorbate-surface intera
tions. Nevertheless, it is natural to complement these stu
and incorporate platinum oxidation and reduction explic
i.e., reactions(4) and(5). Specifically, our aim in this pape
is to provide experimental support and mechanistic un
standing of the oxide reduction during the extinction proc
described above. To this end we employ different in
techniques, i.e., FTIR and XANES both in combination w
on-line mass spectrometry, to monitor the surface cover
chemical state and CO conversion of a Pt/Al2O3 catalyst dur-
ing CO oxidation.

2. Experimental

2.1. Catalyst preparation

The catalyst support material,γ -Al2O3, was prepared b
calcining boehmite (Disperal, Sasol) in air at 873 K for 8
The formed alumina phase was sieved and the 125 to
µm fraction was used for furtherpreparation. This fraction
was dispersed in distilled water and the pH was adju
to 10.5 by ammonia addition (NH4OH solution, Riedel–de
Haën). An aqueous platinum hydroxide solution (tetraa
mineplatinum(II)hydroxide, Johnson Matthey) was add
dropwise to the alumina slurry under continuous stirring
yield a platinum loading of 2.0 wt%. The slurry was th
kept under continuous stirring for 1 h, frozen with liqu
nitrogen, freeze-dried, and finally calcined in air at 873
for 1.5 h. The chemisorbed amount of CO (Micrometr
ASAP2010C) at 300 K was 16.0 µmol/g sample which cor
responds to a platinum dispersion of 22%, assuming 0.7
molecules chemisorbed per surface platinum atom[20]. The
BET surface area was measured to be 157 m2/g.

2.2. In situ FTIR spectroscopy

The time resolved in situ FTIR spectroscopy experime
were performed in diffuse reflectance mode with a B
Rad FTS6000 spectrometer equipped with a Harrick Pra
Mantis DRIFT reaction cell. Gases were introduced w
individual mass-flow controllers into two different strea
which were connected to a four-port switching valve
sitioned close to the reactor chamber in the DRIFT c
This configuration facilitates fast switching between the
gas streams, allowing one stream to enter the reactor w
the other is ventilated or vice versa. In all experime
high-purity gases were used (H2O < 3, O2 < 2, CH< 0.5,
CO< 0.5, and H2 < 0.1 mol ppm). The reactor was load
with 57 mg of a powder mixture containing 50 wt% ca
lyst diluted in KBr. The sample was initially dried in si
in a 150 ml(NTP)/min Ar flow at 400 K for 12 h before
-

,

Table 1
Summary of experimental conditions for the IR (IR1-3) and XANES (X1
measurements

Experiment Gas composition Duration Process

IR1 1.0 vol% CO/5.0 vol% O2/Ar 20 min Pre-treatment
1.0 vol% CO/5.0 vol% O2/Ar 60 s
1.0 vol% CO/Ar 300 s Reduction phas
1.0 vol% CO/5.0 vol% O2/Ar 240 s Oxidation phase

IR2 1000 ppm CO/5.0 vol% O2/Ar 20 min Pre-treatment
1000 ppm CO/5.0 vol% O2/Ar 60 s
1000 ppm CO/Ar 300 s Reduction pha
1000 ppm CO/5.0 vol% O2/Ar 240 s Oxidation phase

IR3 1.0 vol% CO/1.0 vol% O2/Ar 20 min Pre-treatment
1.0 vol% CO/1.0 vol% O2/Ar 60 s
1.0 vol% CO/Ar 300 s Reduction phas
1.0 vol% CO/1.0 vol% O2/Ar 240 s Oxidation phase

X1 1.0 vol% CO/5.0 vol% O2/He 10 min Pre-treatment
1.0 vol% CO/5.0 vol% O2/He 120 s
1.0 vol% CO/He 280 s Reduction pha
1.0 vol% CO/5.0 vol% O2/He 370 s Oxidation phas

X2 1.0 vol% CO/5.0 vol% O2/He 10 min Pre-treatment
1.0 vol% CO/5.0 vol% O2/He 60 s
1.0 vol% CO/He 180 s Reduction pha
1.0 vol% CO/5.0 vol% O2/He 170 s Oxidation phas

The IR1-3 experiments were repeated for 523, 548, 573, 598 and 6
while the X1 and X2 experiments correspond to 523 and 623 K, res
tively.

being exposed to different reactant gas compositions.
lection of five IR spectra per second keeping a wavenum
resolution of 1.2 cm−1 was possible using a liquid nitro
gen cooled MCT detector. The product stream was cont
ously analysed, following the CO (m/e 28), O2 (m/e 32), Ar
(m/e 40), and CO2 (m/e 44) signals, with a Balzers Qua
star 422 mass spectrometer. Before each measuremen
sample was pre-treated with a net-oxidising CO/O2/Ar mix-
ture for 20 min at the actual temperature to be studied (cfTa-
ble 1) and a reference spectrum was collected. By using thi
routine, the appearance of IR bands from alumina-rel
carbonates, probably acting as spectators (i.e., species n
volved in the catalytic cycle), in the spectra was minimise
thus simplifying the result analysis. Moreover, the refere
spectrum will contain no IR bands for CO bonded to
since the CO coverage is low due to the CO+ O reaction
(net-oxidising mixture). Threedifferent measurement seri
of the reduction-oxidation processes of the Pt/Al2O3 sample
due to step changes of the CO/O2 ratio in the range of 523
623 K were performed (cf.Table 1). In the first series (IR1)
a 1.0 vol% CO/5.0 vol% O2/Ar (from here vol% is denote
with %) mixture was exposed for 60 s, followed by a swi
to a 1.0% CO/Ar flow for 300 s (reduction phase) and th
switching back to 1.0% CO/5.0% O2/Ar for another 240 s
(oxidation phase). In the second (IR2) and third (IR3) exp
imental series, 1000 vol ppm (from here denoted with pp
CO and 1.0% O2, respectively, were used under otherw
the same conditions. A total gas flow of 150 ml(NTP)/min
corresponding to a space velocity of 100,000 h−1 was used
in all experiments. The pre-treatments and the subseq
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reduction-oxidation experiments were performed in the
der of decreasing temperature attempting to minimise
effects of nonstable carbonates in the IR analysis.

In addition to the CO oxidation experiments (IR1-3) d
scribed above, CO adsorption (1% CO/Ar) control meas
ments were also performed on a reduced sample (tre
with 4.0% H2 at 723 K for 10 min, 150 ml(NTP)/min) at 523
and 623 K. Similarly, CO adsorption on a strongly oxidis
sample (treated with 250 ppm NO2 at 723 K for 10 min,
150 ml(NTP)/min [21]) at 523 and 573 K was also pe
formed.

2.3. In situ XANES

Dispersive Pt LIII -edge XANES measurements were p
formed in transmission mode at beamline ID24 at ESR
in Grenoble, France, on pressed pellets of 100 mg of
Pt/Al2O3 sample and 50 mg BN. The Pt LIII edge energy wa
defined as the position of the inflection point of the wh
line step and is given in absolute binding energy. The pe
were mounted in an in situ temperature controlled flow
actor cell, to which a reactant gas mixture, obtained via s
arate mass-flow controllers, was introduced. The total fl
was 100 ml(NTP)/min corresponding to a space veloc
of about 70,000 h−1. The product stream was continuous
analysed with a Balzers Prisma mass spectrometer fol
ing them/e 28, 32, 40 and 44 signals. The beamline use
Si [111] polychromator crystal, operating in Bragg mo
for selection of the desired range of X-ray waveleng
and a 1152× 1242 pixel CCD solid-state detector for spe
tral analysis. Harmonic rejection was achieved through
use of two additional mirrors in the beamline, and the e
mated energy resolution was�E/E ≈ 1.2–1.5× 10−4. The
data analysis was performed using the program Delia in
XAID toolbox of the XOP 2.0 software package[22].

The energy scale of the CCD detector was calibrated
fore and after each measurement series using a Pt meta
(Puratronics, 99.99% purity) and fitting the measured d
points to those of a Pt foil spectrum taken from the da
base DABAX in the XOP 2.0 package. The average ene
and current in the storage ring during the entire serie
measurements were 6 GeV and 180 mA, respectively.
XANES spectra were recorded in situ during CO oxidat
in 1.0% CO/5.0% O2/He at 523 and 623 K, analogous to t
FTIR experiments (cf.Table 1).

3. Results

3.1. In situ FTIR spectroscopy

The results from the first series of IR experiments (IR
with 1.0% CO and 5.0% O2 are presented inFig. 1. The
figure shows the three-dimensional representations of
evolution of the IR bands in the interval 1750–2250 cm−1
l

Fig. 1. Evolution of different IR bands in the interval 1750–2250 cm−1 for
a 2.0% Pt/Al2O3 catalyst exposed to 1.0 vol% CO in Ar while switchin
the O2 concentration from 5.0 to 0.0 vol% att = 60 s (reduction phase) an
then back to 5.0 vol% att = 360 s (oxidation phase) at (a) 523, (b) 573, a
(c) 623 K.

(the CO vibrational stretching region) at 523, 573 and 62
during step changes of the O2 concentration (cf.Table 1).

The reduction phase is initiated by turning off the2
supply att = 60 s. During this phase three main IR ban
evolve. The strong band around 2050 cm−1 and the weak
band around 1825 cm−1 correspond to linear bonded C
(ν̃CO) and bridge-bonded CO (ν̃CO) on platinum, respec
lin br
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Table 2
Summary of theν̃CO

lin band shifts, obtained during the reduction of a 2

Pt/Al2O3 catalyst, and fitted positions for thẽνCO
lin (Ptδ+) band at 523–

623 K

Temperature (K) ν̃CO
lin (cm−1) ν̃CO

lin (Ptδ+) (cm−1)

523 2067→ 2052 2066
548 2066→ 2050 2063
573 2062→ 2048 2063
598 2062→ 2046 2061
623 2058→ 2044 2054

tively [23–28]. The double band centered around 2144 cm−1

corresponds to gaseous CO (ν̃CO
gas) [29]. Into each experimen

the ν̃CO
lin band appears with an initial time lag, relative t

gas switch, which will be discussed in detail below. D
ing the reduction phase, a shift of about 15 cm−1 toward
lower wavenumbers (i.e., red-shift) can be observed for
ν̃CO

lin band at all temperatures, see alsoTable 2. Moreover,
the ν̃CO

lin band shifts to lower wavenumbers as the temp
ture is increased. In contrast to the red-shift ofν̃CO

lin occur-
ring during the reduction phase at constant temperature
simply reflects the effect of decreased repulsive CO–CO
sorbate interactions with decreasing CO coverage (the
saturation coverage is lower at higher temperatures)[26,30].
During the same period, a continuous increase of theν̃CO

br
and ν̃CO

gas band intensities towards stationary levels occ

No wavenumber shifts for thẽνCO
br can be observed. The fa

that theν̃CO
gas band appears simply tells us that the rela

gas-phase concentration of CO increases, since the reacti
rate, i.e., step(3), diminishes and the consumption of C
ceases.

In order to compare the results obtained in the IR1
periments with comparable experiments for substantially
duced and oxidised catalysts, CO adsorption (1% CO
was performed on H2 and NO2 pretreated catalysts, respe
tively, at different temperatures (a reduced Pt/Al2O3 cata-
lyst in pure Ar flow was used as IR reference in these
periments). The CO adsorption on a H2-reduced sample a
523 and 623 K resulted in a 5 cm−1 shift of the ν̃CO

lin to-
wards higher wavenumbers, i.e., blue-shift (not shown). T
blue-shift is due to repulsive CO–CO interactions in agr
ment with previous reports[26,30]. In contrast, the sam
CO adsorption procedure on a NO2-oxidised sample showe
three different IR absorption bands besides theν̃CO

gas, as can

be seen inFig. 2. Note that theν̃CO
gas has been subtracte

in this figure. The band positioned around 2240 cm−1 is
due to –NCO surface species[32]. Furthermore, the ban
at 2110 cm−1 has previously been assigned to CO
sorbed on platinum(II)oxide[23,24,26,27], while the band a
2082 cm−1 has been considered as CO adsorbed on par
oxidised platinum (̃νCO

lin (Ptδ+)) [26]. From these studies it i
not evident that the band at 2110 cm−1 originates from CO
on a platinum oxide with the stoichiometry Pt(II)O, it cou
also be related to CO on Pt(IV)O2 since this is the thermall
more stable oxide (Pt(II)O and Pt(IV)O2 decompose at 59
Fig. 2. Evolution of different IR bands in the interval 1750–2250 cm−1

during the switch from 0.0 to 1.0 vol% CO in Ar att = 60 s for a 2.0%
Pt/Al2O3 catalyst pretreated with 250 vol ppm NO2 at 723 K for 10 min at
(a) 523 and (b) 573 K. The inserts show the intensity at the wavenum
2082 (̃νCO

lin (Ptδ+)) and 2112 cm−1 (ν̃CO
lin (Pt2+)).

and 723 K, respectively[33]). However, the situation may b
very different for supported Pt particles. It has been sh
for Pt/Al2O3 catalysts, with similar Pt loading and dispe
sion as ours, that Pt(II)O is probably the more stable ox
form [34]. We will therefore refer to this band as CO
Pt(II)O or ν̃CO

lin (Pt2+) in agreement with previous IR studi
[23,24,26,27]. Fig. 2a shows that for 523 K thẽνCO

lin (Pt2+)
band intensity passes through a maximum att = 204 s while
the intensity of thẽνCO

lin (Ptδ+) increases continuously du
ing the CO adsorption. However, at 573 K (cf.Fig. 2b) both
bands pass through (different) maximum intensities. This
curs att = 110 s for thẽνCO

lin (Pt2+) band and att = 340 s for
ν̃CO

lin (Ptδ+). As can be seen inFig. 2, the ν̃CO
lin (Pt2+) is red-

shifted from 2112 to 2108 cm−1 at 523 K and from 2112
to 2100 cm−1 at 573 K during the CO adsorption. For t
ν̃CO

lin (Ptδ+) band a red-shift can only be observed at 573
starting at 2082 shifting to 2075 cm−1.

In both the IR1 and the IR2-3 (not shown) experime
and the CO control experiment at 573 K on a NO2-oxidised
catalyst, a shift ofν̃CO

lin band is observed. As will be dis
cussed in more detail below, this red-shift cannot be
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counted for by CO–CO lateral interactions or impurit
such as H2O [30]. Instead it is natural to assign the red-sh
to the presence of two bands: one band at higher waven
ber, which is weaker and disappears during the reduc
phase, associated with CO adsorption on partially oxid
Pt, ν̃CO

lin (Ptδ+), and another (more intense) band, which is
conventional linearlybonded CO on metallic Pt, ν̃CO

lin (Pt0) or
ν̃CO

lin (Pt) to conform to the conventional nomenclature, t
grows during the reduction phase. To facilitate the an
sis of these bands thẽνCO

lin bands were deconvoluted. Th
deconvolution procedure was performed using a non-lin
least-square fitting routine to Gaussian peaks wherein
the contribution from gas-phase CO was subtracted follo
by subtraction of the spectrum for the reduced catalyst
one Gaussian. Due to the strong asymmetry of theν̃CO

lin (Pt0)
band, the average of the 10 spectra recorded during th
duction phase att = 598–600 s was used to represent C
on the reduced catalyst. The Gaussian then represents li
ear bonded CO on partially oxidised Pt, which we den
ν̃CO

lin (Ptδ+). Both the height and the width of the Gauss
band were free to vary in all spectra while the band posi
was allowed only to vary between the different experime
(at 523–623 K). The fitted positions ofν̃CO

lin (Ptδ+) are sum-
marised inTable 2.

The mass spectrometry data, recorded simultaneous
with the FTIR data, are presented inFig. 3. The top pan-
els show the time evolution of them/e 28, 32 and 44 signal
while the bottom panels show the integratedν̃CO

lin and ν̃CO
br

bands for the temperatures 523, 573 and 623 K. The ver
(thin) lines represent different characteristic periods wh
will be explained below. In the following, the experiment
523 K will be described carefully, while for the remainin
temperatures only the main differences from this experim
will be pointed out in detail. InFig. 3a it is seen that the
reduction phase is initiated by turning off the O2 supply at
t = 60 s for a 300-s period. The O2 switch is clearly seen a
a decreased intensity of them/e 32 signal. The decrease
them/e 44 signal together with the increase of them/e 28
signal indicates an extinction of the CO oxidation reacti
The m/e 28, 32 and 44 signals reach new stationary lev
in about 70 s after turning off the O2 supply. During the re-
duction phase a continuous increase of theν̃CO

lin (Pt) andν̃CO
br

band intensities is seen. Both bands increase rather qu
for the first 60 s and then somewhat more slowly during
remaining 240 s. Contrary to this, the intensity ofν̃CO

lin (Ptδ+)

increases rapidly reaching amaximum value att = 90 s, and
then decays and disappears for the next 270 s. Att = 360 s,
the O2 supply is turned on again (oxidation phase) which
be seen as an increase of them/e 32 signal. The onset of th
CO oxidation is indicated by the decrease of them/e 28 sig-
nal and the increase of them/e 44 signal. The figure show
that theν̃CO

lin (Pt) andν̃CO
br bands decrease and disappear

mediately after the O2 switch. No further changes are se
for the remaining time of the experiment.

In Fig. 3 it is clearly seen thatthe IR band intensity
versus time depends on the temperature. After turning
-

-

l

Fig. 3. Measured MS ion currents (m/e 28, 32, and 44) for the produc
stream (top panels) and integrated IR band intensities (bottom panel
ν̃CO
lin (Pt), ν̃CO

br (Pt), andν̃CO
lin (Ptδ+) for a 2.0% Pt/Al2O3 catalyst exposed

to 1.0 vol% CO in Ar while switching the O2 concentration from 5.0 to
0.0 vol% att = 60 s (reduction phase) and then back to 5.0 vol% att = 360 s
(oxidation phase) at (a) 523, (b) 573, and (c) 623 K. The vertical (thin) l
represent the time lags for reduction and oxidation (τ red

lag andτox
lag) and the

reduction time (τ red).

the O2 supply att = 60 s (reduction phase), thẽνCO
lin (Pt),

ν̃CO
lin (Ptδ+), andν̃CO

br bands start to increase. The initial slo
for the ν̃CO(Pt) andν̃CO intensities increases with increa
lin br
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Table 3
Summary of time constants for thẽνCO

lin band intensity for the reductio

(τ red
lag andτ red) and the oxidation (τox

lag andτox) of a 2% Pt/Al2O3 catalyst
at 523–623 K

Temperature (K) τ red
lag (s) τ red (s) τox

lag (s) τox (s)

523 5 188 12 0.5
548 17 163 7 0.5
573 26 83 8 0.5
598 28 55 8 0.5
623 30 25 7 0.7

ing temperature, while for̃νCO
lin (Ptδ+) the slope is more o

less constant at all temperatures. Furthermore, the b
for ν̃CO

lin (Pt) andν̃CO
br increase monotonically toward statio

ary values which are reachedmore rapidly the higher the
temperature. ThẽνCO

lin (Ptδ+) band intensity reaches a max
mum similar to that previously described but the maxim
is passed more rapidly the higher the temperature and
drops more rapidly with increasing temperature. At 623
decomposition of unstable carbonates leads to negative
intensities (since the reaction mixture was used as IR re
ence) at low wavenumbers, which also affects theν̃CO

br band,
as can be seen inFig. 3c.

As already noted, thẽνCO
lin band appears with an initia

time lag relative the gas switch. This is referred to as the
duction time lag (τ red

lag ). As can be noted inFig. 1and clearly

in Fig. 3andTable 3, τ red
lag increases with increasing tempe

ature. At 523 Kτ red
lag is about 5 s, while about 30 s at 623

Note that under the prevailing conditions, the time lag
tween the four-port switching valve and the reactor ce
about 2 s. Moreover, considering the reactor chamber a
ideal continuously stirred tank reactor, the average resid
time is about 5 s and the time to reach a 90% respon
about 10 s. Furthermore, as described above, a red sh
the ν̃CO

lin band could be observed for all temperatures du
the reduction phase. This period with shiftingν̃CO

lin is referred
to as the reduction time (τ red) and is defined as the leng
of the period between the first appearance of theν̃CO

lin band
and when this band reaches a stationary wavenumber.
evident fromFig. 3andTable 3, τ red decreases with increa
ing temperature, from about 188 s at 523 K to about 25
623 K (IR1). At t = 360 s the O2 supply, 5.0%, is turned o
again (oxidation phase). All IR bands vanish abruptly wit
short time lag, which here is referred to as the oxidation t
lag (τox

lag) and defined in analogy withτ red
lag . No clear trend

in theτox
lag with increasing temperature can be observed,

Table 3. The time then for thẽνCO
lin to completely vanish is

referred to as the oxidation time (τox). Theτox is about 0.5 s
for all temperatures in the IR1 series.

Analogous to the IR1 series, theτ red
lag increases with in

creasing temperature for the IR2 experiments. In this c
τ red

lag is about 40 s longer, varying from 42 s at 523 K
68 s at 623 K, which is due to the generally lower CO/O2
ratio, where 1000 ppm CO was used instead of 1.0%
(IR1). Accordingly, the high CO/O2 ratio in the IR3 series
s

d

f

s

where 1.0% O2 was used instead of 5.0%, leads to sho
τ red

lag compared to the IR1 series. Contrary to both the

and the IR2 series, no trend of increasingτ red
lag with increas-

ing temperature is observed for the IR3 series. Instead,τ red
lag

is about 8 s at all temperatures between 548 and 623 K
oscillating reaction rate was observed in the high reac
state at 523 K and data for this experiment are there
not considered), which is of the same order as the typ
response time for changing gas composition in the rea
cell. This is probably explained by that even in the high
active state the reaction proceeds close to the critical CO/O2
ratio at which the transition between the high and low
reaction occurs rate branch. Turning off the O2 supply, the
critical CO/O2 ratio is reached and passed very rapidly a
all temperatures and hence the differentτ red

lag are here exper

imentally indistinguishable. In contrast,τ red decreases with
increasing temperature for both the IR2 and the IR3 se
similar to the IR1 series. Compared to the IR1 experime
τ red is generally longer for the IR2 experiments while it
shorter for the IR3 experiments. Consideringτox

lag, the IR2
experiments resembles the IR1 experiments exhibiting
trend with changing temperature. Similarly to the argument
above, this may be explained by the fact that the crit
CO/O2 ratio is reached and passed very rapidly when the O2
concentration is changed stepwise from 0.0 to 5.0%, ma
the differentτox

lag experimentally indistinguishable. Again th
IR3 experiments exhibit somewhat different characteris
which we attribute to a different gas mixing ratio and d
ferent location of a critical CO/O2 ratio. Contrary to the IR1
series both the IR2 and the 3 series show a slightly increa
τox with increasing temperature. This can again be related
different gas mixing ratio and different location of the cr
ical CO/O2 ratio but also to CO disproportionation durin
the periods with high CO coverage[31]. This is, however
of minor importance since it is the initial CO adsorption t
will be discussed here. It should also be noted that theτ red

lag
in the CO adsorption control experiments on NO2-oxidised
samples are 2 and 4 s at 523 and 573 K, respectively, w
simply is the time lag for introducing new gas to the reac
cell.

3.2. In situ XANES

Figs. 4a and 4bshow a few selected Pt LIII XANES spec-
tra (normalised absorbance versus photon energy) obta
during the reduction phase at 523 and 623 K, respecti
As can be seen the white-line intensity, at about 11580
is generally higher at the lower temperature. The white-
intensity then decreases as a function of time on stream
dicating a reduction of the oxidation state for Pt. Moreove
shift of the curves toward higher photon energies is obse
for the same period. This shift is used as a measure of th
LIII binding energy (see also Experimental) below.

The results from the XANES experiments during the
duction and subsequent oxidation phases performed a
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Fig. 4. Pt LIII XANES spectra for a Pt/Al2O3 catalyst exposed to 1.0 vol%
CO in Ar while switching the O2 concentration from 5.0 to 0.0 vol% (re
duction phase) at (a)t = 184 s at 523 K and (b)t = 80 s at 623 K.

and 623 K are shown inFigs. 5 and 6, respectively. The top
panels display the measuredm/e signals while the bottom
panels show the change in Pt LIII binding energy (�BE) as
a function of time for the Pt/Al2O3 sample.

In Fig. 5, the reduction phase is initiated by turning o
the O2 supply att = 120 s. This can be recognized in t
intensity of them/e 32 signal, dropping fast for about 15
and then decaying more slowly. The intensity of them/e

28 signal increases rapidly to a new stationary level w
the intensity of them/e 44 signal decreases, first quick
and then more slowly for the next 280 s, during this red
tion phase. For the same period the binding energy incre
monotonically to a new stationary level, about 0.6 eV ab
the initial binding energy of 11573.2 eV. Theτ red

lag , the time
between the gas switch and the first observable variatio
the�BE, is less than 25 s and theτ red, here defined as th
time between the first observable change of�BE and the sta-
tionary�BE, is about 200 s. The oxidation phase is initia
by switching back to 5.0% O2 at t = 370 s. An overshoot in
them/e 32 signal before it stabilises at a higher level is se
The intensity of them/e 28 signal drops and is somewhat u
stable before it levels out on a stationary level. This is sim
due to the fact that the gas switching was performed by
use of the MFC. A rapid increase of them/e 44 signal to a
new level is seen during this phase. The binding energy
creases rather quickly with 0.4 eV. Theτox

lag is less than 30 s
and theτox is less than 50 s.
s

Fig. 5. Measured MS ion currents (m/e 28, 32, 44) for the produc
stream (top panel) and change in the Pt LIII binding energy (�BE)
from 11572.2 eV (bottom panel) for a 2.0%Pt/Al2O3 catalyst exposed to
1.0 vol% CO in Ar while switching the O2 concentration from 5.0 to
0.0 vol% at t = 120 s (reduction phase) and then back to 5.0 vol%
t = 400 s at 523 K.

Fig. 6. Measured MS ion currents (m/e 28, 32, 44) for the produc
stream (top panel) and change in the Pt LIII binding energy (�BE) from
11,573.5 eV (bottom panel) for a 2.0% Pt/Al2O3 catalyst exposed to
1.0 vol% CO in Ar while switching the O2 concentration from 5.0 to
0.0 vol% att = 60 s (reduction phase) and then back to 5.0 vol% att = 190 s
at 623 K.

In the case of 623 K,Fig. 6, the reduction phase star
when the O2 supply is turned off att = 60 s (the intensity o
the m/e 32 signal drops) which is seen as a decrease
a corresponding increase of them/e 44 andm/e 28 sig-
nals, respectively. The binding energy (with anτ red

lag less than
25 s) increases with about 0.3 eV from the initial value
11,573.5 eV and reaches a stationary level within about 5
The oxidation phase is initiated by turning on the O2 supply
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again (increasing intensity of them/e 32 signal) as seen a
a drop in them/e 28 signal, which is somewhat unstab
before it levels a stationary intensity. During this perio
rapid increase of them/e 44 signal to a new level is see
The binding energy decreases by 0.3 eV rather quickly (w
anτox

lag less than 20 s) and reaches the initial level in less
15 s.

4. Discussion

This study shows that FTIR spectroscopy can be use
follow the change in oxidation state of a supported platin
catalyst in situ by measuring the vibrational frequency
adsorbed CO. Here CO is used as a probe molecule wh
simultaneously acts as a reducing agent. In this section
consider the FTIR data in detail and make comparisons
corresponding in situ XANES data to validate the FTIR
terpretations. Based on the experimental data we are ab
deduce a mechanistic interpretation of the reduction pro
of the Pt/Al2O3 catalyst. Finally, we make some reflectio
on the influence of diffusion limitations (both external a
internal) on the reaction rate for the FTIR experiments.

In all CO oxidation experiments in this study, the react
initially proceeds in the high reactive state with the cor
sponding low CO coverage as evidenced by the FTIR
presented inFigs. 1 and 3. At t = 60 s, the O2 supply is
turned off (reduction phase commences) and the O2 pres-
sure in the reactor chamber starts to decline. It is eviden
that the CO coverage gradually builds up after an initial t
lag (τ red

lag ) which depends on temperature. It is also evid

that theν̃CO
lin band is red shifted about 15 cm−1 in all ex-

periments performed at 523–623 K (cf.Fig. 1) during the
initial CO adsorption. As will be further discussed below
τ red

lag and its temperature dependence may be interprete
cording to the conventional LH reaction scheme, i.e., ste
(1)–(3). In contrast, the gradual increase of the CO cove
and the red-shift of thẽνCO

lin band cannot be explained wi
the LH reaction scheme. The latter is in fact opposite to
expected scenario for metallic Pt where instead a small b
shift of about 5 cm−1 is anticipated when CO starts to adso
and the coverage increases[26,30]. This blue-shift is mainly
due to increasing repulsive CO–CO adsorbate interac
and has been observed to be enhanced at high CO pre
when CO is forced to occupy alsounfavorable Pt sites, i.e
not the energetically favorable on-top sites[30,35]. Experi-
mentally, repulsive CO–CO adsorbate interactions can
be seen as a decrease in the heat of adsorption as the s
coverage increases[36]. Furthermore in our experiment
possible interactions with coadsorbates such as water, w
is known to red-shift thẽνCO

lin band[30], can be ruled ou
due to careful drying of the sample before measuring
the use of high-purity gases. A negligible influence of wa
is further emphasised by the fact that we study rather
temperatures and that the magnitude of the red-shift
t

o

-

re

ce

not decrease as the temperature is increased, which p
bly would have been the case if water were present on
surface (a shift of the water adsorption–desorption equ
ria toward desorption). Hence, the red-shift of theν̃CO

lin band
observed in our measurements needs another explan
which motivated us above to resolve the observedν̃CO

lin band
into two different bands, viz.̃νCO

lin (Pt0) andν̃CO
lin (Ptδ+). The

red-shift is thus attributed to an initial CO adsorption on
oxide phase of Pt. Since the wavenumber for this band is
sitioned between thẽνCO

lin (Pt0) and theν̃CO
lin (Pt2+) bands we

attribute this band to CO linearly bonded to Ptδ+. The oc-
currence of an intensity maximum for theν̃CO

lin (Ptδ+) band
in Fig. 3 is thus due to CO first being adsorbed on th
sites (increasing intensity) before the reduction starts an
number of Ptδ+ sites decreases (decreasing intensity). As the
oxidised Pt sites are being reduced, the number of avai
sites for CO adsorption on metallic Pt increases, leadin
a continuously increasing intensity of theν̃CO

lin (Pt) andν̃CO
br

bands. The XANES experiments also indicate a similar
duction process. The change in binding energy, whic
small, about 0.5 eV, occurs on the same time scale as theν̃CO

lin
band changes, i.e.,τ red. Since the XANES signal is average
over the entire illuminated catalyst tablet volume, inclu
ing bulk Pt atoms in Pt clusters and Pt atoms coordin
with the support material, it may be difficult to deduce a
solute shifts from XANES relevant for the surface Pt ato
involved in the catalytic cycle. However, XANES has p
viously been shown to be useful for correlating structur
catalytic activity also for supported catalysts[37,38]. Given
that the red-shift of̃νCO

lin is associated with (partially) ox
dised Pt, we may explain the observed trends inτ red and
τ red

lag as follows.

If τ red is associated with CO being successively adsor
on sites coordinated with Ptδ+ as the oxide is reduced b
CO, thenτ red is a measure of the rate of step (5). This
an activated process, which results in the observed decrea
of τ red as the temperature is increased. Assuming that th
reduction rate is inversely proportional to theτ red, an Ar-
rhenius plot of ln(1/τ red) versus 1/T gives an estimate o
the activation energy (Ered

a ) for the reduction process.Fig. 7
displays the Arrhenius plot based on FTIR data from
IR1 series together with the corresponding XANES d
The XANES experiments should give the same result for
Ered

a , although it may be located at a different level on
ordinate. According to this procedure the apparentEred

a is
54.9 kJ/mol. Note, however, that we measure the deca
ν̃CO

lin (Ptδ+) species, i.e., the number of Ptδ+ sites, which not
necessarily is proportional to the oxide decomposition r
which in principle is the sum of step (4) (backward) and (
It is known that platinum oxides are thermodynamically
stable at the highest temperature in this study. These ox
decompose between 623 and 723 K (depending on the
ide stoichiometry)[33]. Considering for example step (4
i.e., that a thermal decomposition of the oxide should
considered at the highest temperatures, we may omit t
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Fig. 7. Arrhenius plot of IR and XANES data for the reduction proces
a 2%Pt/Al2O3 catalyst exposed to 1.0 vol% CO while switching the2
concentration from 5.0 to 0.0 vol%. The fit is based on the IR data with
highest temperature of 623 K excluded.

data points and arrive at a value of the activation energ
45.1 kJ/mol, which is close to the previously reported val
of 44 kJ/mol [39].

The variation ofτ red
lag in Table 3is also consistent with a P

oxidation and reduction mechanism. First, we note that
magnitude and variation ofτ red

lag cannot be explained by th
time to evacuate the reactor chamber from O2 (cf. Table 3)
or by diffusion limitations (see below). The CO adsorpti
control measurements performed on the reduced and
dised catalyst, respectively,all exhibit similar lag times for
all temperatures (of the order of 5 s after the gas swit
Moreover, the reaction chamber is drained of O2 almost
equally fast for all temperatures (the O2 concentration is
about the same in all experiments since the CO conver
is low, about 15–20%). In a simple picture an increase
τ red

lag with temperature can be interpreted as a shift of the
adsorption–desorption equilibrium, which of course fav
CO adsorption at low temperature and is the same result
anticipated from the conventional LH model. However,
cording to the interpretation of̃νCO

lin above,τ red
lag is related

to adsorption of CO on Ptδ+ sites prior to reduction com
mences. The latter can enhance the variations ofτ red

lag . If the
rate of CO desorption is of the same order or faster tha
slow CO+Oox reaction step (in the conventional LH schem
the CO+ Oads reaction rate is much faster than the rate
CO desorption)[10,40], the CO coverage can build up fast
at lower temperature on the oxide surface than on the m
lic Pt surface. In the opposite case, if the CO+ Oox is faster
than the CO+ OadsLH step Eq.(3) [41], then the variation
in τ red is anticipated to be reducedcompared to the varia
lag
tion induced by the shift of the CO adsorption–desorp
equilibrium.

As discussed above we cannot unambiguously res
CO bonded to the oxide between 2100 and 2130 cm−1 in
the IR1-3 experiments (Fig. 1). This is either due to the
overlapping gas phase CO bands, or a low coverage
to weak bonding to such O sites). However, the fact
ν̃CO

lin (Pt2+) bands around 2110 cm−1 indeed can be observe
for the same catalyst preoxidised with NO2 (strongly oxi-
dised) shows that such species exist under our experim
conditions. Therefore, we conclude that the weaker IR
sorption in theν̃CO

lin (Pt2+) region in the IR1-3 experiment
is due to CO adsorbed on Pt oxide which only exists in
amounts. Moreover, since we found an IR band positio
between 2054 and 2066 cm−1 (cf. Table 2), depending on
temperature, which we associated withν̃CO

lin (Ptδ+), we con-
clude that the surface is instead partially oxidised. We a
note that our results are consistent with a reaction sch
whereby CO adsorbs and binds (weakly) on the stoic
metric oxides (PtO or PtO2) and reacts with these O atom
possibly creating vacancies opening for the reaction schem
(1)–(5)above.

The combined FTIR and XANES results above prov
a consistent picture of the extinction process on suppo
Pt catalysts and explicitly highlight the influence of Pt ox
on the catalytic activity. It is clearly shown that the tran
tion from an O to a CO covered surface, the “extinctio
process, occurs on a much longer time scale than the re
transition from a CO to an O covered surface, the “ig
tion” process. This hysteresis is in sharp contrast to w
the conventional LH reaction model predicts, where inst
the two transitions occur equally fast (of course at diff
ent CO/O2 ratios). We can attribute this hysteresis as be
due to Pt oxide, which builds up in the high reactive st
(oxygen rich surface), and changes the adsorption kine
Our FTIR data obtained during the extinction process sh
the existence of CO adsorption sites coordinated with
tially oxidised Pt. It should be noted that CO adsorption s
coordinated with more strongly oxidised Pt have only b
observed for NO2-treated catalysts. In agreement with pre
ous studies, the results presented here thus suggest tha
oxidation and reduction mechanism, i.e., steps (4) and
should accompany the conventional LH reaction schem
order to describe the CO oxidation over Pt/Al2O3 catalysts
under transient conditions. Furthermore, the results indicat
that during the extinction the partially oxidised surface
reduced by chemisorbed CO, which should be explicitly
counted for in the modelling of the reaction mechanis
and should not be approximated with an Eley–Rideal s
(COgas+ Oox → (CO2)gas).

We close this discussion with some reflections on p
sible diffusion limitations affecting the reaction rate in o
FTIR experiments. It is well known that diffusion limita
tions may falsify the interpretations of kinetics, especia
in transient analysis which always includes such phen
ena. Since the reactor cell with the catalyst can be rega
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as a small packed-bed reactorwith porous alumina particles
both external (film transport) and internal (pore transp
diffusion processes must be considered. We start by inv
gating the situation for the high reactive state during statio
ary conditions,t < 1 min, for the IR1 series. The influenc
of external diffusion on the reaction rate can easily be
timated by calculating the concentration difference of
over the gas film (�CCO) and compare this value with th
concentration of CO in the gas bulk, as outlined inAppen-
dix A. As can be seen,�CCO is in the order of 10−4 mol/m3

which is negligible compared to the bulk gas concentra
of about 0.2 mol/m3. This implies the absence of extern
diffusion limitations. The influence of internal diffusion o
the reaction rate can then beestimated by calculating th
Weisz modulus and use the Weisz–Prater criterion (cf.Ap-
pendix B). As can be seen this method predicts no inte
diffusion limitations. Furthermore, as outlined inAppen-
dix C, the impingement rate is about 6 orders of magnit
higher than the observed reaction rate. This is in sharp
trast to the conventional LH model for which the react
rate on the high reaction rate branch is much faster than
impingement rate. This suggests again that the surface i
idised where the low CO coverage is due to weak bind
on platinum oxides. Finally, some words need to be s
about diffusion limitations during transient conditions (th
O2 switches). In the transient regime, diffusion limitatio
will be present for some periods and thereby influence
kinetics to some extent. In our case, at some point afte
oxygen supply has been turned off, CO starts to adsor
the platinum sites. The time to saturate the adsorption s
i.e., active sites, in the catalyst with CO depends on e
the internal diffusion (transport rate) and the number of s
(CO accumulation). The time constant for accumulation
ML CO (extinction) is roughly a couple of seconds (cf.Ap-
pendix D) while a somewhat shorter time constant is ant
pated for the ignition. Hence, the observed changes of,
the CO coverage, during the extinction origins from kine
(structural) effects of the catalyst, rather than mass transpo
since the former has been observed to occur for minutes

5. Conclusions

We have presented experimental results for the oxida
of CO over Pt/Al2O3 catalysts. In particular, we have inve
tigated the extinction process of the reaction over a cataly
operating in an O2-rich reaction mixture at atmospheric pre
sure. Detailed data for the initial reduction process by
of a partially oxidised Pt surface are presented, includ
the CO coverage and Pt oxidation state. The results, w
are at variance with the conventional three-step LH reac
scheme, show that a Pt oxidation and reduction mecha
must be invoked in the LH reaction scheme to accurately
scribe the extinction process. Specifically, this is suppo
by the following findings: (i) The transition from an O
a CO covered surface occurs much slower than the rev
-

,

,

e

transition from a CO to an O covered surface. This can
explained by neither external or internal diffusion limi
tions. In the conventional LH model both transitions oc
equally rapid as the critical CO/O2 ratio is reached. (ii) The
transition from an O to a CO covered surface is clearly t
perature dependent, the reduction time (τ red) decreases with
increasing temperature, which is not anticipated by the con
ventional LH model. (iii) ThẽνCO

lin band is red-shifted durin
the reduction period, which cannot be explained by repo
trends for CO adsorption vs coverage on a metallic surf
(iv) The XANES data show that Pt reduction occurs on
same time scale as thẽνCO

lin frequency shifts (τ red ) during
the extinction process, which suggests an intimate coup
between the activity and the oxidation state of platinu
(v) The temperature dependent decay of the FTIR band
sociated with PtOx (ν̃CO

lin (Ptδ+)) yields an activation energ
for Pt oxide reduction (decomposition) of about 50 kJ/mol
in good agreement with previous reports for Pt oxide dec
position, and finally, (vi) FTIR data suggest that during
extinction the partially oxidised platinum surface is redu
by chemisorbed CO which should be explicitly accoun
for in the modeling of the reaction mechanism.
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Appendix A. Influence of external diffusion limitations

The influence of external diffusion limitations on the
action rate can be estimated by calculating the concentratio
difference of CO over the gas film (�CCO). First we note
that the observed reaction rate approximately is

(A.1)robs= q
pCO

RT

X

W
,

whereq is the volumetric flow rate at room temperatu
(2.5 × 10−6 m3/s), pCO is the partial pressure of C
(103 Pa),R is the molar gas constant (8.31 J/(mol K), T

is temperature (300 K),X is the CO conversion (0.2), and
W is the amount of catalyst (3× 10−5 kg). Substituting the
given values one obtainsrobs= 6.7× 10−3 mol/(s kgcat).

For a packed-bed reactor (with spherical catalyst pel
under steady-state conditions, the reaction rate is coupled
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the film transport by

(A.2)r = Smkc�CCO,

whereSm = 6/dpρp is the external surface area of the p
let per mass of pellet anddp andρp are the pellet diamete
and density, respectively.kc = ShDAB/dp is then the mass
transfer coefficient where Sh is the Sherwood number
DAB the binary gas diffusivity. Solving for�CCO gives

(A.3)�CCO = rd2
pρp

6ShDAB
.

Substitutingrobs for r and assuming a reasonable low va
for the Sherwood number (Sh= 1.5) will produce an esti-
mate of the largest concentration gradient. Usingdp = 150×
10−6 m2, ρp = 1.5 × 103 kg/m3, DAB = 6.1 × 10−5 m2/s
one arrives at�CCO = 4.2 × 10−4 mol/m3 which is negli-
gible compared to the concentration in the gas bulk,Cb

CO =
pCO/(RT ) = 0.19 mol/m3 atT = 623 K.

Appendix B. Influence of internal diffusion
limitations—Weisz–Prater method

The influence of internal diffusion limitations in a poro
catalyst can be estimated by calculating the Weisz modu

(B.1)Φ = rvr
2
p

Cs
CODeff

,

whererv is the reaction rate per volume of catalyst,rp is
the pellet radius,Cs

CO is the CO concentration at the su
face of the pellet, andDeff is the effective diffusivity. The
Weisz–Prater criterion can thenbe used; i.e., for an isothe
mal spherical catalyst pellet and a first-order reaction,Φ < 1
implies a particle free from internal concentration gradie
This corresponds to a high efficiency factor,η � 0.95.

Since the external diffusion limitations are negligible (
Appendix A), the concentration at the surface of a cata
particle is well approximated with the concentration in t
gas bulk, hence,

(B.2)Φ = robsρcatr
2
p

Cb
CODeff

,

whererobs= 6.7×10−3 mol/(s kgcat), ρp = 1.5×103 kg/m3,
rp = 75 × 10−6 m2, C

p
CO = 0.19 mol/m3, and Deff =

3.8×10−7 m2/s givesΦ ≈ 0.77< 1, indicating the absenc
of internal diffusion limitations.

Appendix C. Impingement rate versus reaction rate

Due to the absence of diffusion limitations it is easy
calculate the CO impingement rate according to

(C.1)F = NAaspCO√
2πMRT

,

whereNA is the Avogadro constant (6.022× 1023 1/mol),
as is the area of a Pt site (8× 10−20 m2), M is the CO mole-
cular weight (28× 10−3 kg/mol). With pCO = 103 Pa and
T = 623 K one obtainsF = 1.6× 106 molecules/(site s).

The observed reaction rate per site is

(C.2)robs= q
pCO

RT

X

ns
,

wherens is the number of sites which is given by

(C.3)ns = W [Pt loading][Pt dispersion]/MPt,

whereMPt is the Pt molecular weight (0.195 kg/mol). With
Pt loading= 0.02, Pt dispersion= 0.22 the reaction rate i
robs= 0.3 molecules/(site s), and the ratio between the im
pingement rate and the reaction rate is

(C.4)
F

robs
= 1.6× 106

0.3
≈ 5× 106.

Appendix D. Internal diffusion limitations in the
transient regime

In order to estimate the influence of diffusion limitatio
during the extinction process both reaction and diffus
should be considered. This is, however, not straightforw
and instead one can perform a (rough) estimation of the
constant for adsorbing 1 ML of CO on the active sites
analogy with the shrinking-core model (strong CO adso
tion is assumed), viz.

(D.1)τ = r2
pρcat[Pt loading][Pt dispersion]

DeffMPtC
b
CO

.

This givesτ = 2.6 s. This is an underestimation since m
probably 1 ML (at least) of oxygen has to be reacted aw
during the extinction. On the other hand there is alre
some CO present in the porous support since the conve
was only 0.2 (no diffusion limitations). Somewhat shor
response time is anticipatedfor the ignition process sinc
this occurs for oxygen excess conditions (oxygen is alre
available in the alumina particle).
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