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Abstract

Kinetics of CO oxidation on Pt is bistable both under UHV conditions and at atmospheric pressure. In the former case, the bista
be explained by using the established reaction scheme, including reversible CO adsorption, dissociative O2 adsorption, and reaction betwe
adsorbed CO and O. Also at higher pressures, this model accounts well for the low-reactive (CO-dominated) regime. However, in
reactive (oxygen-rich) regime, the kinetics may be influenced by surface oxide formation at the higher pressures. Our present M
simulations illustrate what may happen when oxide formation and removal occur with participation of gas-phase O2 and CO molecules
respectively. Specifically, we show that these relatively slow steps may control the reaction rate in the high-reactive state. In this
hysteresis loop is found to be qualitatively similar to that predicted by the conventional reaction scheme, but the CO2 formation rate in this
state is appreciably lower. These predictions are in qualitative agreement with the results of recent STM studies of CO oxidation o
at atmospheric pressure.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

In CO oxidation on Pt and other Pt-group metals, kine
bistability has been observed on single crystals, polyc
talline samples, and supported catalysts in a pressure r
from 10−12 bar to atmospheric pressure (see reviews [1
and/or typical experiments and mean-field (MF) calculati
for Pt(111) [4,5] and Ir(111) [6]). The understanding of t
phenomenon is of considerable intrinsic interest and
important for applications. For example, treatment of
tomotive exhaust gases often occurs under unsteady
conditions including sequential ignition and extinction p
riods which are directly related to CO-oxidation bistabil
Thus, optimization of the performance of car catalytic c
verters might need to incorporate an accurate descriptio
the bistability.

To interpret the bistability in CO oxidation on Pt, one h
to understand the mechanism of this reaction. In this fi
the evolution of the concepts can retrospectively be divi
into a few periods. Before and during the formative per
of surface science, CO oxidation on the Pt-group metals
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generally accepted [7] to occur via the mechanism includ
reversible CO adsorption,

(1)COgas� COads,

dissociative O2 adsorption,

(2)(O2)gas→ 2Oads,

Langmuir–Hinshelwood (LH) reaction between adsor
CO and O,

(3)COads+ Oads→ (CO2)gas,

and Eley–Rideal (ER) reaction between gas-phase CO
adsorbed O,

(4)COgas+ Oads→ (CO2)gas.

The subscripts “gas” and “ads” denote here gas-phase
adsorbed particles, respectively.

Surface-science-based studies have shown that th
step (4) actually does not occur (at least under UHV co
tions). Without step (4), the mechanism above is well kno
to predict bistability, provided that the LH step (3) is fa
The bistability derives primarily from the difference in t
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detailed adsorption kinetics of CO and O2. The correspond
ing MF equations have been successfully used to qu
tatively describe the bistability observed on single-cry
surfaces under UHV conditions (see, e.g., Refs. [3–6]).
reaction scheme (1)–(3) has also been employed for
and Monte Carlo (MC) simulations of the bistable kin
ics on nanometer-sized supported particles [8–12]. For m
higher but still subatmospheric pressures, the MF equa
based on steps (1)–(3) have been used as well in order t
scribe steady-state and transient reaction kinetics [13–
The available experience indicates that with a careful ch
of the parameters the model allows reasonably good re
duction of the kinetic phase diagram [15] and accurate si
lation of catalytic ignition [14]. The situation with extinctio
is, however, more complex, because after ignition (at oxy
excess) the system is in the high reactive state and the
tion rate is then often controlled by gas-phase reactant tr
port, and accordingly the details of the surface chemi
remain open for debate. At our lab, attempts [16] to desc
extinction quantitatively (including gas-phase diffusion lim
itations) indicate that the conventional CO-oxidation sche
appears to significantly overestimate the reaction rate in
high-reactive state.

Complications of the kinetics of CO oxidation at app
ciable oxygen excess seem be related to the formatio
“surface oxide” or “subsurface oxygen” (these terms
often used interchangeably to denote oxygen species
are not the chemisorbed oxygen identified in UHV exp
iments) [17]. To our knowledge, this idea was mention
from time to time in experimental studies of CO oxidati
at least since the mid-1970s. Its wide circulation started
ter publication of the famous paper by Sales, Turner,
Maple [18], in which they complemented their experimen
studies of kinetic oscillations in CO oxidation on polycry
talline Pt, Pd, and Ir at atmospheric pressure by a m
including surface-oxide formation. At that time, convin
ing experimental data, supporting the idea that the osc
tions were connected with the oxide formation, were la
ing. Later on, using LEED, TPD, and XPS, Vishnevskii a
Savchenko [19] demonstrated that at low pressures the o
formation really plays an important role in oscillations
Pt(110), especially during long runs. More recently, Ro
mund et al. [20,21] have explicitly observed oxide format
on the micrometer scale during oscillations on Pt(110) un
UHV conditions by employing the photoelectron emiss
microscope (PEEM).

Despite these and other findings (for a review,
Ref. [21]), the understanding of the details of the ox
formation is still limited especially at subatmospheric pr
sures (one of the reasons is that the interpretation of
results identifying the state of oxygen, e.g., by XPS m
surements [22], is often far from straightforward).

The most recent advances are related to Hendriksen
Frenken’s atmospheric-pressure STM study [23] of CO o
dation on Pt(110). At CO excess, they observed as expe
that the surface is fairly flat [in the(1 × 1) state]. At O2
-

-
-

t

excess, at which on the basis of the UHV studies [24]
would expect to observe the(1 × 2) structure, the surfac
was, however, found to be rough and presumably cov
by a thin coherent oxide film. The kinetic bistability w
demonstrated to be apparently similar to that predicted
the conventional reaction scheme (1)–(3), but the interpr
tion of the high-reactive regime was quite different. Spec
cally, the catalytic activity was attributed in the latter ca
exclusively to the interplay of CO reaction with oxyge
forming surface oxide, and adsorption of the gas-phase
gen at oxide vacancies (this scheme is similar to the con
tional mechanism of CO oxidation on oxides [7,25]).

Kinetic models describing the effect of oxide formati
on CO oxidation are numerous (see Section 6 in a recen
view [26] and Ref. [27]). The main goal of these simulatio
was, however, to describe kinetic oscillations, which are
served at the boundary between the two reaction regim
For this reason, the corresponding reaction schemes d
seem to be directly applicable to the situation when the
face is nearly completely covered by an oxide film and
reaction occurs via CO interaction with oxide. More spec
cally, the available models predict that at O2 excess either th
surface is partly covered by chemisorbed oxygen and o
and the reaction rate is determined primarily by CO in
action with chemisorbed oxygen [step (3)] or the surfac
completely covered by oxide and the reaction is not go
on. Both these predictions are not in line with the exp
ment [23].

The main goals of the present work are (i) to constru
relatively simple kinetic model making it possible to mim
a transition from the conventional mechanism of CO oxi
tion [steps (1)–(3)] at CO excess to the reaction regime
cluding CO interaction with a fully developed surface-ox
overlayer at O2 excess and (ii) to present MC simulatio
illustrating the special features of bistable kinetics com
cated by oxide formation.

2. Model

Basically, surface oxide should be treated as a new ph
On Pt, this phase seems to be unstable at low oxygen
erages or kinetic factors prevent its formation at low c
erage/low pressure. With increasing coverage, the bin
energy of chemisorbed oxygen rapidly decreases due t
pulsive lateral O–O interactions and the surface-oxide
mation may become favorable (this scenario appears to
ply to several metals [28,29]). The details of the kinetics
surface-oxide formation are expected to strongly depen
lateral interactions (for a relevant discussion, see Ref. [3
The most straightforward way to simulate such kinetics i
construct a generic lattice–gas model, explicitly taking i
account lateral interactions. This might be especially us
if oxygen diffusion is very rapid and the chemisorbed a
oxide phases are close to equilibrium. During CO oxidat
on Pt, the two phases seem, however, to be far from equ
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jump
rium even under UHV conditions, because oxygen diffus
appears to be slow compared to other steps (see, e.g
PEEM patterns [20]). Although a lattice model with late
interactions might be useful in the latter case as well, we
lieve that in the situation far from equilibrium it makes sen
to first employ a simpler approach in order to reduce
number of model parameters and to focus the present
on the key points. Specifically, it makes sense (i) to take
account the probable type of lateral interactions implicitly
introducing qualitatively sound prescriptions for calculat
the probabilities of various processes for different arran
ments of adsorbed particles and (ii) to skip inferior det
(e.g., the precursor states for CO adsorption). Following
line, we first outline general ingredients of our model a
then, describing the MC algorithm, introduce in detail
rules for executing elementary reaction steps.

In our simulations, we analyze the simplest case in wh
surface-oxide formation occurs in one layer on aL × L

square lattice. Specifically, each lattice site is either va
or occupied by CO or oxygen. Oxygen may be eithe
the chemisorbed state or in the oxide state, O and O∗, re-
spectively. In reality, e.g., on Pt(110) [23], the surface ox
seems to be thicker. Nevertheless, we believe that the
layer model may still be applicable, especially under stea
state conditions at subatmospheric pressures, because
case, due to a slow rate of oxygen diffusion jumps comp
to the rates of other processes, the deeper oxide layers a
pected to form the environment for the top layer rather t
participating in reaction. For this reason, the model incl
ing a single oxide layer with different reactivity toward C
than toward chemisorbed oxygen is able to catch the ess
of the problem under consideration; if multiple layers are
volved it is expected to modify the details of the react
kinetics, but not the qualitative aspects.

The one-layer oxide model has already been widely u
in simulations [18,26]. Usually, the oxide formation and
moval are assumed to occur as

(5)Oads� O∗
ads,

(6)COads+ O∗
ads→ (CO2)gas.

The STM experiments [23] indicate, however, that
der nearly steady-state conditions the oxide layer is ra
formed (“formed” is here equivalent to “maintained”) v
adsorption of the gas-phase oxygen at oxide vacancies,

(7)(O2)gas→ 2O∗
ads.

The details of oxide removal are not quite clear fr
the experiment. Taking into account that the CO2 formation
was observed for a well-developed oxide film, one can c
clude [23] that the most likely scheme of oxide remova
similar to that occurring on oxides [25], i.e., CO reversi
adsorbs on metal atoms forming the stable surface o
and then reacts with oxidic oxygen. Basically, this is a
scheme. The important point is, however, that in this c
e

-

is

x-

e

the sites for CO adsorption cannot be occupied by additi
oxygen. In fact, this means that CO adsorption occurs
lattice sites occupied by oxygen forming the oxide. The
tails of description of this scheme depend on the CO bind
energy on the oxide. If the binding energy is apprecia
one should explicitly introduce the corresponding CO c
erage. If, however, the binding energy is small as in the c
of the Pt oxide, CO adsorbed on the oxide is in equilibri
with the gas phase, the corresponding CO coverage is
and accordingly the oxide-removal rate is proportional to
pressure. Mathematically, the latter case is equivalent to
ER reaction with gas-phase CO,

(8)COgas+ O∗
ads→ (CO2)gas.

In our simulations, we adopt thisapparent step. [To some
extent, we revive here the old ideas on the role of the ER
in CO oxidation on Pt (see the Introduction). The import
difference is, however, that now (i) the ER step is conside
to be apparent and (ii) CO reacts with O∗

ads.]
Our model includes the conventional steps (1)–(3)

CO oxidation. The oxide formation and removal are c
sidered to occur primarily via steps (7) and (8). Focus
on these steps, we neglect step (6). This approximation
line with the STM observations [23] indicating that duri
the high-reactive regime at oxygen excess the oxide
erage is appreciable, CO coverage is low, and accordi
channel (8) seems to be more probable. With increasing
pressure, the oxide coverage decreases, CO adsorptio
comes more probable, and accordingly step (6) may bec
significant (especially during oscillations). Thus, in prin
ple, the model should take into account step (6) as well.
is, however, beyond our present goals.

Steps (5) are admitted but only in the cases in whic
has an oxide environment and O∗ has no such environmen
respectively (these rules mimic the tendency of O and∗
to form different phases). In addition, we take into acco
diffusion of adsorbed CO molecules. This process is w
known to be rapid compared to other steps [in particu
step (3) is not limited by CO diffusion]. Oxygen diffusion
neglected.

To characterize the relative rates of reaction steps and
diffusion, we introduce the dimensionless parametersprea.
These processes are run with probabilitiesprea and 1− prea,
respectively. This means that for each MC trial we gene
a random numberκ (0< κ � 1) and try to execute CO diffu
sion or reaction steps ifκ > prea andκ < prea, respectively.

For CO diffusion, a site is chosen at random. If the
is vacant or occupied by oxygen, the trial ends. If the
is occupied by CO, one of the nearest-neighbor (nn) s
is selected at random and CO is removed to the latter
provided that it is vacant and has no nn O∗. CO jumps to
nn vacant sites contacting O∗ are prohibited because the C
binding energy on such sites is assumed to be low. [The
figurations with CO and O∗ in nn sites may, however, b
generated (with a low probability) after execution of step
(see below). In such cases, CO is expected to desorb or
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to vacant nn sites. The details of these events do not in
ence the reaction kinetics. To avoid nn CO and O∗ pairs, we
complement the rules for CO diffusion by the prescript
that a chosen CO molecule is removed from the lattice
has nn O∗. This prescription mimics rapid desorption of C
molecules in the situations in which they are located in s
contacting oxide.]

For reaction steps, a site is chosen at random. Then
pending on its state, there are four routes:

• If the site chosen is vacant, we execute trials of CO
sorption or O2 adsorption [steps (2) and (7)].

(i) CO adsorption is performed provided thatρ <

pCO
ad , wherepCO

ad is the CO adsorption probabilit
andρ (0 < ρ � 1) is a random number. A trial i
accepted if nn sites are free of O∗. CO adsorption
on vacant sites contacting O∗ is considered to be
negligible because as already noticed above the
binding energy on such sites is assumed to be l

(ii) A trial of O2 adsorption with formation of chem
sorbed oxygen [step (2)] is executed provided t
pCO

ad < ρ < pCO
ad + p

O2
ad , wherep

O2
ad is the probabil-

ity of step (2). In this case, one of the next-neare
neighbor (nnn) sites is selected at random and
trial is accepted if the latter site is vacant and b
sites have no nn O or O∗. Using these rules, we con
sider that O adsorption on nn sites is improba
due to strong lateral O–O repulsion. The prese
of oxide in nn sites is assumed to suppress step
as well.

(iii) For oxide formation [step (7)], one of the nn sites
selected at random. If the latter site is vacant, s
(7) is performed provided that

pCO
ad + p

O2
ad < ρ < pCO

ad + p
O2
ad + pox

1

in the case in which the two sites have no nn O∗ or
provided that

pCO
ad + p

O2
ad < ρ < pCO

ad + p
O2
ad + pox

2

in the case in which the two sites have at le
one nn O∗, wherepox

1 and pox
2 are the probabil-

ities of step (7) for the metal and oxide phas
respectively. These prescriptions make it poss
to describe a cooperative mode of the oxide gro
(i.e., the formation of oxide islands) provided th
pox

1 < pox
2 .

• If the site chosen is occupied by CO, CO desorption
reaction trial [step (3)] is executed forρ < pdesandρ >

pdes, respectively. For CO reaction, one of the nn site
selected at random, and the trial is accepted if the la
site is occupied by O.

• If the site chosen is occupied by O, the oxide format
step, Oads→ O∗

ads, is executed with the correspondin
probabilitypox (i.e., if ρ < pox) provided that O has a
least two nn O∗. This condition is also introduced in o
der to mimic a cooperative mode of the oxide grow
-

(the choice of the number 2 here is of course somew
arbitrary).

• If the site chosen is occupied by O∗, the apparent ER
step (8) is performed ifρ < pER, or the oxide con-
version step, O∗ads → Oads, is executed provided tha
the nn site are free of O∗ and pER < ρ < pER + pred
(if ρ > pER + pred, the trial ends). The probability o
step (8) is proportional to CO pressure as well as
probability pCO

ad , characterizing the CO impingeme
rate. This means thatpER and pCO

ad should be related
aspER = prp

CO
ad , wherepr is the ratio of the two rates

Practically, the latter means that by changingpCO
ad we

should simultaneously changepER proportionally.

To measure time, we use MC steps (MCS). One MC
defined asL × L attempts of the adsorption-reaction eve
on average, i.e., the MC time is calculated by dividing
total number of MC trials byL×L and multiplying byprea.
Simulating these events, we consider that the sum of
probabilities of CO desorption and LH reaction (3) equ
unity. This means that the MC and real times are interc
nected astMC = (kdes+ kLH)t , wherekdes andkLH are the
corresponding rate constants. In principle, one might
fine one MCS asL × L trials of adsorption, reaction, an
CO diffusion. In this case, the time scale would primar
be connected with CO diffusion, because in our simulati
this process is rapid compared to other steps. If CO d
sion is sufficiently fast, the reaction kinetics becomes in
independent of the rate of this process. For this reaso
simulations of reaction kinetics it makes no sense to re
MC time to the rate of CO diffusion.

3. Results of simulations

The simulations were performed on a 200× 200 lattice
with periodic boundary conditions. The values of the kine
parameters were chosen in qualitative agreement with
experimental data available for CO oxidation on Pt. In p
ticular, the parameters for steps (1) and (2) were fixed
pdes= 0.001 andpO2

ad = 0.01 in order to reproduce a wel
developed hysteresis (with increasingpdes, the hysteresis
loop will be narrower and eventually disappear).pCO

ad was
a governing parameter. CO diffusion was set 10 times fa
than the catalytic cycle (further increase of the rate of
process does not change the results).

To explore the bistability, we started from a clean latt
and simulated the steady-state reaction kinetics with s
wise increase or decrease in the governing parameter
pressure) by increasing or decreasingpCO

ad by 
pCO
ad after

each 104 MCS. This procedure makes it possible to constr
a hysteresis loop. The shape of the loop (or, more spe
cally, the parameter values corresponding to the transit
from one branch to another) slightly depends on
pCO

ad and
also on the duration of the intervals,
t , wherepCO is kept
ad
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Fig. 1. Adsorbate coverages (ML) and reaction rate (10−3 ML/MCS) for the
conventional reaction scheme (no oxide formation) with (a) increasing
(b) decreasingpCO

ad (between 0.002 and 0.2) by
pCO
ad = 0.002 after each

104 MCS. The time interval used to obtain the reaction rate is 100 M
The interval between the data points is also 100 MCS.

constant. This dependence is, however, very weak an
significant for our conclusions.

Typical reaction kinetics and lattice snapshots obtai
for the reference case in which there is no oxide forma
(i.e., with pox

1 = 0) are presented in Figs. 1 and 2. As e
pected, the surface is seen to be covered primarily by
O2 excess (Fig. 2a) and by CO at CO excess (Fig. 2b
initially O2 is in excess (Fig. 1a), the kinetic phase tr
sition from the high reactive state (low CO coverage, h
(a)

(b)

Fig. 2. Snapshots of the lattice for the MC run shown in Fig. 1a
(a) t = 1.5× 104 and (b) 8.5× 104 MCS. The open and filled circles ind
cate CO and O, respectively.

O coverage) occurs at 600 MCS just after increasingpCO
ad

from 0.014 to 0.016. The reverse transition takes place a
MCS (Fig. 1b) after decreasingpCO

ad from 0.008 to 0.006.
To illustrate what may happen in the case of oxide

mation, we show (Figs. 3 and 4) reaction kinetics and
tice snapshots calculated forpox

1 = 0.001, pox
2 = 0.005,

pr = 0.1, pox = 0.01, andpred = 0.01. In this case, the su
face is also almost exclusively covered by CO at CO ex
(Fig. 4b). In the high-reactive state at O2 excess, the surfac
is, however, covered primarily by O∗ (Fig. 4a) and the CO2
formation occurs mainly via the apparent ER step (8)
fact, this means that in the latter case we have an oxide
containing vacancies. The relative role of vacancies in
ide formation, i.e., the role of step (7) compared to step
depends onpCO

ad . For example, step (7) slightly dominat
for pCO

ad = 0.4, because in this case the number of vacan
is appreciably higher than the number of adsorbed O at
(Fig. 4a). With decreasing or increasingpCO

ad , the role of va-
cancies increases or decreases, respectively.

The hysteresis loops corresponding to the kinetics ex
ited in Figs. 1 and 3 are presented in Figs. 5a and 5b.
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Fig. 3. Adsorbate coverages (ML) and reaction rate (10−3 ML/MCS) for the
reaction scheme with oxide formation for (a) increasing and (b) decrea
pCO

ad (between 0.005 and 0.5) by
pCO
ad = 0.005 after each 104 MCS. The

total reaction rate is shown by the thick line. The contribution of step (3
the reaction rate is indicated by a thin line. (The method of calculatio
the reaction rate is the same as in Fig. 1.)

to the oxide formation, the loop is shifted by a factor of 3
to higherpCO

ad values (this suggests that the oxide form
tion helps in resisting CO-poisoning transition). The sha
of the loops are, however, similar. A major new feature
that in the oxide case the maximum reaction rate is 5 ti
lower compared to the case with no oxide. By decreasing
rates of oxide formation and removal, this difference may
further increased. If for example we keep the bulk of the
(a)

(b)

Fig. 4. Snapshots of the lattice for the MC run shown in Fig. 3a, at
t = 3.5 × 104 and (b) 9.5 × 104 MCS. The open and filled circles and th
plus signs indicate CO, O, and O∗, respectively.

rameters as in the case of Fig. 4 (or Fig. 5b) but decre
the probabilities of oxide formation and removal down
pox

1 = 0.0002,pox
2 = 0.001, andpr = 0.02, the maximum

reaction rate is about 30 times lower than that obtained
no oxide formation (cf. Figs. 5a and 5c; note also a sli
shift of the hysteresis compared to that shown in Fig. 5b

With increasingpr (e.g., up to� 1), the maximum reac
tion rate will be about the same as in the case of Fig. 5a
contrary to the experiment in [23] the oxide coverage will
low (due to rapid oxide removal).

4. Conclusion

In summary, we have presented MC simulations illust
ing that the oxide formation and removal, running prima
with participation of gas-phase O2 and CO molecules, ma
completely control the high reactive state of CO oxidation
Pt. In this case, the hysteresis loop is qualitatively simila
that predicted by the conventional reaction scheme (1)–
but it is shifted to higherPCO/PO2 ratios and the maximum
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Fig. 5. Hysteresis loops in the reaction rate (a and b) for the kinetics sh
in Figs. 1 and 3, respectively and (c) for the kinetics when the rates of o
formation and removal are five times lower than in case (b). (Note th
order to label the horizontal axis we usepA instead ofpCO

ad .)

CO2 formation rate in the high-reactive state is apprecia
lower than the corresponding value in the absence of
oxide state. We believe that this is an interesting exam
illustrating that in the case of catalytic reactions with lo
and high-reactive processes occurring in parallel the for
may suppress the latter.

Whether during the high-reactive state the oxide form
tion and removal steps [(7) and (8)] are kinetically m
stable compared to the conventional steps [(1)–(3)] dep
on the ratio of the corresponding rate constants. Physic
it is clear that the oxide formation can be suppressed b
ducing the rate constants of step (7). Alternatively, one
increase the rate constant of oxide removal (8). The la
may result in reduction of the oxide coverage and acc
ingly the conventional steps may become dominant.

In our analysis, we have used the MC technique, wh
makes it possible to take into account various coop
tive effects inherent for oxide formation. In principle, o
can, however, formulate a corresponding MF model. W
a proper choice of the model-parameter values, it may
describe the key features of the reaction under consider
and accordingly be useful in applications.

Concerning applications, it is of interest to notice t
the predicted oxide-induced shift of catalyst resistanc
CO poisoning to higher CO pressures may be favorable
practical vehicle emission systems, provided that the acc
panying decrease in the maximum CO2-formation rate is no
dramatic. For well-dispersed, supported Pt, the role of
oxidic oxygen may actually be more pronounced than for
bulk platinum, because supported Pt particles are more
ily oxidized (note, however, that the situation depends
on the rate of oxide removal).

Finally, it is appropriate to articulate that our simulatio
were partly motivated by the STM studies [23] of CO oxid
tion on Pt(110) at atmospheric pressures. The main resu
our simulations are in qualitative agreement with the exp
ment. Whether and under what conditions our model ma
applicable to other faces remain open for debate. App
bility of the model to nanometer-sized supported cata
particles is open for discussions as well, because such p
cles have primarily the (111) and (100) facets.
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