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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 bistability can
be explained by using the established reaction scheme, including reversible CO adsorption, dissocétsa@ion, and reaction between
adsorbed CO and O. Also at higher pressures, this model accounts well for the low-reactive (CO-dominated) regime. However, in the high-
reactive (oxygen-rich) regime, the kinetics may be influenced by surface oxide formation at the higher pressures. Our present Monte Carle
simulations illustrate what may happen when oxide formation and removal occur with participation of gas-pteask @D molecules,
respectively. Specifically, we show that these relatively slow steps may control the reaction rate in the high-reactive state. In this case, the
hysteresis loop is found to be qualitatively similar to that predicted by the conventional reaction scheme, byt ther@@on rate in this
state is appreciably lower. These predictions are in qualitative agreement with the results of recent STM studies of CO oxidation on Pt(110]
at atmospheric pressure.
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1. Introduction generally accepted [7] to occur via the mechanism including
reversible CO adsorption,

In CO oxidation on Pt and other Pt-group metals, kinetic
bistability has been observed on single crystals, polycrys- COgas= COags (1)
talline samples, and supported catalysts in a pressure rang
from 10-12 bar to atmospheric pressure (see reviews [1-3]
and/or typical experiments and mean-field (MF) calculations
for Pt(111) [4,5] and Ir(111) [6]). The understanding of this (2¢as— 2Oads )
phenomenon is of considerable intrinsic interest and also Langmuir—Hinshelwood (LH) reaction between adsorbed
important for applications. For example, treatment of au- CO and O,
tomotive exhaust gases often occurs under unsteady-state
conditions including sequential ignition and extinction pe- COags+ Oads— (CO2)gas 3)
riods which are directly related to CO-oxidation bistability. ) i
Thus, optimization of the performance of car catalytic con- 2nd Eley—Rideal (ER) reaction between gas-phase CO and
verters might need to incorporate an accurate description ofadsorbed O,
the bistability.

To interpret the bistability in CO oxidation on Pt, one has COgas+ Oads— (CO2)gas 4)
to understand the mechanism of this reaction. In this field, The subscripts “gas” and “ads” denote here gas-phase and
the evolution of the concepts can retrospectively be divided ggsorbed particles, respectively.
into a few periods. Before and during the formative period g rface-science-based studies have shown that the ER
of surface science, CO oxidation on the Pt-group metals wassiep (4) actually does not occur (at least under UHV condi-

tions). Without step (4), the mechanism above is well known
* Corresponding author. to predict bistability, provided that the LH step (3) is fast.
E-mail address: zhdanov@catalysis.nsk.su (V.P. Zhdanov). The bistability derives primarily from the difference in the

e. - .
dissociative @ adsorption,

0021-9517/$ — see front mattét 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00276-8


http://www.elsevier.com/locate/jcat

V.P. Zhdanov, B. Kasemo / Journal of Catalysis 220 (2003) 478-485 479

detailed adsorption kinetics of CO and.Ohe correspond-  excess, at which on the basis of the UHV studies [24] one
ing MF equations have been successfully used to quanti-would expect to observe thd x 2) structure, the surface
tatively describe the bistability observed on single-crystal was, however, found to be rough and presumably covered
surfaces under UHV conditions (see, e.g., Refs. [3-6]). The by a thin coherent oxide film. The kinetic bistability was
reaction scheme (1)—(3) has also been employed for MF demonstrated to be apparently similar to that predicted by
and Monte Carlo (MC) simulations of the bistable kinet- the conventional reaction scheme (1)—(3), but the interpreta-
ics on nanometer-sized supported particles [8—12]. For muchtion of the high-reactive regime was quite different. Specifi-
higher but still subatmospheric pressures, the MF equationscally, the catalytic activity was attributed in the latter case
based on steps (1)—(3) have been used as well in order to deexclusively to the interplay of CO reaction with oxygen,
scribe steady-state and transient reaction kinetics [13—15].forming surface oxide, and adsorption of the gas-phase oxy-
The available experience indicates that with a careful choice gen at oxide vacancies (this scheme is similar to the conven-
of the parameters the model allows reasonably good repro-tional mechanism of CO oxidation on oxides [7,25]).
duction of the kinetic phase diagram [15] and accurate simu-  Kinetic models describing the effect of oxide formation
lation of catalytic ignition [14]. The situation with extinction on CO oxidation are numerous (see Section 6 in a recent re-
is, however, more complex, because after ignition (at oxygen view [26] and Ref. [27]). The main goal of these simulations
excess) the system is in the high reactive state and the reacwas, however, to describe kinetic oscillations, which are ob-
tion rate is then often controlled by gas-phase reactant transserved at the boundary between the two reaction regimes.
port, and accordingly the details of the surface chemistry For this reason, the corresponding reaction schemes do not
remain open for debate. At our lab, attempts [16] to describe seem to be directly applicable to the situation when the sur-
extinction quantitatively (including gas-phase diffusion lim- face is nearly completely covered by an oxide film and the
itations) indicate that the conventional CO-oxidation scheme reaction occurs via CO interaction with oxide. More specifi-
appears to significantly overestimate the reaction rate in thecally, the available models predict that gt €xcess either the
high-reactive state. surface is partly covered by chemisorbed oxygen and oxide
Complications of the kinetics of CO oxidation at appre- and the reaction rate is determined primarily by CO inter-
ciable oxygen excess seem be related to the formation ofaction with chemisorbed oxygen [step (3)] or the surface is
“surface oxide” or “subsurface oxygen” (these terms are completely covered by oxide and the reaction is not going
often used interchangeably to denote oxygen species thabn. Both these predictions are not in line with the experi-
are not the chemisorbed oxygen identified in UHV exper- ment [23].
iments) [17]. To our knowledge, this idea was mentioned  The main goals of the present work are (i) to construct a
from time to time in experimental studies of CO oxidation relatively simple kinetic model making it possible to mimic
at least since the mid-1970s. Its wide circulation started af- a transition from the conventional mechanism of CO oxida-
ter publication of the famous paper by Sales, Turner, and tion [steps (1)—(3)] at CO excess to the reaction regime in-
Maple [18], in which they complemented their experimental cluding CO interaction with a fully developed surface-oxide
studies of kinetic oscillations in CO oxidation on polycrys- overlayer at @ excess and (ii) to present MC simulations
talline Pt, Pd, and Ir at atmospheric pressure by a modelillustrating the special features of bistable kinetics compli-
including surface-oxide formation. At that time, convinc- cated by oxide formation.
ing experimental data, supporting the idea that the oscilla-
tions were connected with the oxide formation, were lack-
ing. Later on, using LEED, TPD, and XPS, Vishnevskiiand 2. Model
Savchenko [19] demonstrated that at low pressures the oxide
formation really plays an important role in oscillations on Basically, surface oxide should be treated as a new phase.
Pt(110), especially during long runs. More recently, Roter- On Pt, this phase seems to be unstable at low oxygen cov-
mund et al. [20,21] have explicitly observed oxide formation erages or kinetic factors prevent its formation at low cov-
on the micrometer scale during oscillations on Pt(110) under erage/low pressure. With increasing coverage, the binding
UHV conditions by employing the photoelectron emission energy of chemisorbed oxygen rapidly decreases due to re-
microscope (PEEM). pulsive lateral O—0 interactions and the surface-oxide for-
Despite these and other findings (for a review, see mation may become favorable (this scenario appears to ap-
Ref. [21]), the understanding of the details of the oxide ply to several metals [28,29]). The details of the kinetics of
formation is still limited especially at subatmospheric pres- surface-oxide formation are expected to strongly depend on
sures (one of the reasons is that the interpretation of thelateral interactions (for a relevant discussion, see Ref. [30]).
results identifying the state of oxygen, e.g., by XPS mea- The most straightforward way to simulate such kinetics is to
surements [22], is often far from straightforward). construct a generic lattice—gas model, explicitly taking into
The most recent advances are related to Hendriksen andaccount lateral interactions. This might be especially useful
Frenken’s atmospheric-pressure STM study [23] of CO oxi- if oxygen diffusion is very rapid and the chemisorbed and
dation on Pt(110). At CO excess, they observed as expectedxide phases are close to equilibrium. During CO oxidation
that the surface is fairly flat [in th€l x 1) state]. At @ on Pt, the two phases seem, however, to be far from equilib-
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rium even under UHV conditions, because oxygen diffusion the sites for CO adsorption cannot be occupied by additional
appears to be slow compared to other steps (see, e.g., thexygen. In fact, this means that CO adsorption occurs on
PEEM patterns [20]). Although a lattice model with lateral lattice sites occupied by oxygen forming the oxide. The de-

interactions might be useful in the latter case as well, we be- tails of description of this scheme depend on the CO binding
lieve that in the situation far from equilibrium it makes sense energy on the oxide. If the binding energy is appreciable,

to first employ a simpler approach in order to reduce the one should explicitly introduce the corresponding CO cov-

number of model parameters and to focus the presentatiorerage. If, however, the binding energy is small as in the case
on the key points. Specifically, it makes sense (i) to take into of the Pt oxide, CO adsorbed on the oxide is in equilibrium

accountthe probable type of lateral interactions implicitly by with the gas phase, the corresponding CO coverage is low,
introducing gualitatively sound prescriptions for calculating and accordingly the oxide-removalrate is proportionalto CO

the probabilities of various processes for different arrange- pressure. Mathematically, the latter case is equivalent to the
ments of adsorbed particles and (ii) to skip inferior details ER reaction with gas-phase CO,

(e.g., the precursor states for CO adsorption). Following this

line, we first outline general ingredients of our model and COgas+ Ogags— (CO2)gas (8)

then, describing the MC algorithm, introduce in detail the In our simulations, we adopt thiapparent step. [To some

rules for executing elementary reaction steps. extent, we revive here the old ideas on the role of the ER step
In our simulations, we analyze the simplest case in which in CO oxidation on Pt (see the Introduction). The important
surface-oxide formation occurs in one layer onLax L difference is, however, that now (i) the ER step is considered

square lattice. Specifically, each lattice site is either vacantto be apparent and (ii) CO reacts witff Q]
or occupied by CO or oxygen. Oxygen may be either in ~ Our model includes the conventional steps (1)—(3) for
the chemisorbed state or in the oxide state, O ahdr® CO oxidation. The oxide formation and removal are con-
spectively. In reality, e.g., on Pt(110) [23], the surface oxide sidered to occur primarily via steps (7) and (8). Focusing
seems to be thicker. Nevertheless, we believe that the one-on these steps, we neglect step (6). This approximation is in
layer model may still be applicable, especially under steady- line with the STM observations [23] indicating that during
state conditions at subatmospheric pressures, because in thithe high-reactive regime at oxygen excess the oxide cov-
case, due to a slow rate of oxygen diffusion jumps comparederage is appreciable, CO coverage is low, and accordingly
to the rates of other processes, the deeper oxide layers are exchannel (8) seems to be more probable. With increasing CO
pected to form the environment for the top layer rather than pressure, the oxide coverage decreases, CO adsorption be-
participating in reaction. For this reason, the model includ- comes more probable, and accordingly step (6) may become
ing a single oxide layer with different reactivity toward CO significant (especially during oscillations). Thus, in princi-
than toward chemisorbed oxygen is able to catch the essencle, the model should take into account step (6) as well. This
of the problem under consideration; if multiple layers are in- is, however, beyond our present goals.
volved it is expected to modify the details of the reaction Steps (5) are admitted but only in the cases in which O
kinetics, but not the qualitative aspects. has an oxide environment and @as no such environment,
The one-layer oxide model has already been widely usedrespectively (these rules mimic the tendency of O arfd O
in simulations [18,26]. Usually, the oxide formation and re- to form different phases). In addition, we take into account

moval are assumed to occur as diffusion of adsorbed CO molecules. This process is well
i} known to be rapid compared to other steps [in particular,
Oads= Ogqs 5) step (3) is not limited by CO diffusion]. Oxygen diffusion is
neglected.
COads+ Ofys— (CO2)gas (6) To characterize the relative rates of reaction steps and CO

. o diffusion, we introduce the dimensionless paramejggs
The STM experiments [23]'|'nd|cate, hqwever, that un- These processes are run with probabilifies.and 1—
der near!‘y steade/-'state conditions the O“X'def layer IS rather regpectively. This means that for each MC trial we generate
formed .( formed” is here equivalent to r.nalntalned.) Via 3 random number (0 < « < 1) and try to execute CO diffu-
adsorption of the gas-phase oxygen at oxide vacancies, sion or reaction steps if > prea@ndic < pres, respectively.
For CO diffusion, a site is chosen at random. If the site
(O2)gas— 2Czas ) is vacant or occupied by oxygen, the trial ends. If the site
The details of oxide removal are not quite clear from is occupied by CO, one of the nearest-neighbor (nn) sites
the experiment. Taking into account that the JJ@rmation is selected at random and CO is removed to the latter site
was observed for a well-developed oxide film, one can con- provided that it is vacant and has no nfi.@O jumps to
clude [23] that the most likely scheme of oxide removal is nn vacant sites contacting‘@re prohibited because the CO
similar to that occurring on oxides [25], i.e., CO reversibly binding energy on such sites is assumed to be low. [The con-
adsorbs on metal atoms forming the stable surface oxidefigurations with CO and ©in nn sites may, however, be
and then reacts with oxidic oxygen. Basically, this is a LH generated (with a low probability) after execution of step (8)
scheme. The important point is, however, that in this case (see below). In such cases, CO is expected to desorb or jump

Prea
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to vacant nn sites. The details of these events do not influ- (the choice of the number 2 here is of course somewhat
ence the reaction kinetics. To avoid nn CO arfdpairs, we arbitrary).

complement the rules for CO diffusion by the prescription e If the site chosen is occupied by*(Othe apparent ER
that a chosen CO molecule is removed from the lattice if it step (8) is performed ifp < per, or the oxide con-

has nn @. This prescription mimics rapid desorption of CO version step, Q.. — Oags iS executed provided that
molecules in the situations in which they are located in sites the nn site are free of ©and per < p < per + Pred
contacting oxide.] (if o > peEr + preq, the trial ends). The probability of
For reaction steps, a site is chosen at random. Then, de-  step (8) is proportional to CO pressure as well as the
pending on its state, there are four routes: probability pgc?, characterizing the CO impingement

rate. This means thater and pSY should be related
as per = prpSy, Wherepy is the ratio of the two rates.
Practically, the latter means that by changjm@3 we
should simultaneously changegr proportionally.

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

(i) CO adsorption is performed provided that<
PSS9, wherepSe is the CO adsorption probability
andp (0 < p < 1) is a random number. A trial is
accepted if nn sites are free of QCO adsorption
on vacant sites contacting*Qs considered to be
negligible because as already noticed above the CO
binding energy on such sites is assumed to be low.

(ii) A trial of O, adsorption with formation of chemi-
sorbed oxygen [step (2)] is executed provided that

P+ p;’;, Wherepgj is the probabil-

To measure time, we use MC steps (MCS). One MCS is
defined ad. x L attempts of the adsorption-reaction events
on average, i.e., the MC time is calculated by dividing the
total number of MC trials by, x L and multiplying byprea.

" Simulating these events, we consider that the sum of the
probabilities of CO desorption and LH reaction (3) equals
co P unity. This means that the MC and real times are intercon-
Pad <P <Pag TP nected asyc = (kdes+ kLH)?, Wherekges andk y are the

ity of step (2). In this case, one of the next-nearest- ., ro5h0nding rate constants. In principle, one might de-
n_elg_hbor (nnn) S,'tes IS select.ed.at random and the fine one MCS ad. x L trials of adsorption, reaction, and
tr.|al is accepted if the Iattgr site is vacant and both CO diffusion. In this case, the time scale would primarily
S!tes havenonn O orfOUsmg thege r“.'e% WECON- ha connected with CO diffusion, because in our simulations
sider that O adsorption on nn 3|_tes Is improbable this process is rapid compared to other steps. If CO diffu-
due tp st.rong Iqtera}l 0-0 repulsion. The presence sion is sufficiently fast, the reaction kinetics becomes in fact
of oxide in nn sites is assumed to suppress step (2) independent of the rate of this process. For this reason, in

I?S we!g ¢ i ten (7 fth tesi simulations of reaction kinetics it makes no sense to relate
(iii) For oxide formation [step (7)], one of the nn sites is MC time to the rate of CO diffusion.

selected at random. If the latter site is vacant, step
(7) is performed provided that

PSS+ p2 < p < pSO+ p2 + p¥ 3. Resultsof smulations

in the case in which the two sites have no nhdD

provided that The simulations were performed on a 20@00 lattice

with periodic boundary conditions. The values of the kinetic
PSS+ p < p < pSO+ p2 + pX parameters were chosen in qualitative agreement with the
in the case in which the two sites have at least e:\xperimental data available for CO oxidation on Pt. !n par-
one nn O, where p% and p3* are the probabil- ticular, the paramgﬁers for s'teps (1) and (2) were fixed as
ities of step (7) for the metal and oxide phases, Pdes= 0.001 a”dPad.Z 0.0 in orderl to reproduce a We_"'
respectively. These prescriptions make it possible developed hysteresis (with increasipges the hysteresis

. i 0
to describe a cooperative mode of the oxide growth 100P Will be narrower and eventually dlsappeqvgd was
(i.e., the formation of oxide islands) provided that & 9governing parameter. CO diffusion was set 10 times faster

PpO% < p%%. than the catalytic cycle (further increase of the rate of this

o If the site chosen is occupied by CO, CO desorption or Process does not change the results). _
reaction trial [step (3)] is executed fpr< pgesandp > To explore the bistability, we started from a clean lattice
Ddes respectively. For CO reaction, one of the nn sites is and simulated the steady-state reaction kinetics with step-
selected at random, and the trial is accepted if the latter Wise increase or decrease in the governing parameter (CO
site is occupied by O. pressure) by increasing or decreasjpigf’ by ApSS after

o If the site chosen is occupied by O, the oxide formation €ach 10 MCS. This procedure makes it possible to construct
step, Qas— O}y is executed with the corresponding @ hysteresis loop. The shape of the loop (or, more specifi-
probability pox (i.€., if p < pox) provided that O has at ~ cally, the parameter values corresponding to the transitions
least two nn O. This condition is also introduced in or-  from one branch to another) slightly dependsapC? and

der to mimic a cooperative mode of the oxide growth also on the duration of the intervalsy, wherepgdo is kept
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Fig. 2. Snapshots of the lattice for the MC run shown in Fig. 1la, at
(@)t = 1.5 x 10* and (b) 85 x 10* MCS. The open and filled circles indi-
cate CO and O, respectively.

O coverage) occurs at 600 MCS just after increagig§y
from 0.014 to 0.016. The reverse transition takes place at 700
MCS (Fig. 1b) after decreasing.{ from 0.008 to 0.006.

To illustrate what may happen in the case of oxide for-
mation, we show (Figs. 3 and 4) reaction kinetics and lat-
tice snapshots calculated fgi* = 0.001, p$* = 0.005,
pr=0.1, pox =0.01, andpreq= 0.01. In this case, the sur-

conventional reaction scheme (no oxide formation) with (a) increasing and face is also almost exclusively covered by CO at CO excess

(b) decreasing;gc? (between 0.002 and 0.2) b;(pg[? =0.002 after each

(Fig. 4b). In the high-reactive state ap @xcess, the surface

10* MCS. The time interval used to obtain the reaction rate is 100 MCS. is, however, covered primarily by*QFig. 4a) and the C®

The interval between the data points is also 100 MCS.

formation occurs mainly via the apparent ER step (8). In
fact, this means that in the latter case we have an oxide layer

constant. This dependence is, however, very weak and in-containing vacancies. The relative role of vacancies in ox-

significant for our conclusions.

Typical reaction kinetics and lattice snapshots obtained depends orpgd .

ide formation, i.e., the role of step (7) compared to step (5),
O. For example, step (7) slightly dominates

for the reference case in which there is no oxide formation for p$9 = 0.4, because in this case the number of vacancies
(i.e., with p0* = 0) are presented in Figs. 1 and 2. As ex- is appreciably higher than the number of adsorbed O atoms
pected, the surface is seen to be covered primarily by O at(Fig. 4a). With decreasing or increasipgdo, the role of va-

O2 excess (Fig. 2a) and by CO at CO excess (Fig. 2b). If cancies increases or decreases, respectively.

initially O2 is in excess (Fig. 1a), the kinetic phase tran-

The hysteresis loops corresponding to the kinetics exhib-

sition from the high reactive state (low CO coverage, high ited in Figs. 1 and 3 are presented in Figs. 5a and 5b. Due
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(b)
= 20 | : Fig. 4. Snapshots of the lattice for the MC run shown in Fig. 3a, at (a)
pis t =35 x 10% and (b) 95 x 10* MCS. The open and filled circles and the
> 15 plus signs indicate CO, O, and‘Qrespectively.
= 1.0 f
O
E 0.5
e rameters as in the case of Fig. 4 (or Fig. 5b) but decrease
0.0 . the probabilities of oxide formation and removal down to

0 200 Tlll\tl?lg 100 I\(jloc(‘,)s 800 1000 pY = 0.0002, p3* = 0.001, andp; = 0.02, the maximum
b( ) reaction rate is about 30 times lower than that obtained with
®) no oxide formation (cf. Figs. 5a and 5c; note also a slight

Fig. 3. Adsorbate coverages (ML) and reaction rate CLRIL/MCS) for the shift of the hysteresis compared to that shown in Fig. 5b).

reaction scheme with oxide formation for () increasing and (b) decreasing ~ With increasingpy (e.g., up to~ 1), the maximum reac-

pSS (between 0.005 and 0.5) bypSS = 0.005 after each TOMCS. The tion rate will be about the same as in the case of Fig. 5a, but

total reaction rate is shown by the thick line. The contribution of step (3) to contrary to the experiment in [23] the oxide coverage will be
the reaction rate is indicated by a thin line. (The method of calculation of low (due to rapid oxide removal).

the reaction rate is the same as in Fig. 1.)

4. Conclusion
to the oxide formation, the loop is shifted by a factor of 3—4
to higherp;? values (this suggests that the oxide forma- In summary, we have presented MC simulations illustrat-
tion helps in resisting CO-poisoning transition). The shapes ing that the oxide formation and removal, running primarily
of the loops are, however, similar. A major new feature is with participation of gas-phase;@nd CO molecules, may
that in the oxide case the maximum reaction rate is 5 times completely control the high reactive state of CO oxidation on
lower compared to the case with no oxide. By decreasing thePt. In this case, the hysteresis loop is qualitatively similar to
rates of oxide formation and removal, this difference may be that predicted by the conventional reaction scheme (1)—(3),
further increased. If for example we keep the bulk of the pa- but it is shifted to highePco/ Po, ratios and the maximum
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100 ' ' ' dramatic. For well-dispersed, supported Pt, the role of the
8o @ oxidic oxygen may actually be more pronounced than for the
6.0 | T bulk platinum, because supported Pt particles are more eas-
40 } . ily oxidized (note, however, that the situation depends also
o0 b ] on the rate of oxide removal).

00 ) . L Finally, it is appropriate to articulate that our simulations
'0.000 0.005 0.010 0.015 were partly motivated by the STM studies [23] of CO oxida-
20 ' ' (b) 1 tion on Pt(110) at atmospheric pressures. The main results of

our simulations are in qualitative agreement with the experi-
ment. Whether and under what conditions our model may be
applicable to other faces remain open for debate. Applica-

REACTION RATE
5 @

05 | - bility of the model to nanometer-sized supported catalyst

0.0 . | particles is open for discussions as well, because such parti-
"0.00 0.02 0.04 cles have primarily the (111) and (100) facets.
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