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Abstract

The statistical lattice model has been constructed for the oscillatory+@)/Pt(1 0 0) reaction. The model takes into
account the change of surface properties due to the adsorbate-induced reversible surface transformatian<hexThe
Monte Carlo simulations reproduce the hysteresis and the synchronous oscillations of reactiopgdatel OQgscoverages
and hex and Xk 1 surface phases under the conditions close to the experimental ones. Self-oscillations of the reaction rate are
accompanied by autowave processes on the model platinum surface. The existence of the reaction zone between the moving
adsorbate islands has been shown. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction associated with the reversible adsorbate-induced sur-
face phase transition hex> 1 x 1. The platinum
More and more novel experimental issues reveal- state in unreconstructed> 1 phase is catalytically
ing the nature of self-oscillations and surface waves active due to the ease of oxygen molecules dissocia-
[1-5] attract constant interest to the study of CO oxi- tion: S*1(0p) &~ 0.3/0.4 > S"®X(0,) ~ 1073. The
dation over platinum metals. The current knowledge CO adsorption on the reconstructed hex-surface is
of the CO+ O, reaction mechanism makes possi- described by the nucleation and trapping mechanism.
ble to state rather justified theoretical models giving As STM-data evidence that upon attaining some
insight to the features of spatio-temporal dynamics critical coverages~0.05-0.1ml, the hex to k 1
of reaction on the platinum surface. Carbon monox- surface phase transition proceeds with formation of
ide oxidation over Pt(100) single-crystal has been COagdl x 1 islands [1-3]. This phase transition is
studied comprehensively. It was shown that under accompanied by the formation of structural defects
certain conditions (partial pressures of reactants and since hex phase of Pt(100) is more than 20% dense
temperature) the adsorbate coverages and the reacthan the 1x 1 phase. When the Gfg coverage falls
tion rate undergoes self-oscillations attended by the below a critical value, than the reverse surface phase
spatio-temporal pattern of Gg and Qgs formation transition (1x 1) — hex is initiated. The (k 1) phase
on the surface [1-3,6]. The observed phenomena areof Pt(100) is unstable and dt > 400K transforms
quickly into the non-active hex phase.
* Corresponding author. Fax:7-3832-343056. In the early theoretical models of (GE&D2)/Pt(1 0 0)
E-mail addresselokhin@catalysis.nsk.su (V.I. Elokhin). reaction the rate of hex> (1 x 1) transition was
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assumed to be linearly dependent on the locakdsO its type. For simplicity sake the structural character-
coverage over the hex-phase (e.g. [7]). However, it istics of the surface are assumed to be invariant and
has been shown recently by molecular beam studiesonly the catalytic properties of the active centres vary.
that the (1x 1)-CO island growth rate and therefore, Of course, the processes of the change of active cen-
the (1x 1) phase, is governed by a strongly non-linear tres co-ordination and appearance of the excess atoms
power law®1,1 ~ ((H)g%x ", where®1y1 is a part of (structure defects) upon the surface structure transfor-
the surface transformed into £11) phase@é%xis the mations could be included in the surface model (e.g.
CO coverage on the hex phase, anst 4 [8]. Subse- similar to [15—-17]). However, this may result in the
quently this was included in the new model account- model unwarranted complexity and at the same time
ing for the oscillatory behaviour of C® O,/Pt(100)  scarcely affects the variations in spatio-temporal dy-
reaction [9]. namics of the adsorbed layer (though gives a better ex-
Among a great variety of models invoked for the planation of the results obtained). The local structure
theoretical inquiry on the microscopic level of critical  (hex or 1x 1) in our model could consist of a single
phenomena in the heterogeneously catalysed reactiongentre; the surface coverage by the phases hexdr 1
[4,5] the models based on the Monte Carlo and cellular (Phex and ©11) is defined as a number of centres,
automaton approaches [10—23] are the most attractive.marked correspondingly, divided by a total number of
In particular, in [12-20] both the dynamic behaviour N? centres. It is evident, thahex+ ©1.1 = 1.
of the CO oxidation reaction over Pt single-crystals ~ Therein lies one of the most simplifying presump-
and the processes of structural transformation of thesetions of our model: no allowance is made for differ-
surfaces were studied. The most important advantagesence in atomic density between the hex ane 1
of such models are the ability to reproduce almost any phases, we do not take account of change in num-
information about physical and chemical processes oc- ber of active centres, in number of neighbours, etc.
curring on the catalyst surface, to obtain the visual pic- We used the Monte Carlo algorithm that has been re-
tures of spatio-temporal non-uniformities of catalytic cently extended for the modelling of spatio-temporal
reactions and (the last but not the least!) rather sim- dynamics of catalytic CO oxidation caused by the pro-
ple algorithmic realisation of any hypothesis about the cesses of subsurface oxygen formation and consump-
systems under consideration. tion [22,23]. The statistical lattice model presented is
The aim of the present work is to create the statisti- characterised by inclusion of a strongly non-linear step
cal lattice model based on the Monte Carlo technique of hex — (1 x 1) phase transition. Let us describe
for describing of the self-oscillatory and autowave briefly the main processes governing the dynamics of
phenomena in the CO oxidation reaction over platinum the model under consideration:
metals. The model incorporates the modern view on

the stages of reaction mechanism (€Q,)/Pt(100), CO+ % — COuds (1)
primarily the experimental data concerning the local Coggéﬁ CO + #pex )
change of catalytic properties under the reversible sur-
face structure transformation hex 1x 1 of P{(100)  COyja — CO+ 151 3)
surface induced by CO adsorption. _ 1
(hex) — (1 x 1) : 4COngs— 4COL. (4)
2 The model (I1x1) — (hex : *1x1 —> *hex )
Oz + 2%(1x1) —: 20832 (6)
The catalyst surface is modelled by means of the lat- -
tice (N x N square cells) with periodic boundary con- Ozgs + COads > CO2 + 11 + * (1)
ditions. Each cell corresponds to the active centje ( COugst * — # + COugs ®)

of the platinum surface. If the centre is markedgs

(or x1x1) it will be considered to belong to (hex) type (1) Carbon monoxide adsorption: The absence of
structure, or (Ix 1), respectively. Under certain con- indices near the centre implies that CO, in con-
ditions, to be discussed below, the centre can changetrast to oxygen, is considered to have equal sticking
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probability on both«pex andx1x1. The estimation of
the rate coefficient for CO adsorptioki(= 2.94 x
10-°mL/s Torr) was adopted from ([7], Table 1). The
CO partial pressures were varied aroundaTorr.

(2 & 3) Carbon monoxide desorption: The rate co-
efficients for CO desorption on hex andk1l phases
differ widely (approximately by three-four orders of
magnitude, e.g. [7,9]), therefore, in our simulation we
accept for CO desorption the following values [7]:
kp=4s1 k3=003st.

(4) Structural phase transformatighex) — (1 x
1): In accordance with [9] let us assume that the ad-
sorption of four CO molecules on the<2 neighbour-

ing centres of the lattice would transform these centres

(with some probability) into the (% 1) structure. The
similar procedure was used in [12] while modelling
the same (CG- O2)/Pt(1 00) reaction by the cellular
automaton technique: if eight from thex33 neigh-
bouring centres appear to be covered by,gCthen
all the nine centres (with a unit probability) transforms
into the state (Ix 1). In our case rate coefficiekt

of structure transition from hex to (¢ 1) was taken
approximately equal tés of reverse transition from
(1 x 1) to hex ks = 3s71).

(5) Structural phase transition 1 1) — (hex:
Value of ks at T ~ 500K was taken from ([7],
Table 1), as a5 = 2s L.

(6) Oxygen adsorption: Oxygen adsorbs dissocia-
tively only on the two neighbouring (% 1) centres.
Rate coefficient for @adsorptiorks is estimated from
Table 1 in [7], askg = 5.6 x 10° ML/s Torr. The oxy-
gen partial pressure is10~* Torr. Oxygen desorption
in the temperature range being of interes600 K) is
usually neglected; either do we.

(7) COy formation: The surface reaction proceeds
via the Langmuir—Hinshelwood mechanism conserv-
ing the type of the active centres. Adsorbed oxygen
interacts equally with both ngg and Cdagsl. In the
imitation modelling of surface reactions via Monte
Carlo technique the reaction AZ BZ is usually as-
sumed to occur with the infinite rate (e.g. [12,23,24]):
i.e. when adatoms AZ and BZ appear in the neigh-
bour lattice cells, they abandon these cells (with a
unit probability) producing AB. In our model the
rate of Qgqs interaction with CQgsis determined by
the intensity of CQqs diffusion (see below): at large
0! coverages and sufficiently intensive g@dif-

ads
fusion the reaction rate is practically “infinite”, while
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at small Cigsl coverages the reaction rate is limited
by CQys transfer to small oxygen clusters. This
correlates with a hypothesis proposed in [25].

(8) CO,gsdiffusion: Adsorbed carbon monoxide can
diffuse via hopping from their sites to vacant near-
est neighbour site and the type of active centres re-
mains the same (in case of trapping and untrapping
processes). Along with the stage (7) this process of-
fers an additional source of empty active centrgs
required for dissociative oxygen adsorption.

3. The algorithm

Each centre of squarev(x N) lattice (in our sim-
ulationsN was varied from 100 to 1000) can exist in
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Fig. 1. Self-oscillations of the model variables & = 100
and N = 384 (@) Opa = O + oFt + oft; (b)
Oco = O+ 05t () ©F%; (d) specific reaction rate. Pa-
rameter valuesk; = 2.94 x 10° ML/s Torr, Pco = 5 x 10° Torr,
ky = 4st, kg = 003s?, k4 = 35t ks = 2577,
ke = 5.6 x 10°ML/s Torr, Po, = 1074 Torr.
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one of five stateSxnex, C agg‘, *1x1, C agsl and justed probabilityw, the process ofthex) — (1 x 1)

o;gsl_ So-called Monte Carlo step (MCS) consisting IS chosen, we randomly choose the block from four
from N x N elementary action was used as a time (2 x 2) neighbouring centres of the lattice, and if all
unit, i.e. on average every MCS calls each cell at least Of them are covered with C{Qs then they become
once (except for diffusion and reaction processes, seestate C(jgsl etc. Otherwise the state of the chosen cell
below). In our model by elementary action it is meant (cells) remains unchanged. This procedure reflects in-
a trial to change a state of the randomly chosen centre directly the dependence of the stage rates on the sur-
in such a manner as it was with the substances namedface coverages by adsorbed substances and, in our
in above mentioned processes (1)-(6). The probabil- case, on the surface coverages by the different surface
ity of some particular process; is determined by a  phases.

ratio between the rate coefficients for stages (1)—(6): Monte Carlo technique does not permit now to
w; = ki / (k1 + k2 + k3 + k4 + ks + k), therewith the model too intensive adsorbate diffusion on the surface
rate coefficients for the adsorption processes are mul-due to huge consumption of computer time. How-
tiplied by the relevant partial pressures. When appro- €ver, diffusion is necessary for the spatio-temporal
priate process is chosen according to the adjusted ~ Processes synchronisation occurring on the different
ratio then an attempt of its realisation is undertaken. regions of the model surface. In our model after each
Depending on the state of the randomly chosen cell of N x N trial to carry out one of the processes
(one in case of 1st, 2nd, 3rd and 5th processes; two in (1)—(6) the inner cycle of CQsdiffusion is arranged.
case of 6th; four in case of 4th) the chosen process canThe cycle consists oM attempts of random choice
either occur or not. E.g., if the CO adsorption is cho- Of two neighbour lattice cells (in our computatioks

sen then for the success of this attempt the randomly was varied from 20 to 100). If such pair {£Oads
chosen cell £pex OF *1,1) Must be empty. In case of  *}, then CQgs and x interchange their position, i.e.
the O adsorption two randomly chosen neighbouring diffusion happens (stage 8). For all other pairs ex-
cells must be in theq. 1 state. If according to the ad-  cept for {COags Oja}, an attempt of diffusion is

Fig. 2. Snapshots reflecting the adsorbate distribution over the surface (capital letters) and the appropriaren@®n rate intensity
(small letters). On the A-D snapshots@is painted black, Cgs as grey, empty Pt sites as white. On the a—d snapshots a grey scale
reflects the rate intensity. Snapshots A,a—D,d correspond to 332, 360, 364, and 408 MCS (vertical bars on the Fig. 1d).
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rejected. If the pair i COyqs O;gsl}, reaction (stage = CO, formation is intermediate. The peak of the inte-
7) occurs with releasing of active sites and forming of gral reaction rate corresponds to the maximal perime-
CO, (reaction rate counter increased therewith by a ter of the oxygen island (Fig. 2c). The final phase of
unit). The type of active sites remains the same. Thus, the oscillation cycle is an increase of the £&cov-
the rate of CQqs+ Oagsinteraction is determined by  erage on the free centregex and*i1, in the same
a number of diffusion trials (i.e. byvl parameter). time the latter undergoes the reverse transformation
Realisation of the 7th stage indirectly assumes that into xpex (Fig. 2D,d). Due to sufficiently high rates of
for the interaction of surface species the diffusion of COgqgsdiffusion and Qgs+ CO,gsreaction (4 = 100)
mobile CQygs is required to overcome the potential the oscillations are characterised by nearly constant
barrier, in such a manner that g&faced with Qgs amplitude and period. The shape of oscillations also
remains almost unchanged, though the active zones
with elevated concentration of free active centres ap-
pear every time on new regions of the model lattice.
The competition of the mechanisms o$ @nd CO
The synchronous variations of the reaction rate, adsorption in combination with the processes of the
Oadsand CQgqscoverages and hex andxl1 surface surface structure transition hex 1 x 1 is a driving
phases exhibited within the above-mentioned range of force for self-oscillations. At a proper choice of model
the suggested model parameters. The wave processeparameters; on the surface regions with elevated
on the surface attend these oscillations. These pro-concentration of the active centreg.1 the oxygen

4. Results and discussions

cesses are shown in Figs. 1 and® & 384, M =

100, other parameters are given in Figure captions). 420

We start with the clean surface Pt(100)-hex, Fig. 1a,b ® d)

(i.e. only CO adsorption is permitted). Despite of the  §10

small value of the rate coefficient for the reconstruc- g

tion process (stage 4hex — (1 x 1) the surface * 0 , — :

portion in state & 1 (@1x1 = O+ oLst + ot 0 1000 2000 3000 4000 5000

grows rather quickly (Fig. 1a). The centres suitable O’ﬂ

for O, adsorption are produced as a result of gO 0 )

diffusion, but the Qi coverage is negligibly low due So2

to very fast reaction with neighbouring G& (com- 1

pare Fig. 1a,b,c). When the ggcoverage attains its 0.0 1 T —

maximum @ ~ 0.8), the adsorbed layer is composed 1,0 o 1000 2000 3000 4000 5000

from CO}3 and Cdﬂgsl (Fig. 2A). This adlayer com- - b)

position corresponds to the minimum of the reaction Fo5 |

rate (Fig. 1d) calculated as a number of the formed & WMWMWWM

CO, molecules per one MCS divided B (i.e. spe- 0.0 —_— — :

cific reaction rate per one active centre). Moreover, we 0 1000 2000 3000 4000 5000

calculated the distribution of local intensity of GO 0,9

formation. Fig. 2a shows that the intensity of £for- =06 a)

mation in the CQgslayer is low, but it increases over =

the zones with elevated concentration of free active -

centres (Fig. 2A). These are just the zones where the 0.0+ T — .
1000 2000 3000 4000 5000

1x1
Oags
and b,c). Fig. 2b,c show that the highest intensity of
CO, formation is related to a narrow zone between
the growing Qgsisland and surrounding Gfg; layer
(“reaction zone”). Inside oxygen island the intensity of

islands are generated and then propagated over
the surface as a wave with a sharp boundary (Fig. 2B,C

Monte Carlo steps
Fig. 3. Self-oscillations of the model variables & = 30
and N = 384 (a) O1.1 ot + ofd + 05 (b)
Oco = O + 085l 68 (d) specific reaction rate. The pa-
rameter values are the same as for Fig. 1.
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adsorption dominates, needed two neighbouring free face, however, the reaction rate and surface coverage’s
centresk1,1. Carbon monoxide adsorption prevails in  continue to oscillate.

zones with low local concentration of the active cen-  The lowering ofM parameter down to 50 does not
tres. CQgsdiffusion and surface reaction represented influence the regularity and uniformity of the oscilla-
by M parameter synchronise the situation on different tions but results in some decrease of period and am-
local regions of the surface thus governing the oscilla- plitude. The further lowering d¥l down to 30 leads to
tion regularity. The increase of the rate coefficient for the non-regularity (chaotisation) of the period and am-
structural phase transformatidnex) — (1 x 1) up to plitude of oscillations and even to intermittence phe-
10* (close to the value recommended in [26]) leads to nomena (Fig. 3). The concentration of the 1 phase

the disappearing of the wave phenomena on the sur-at M = 30 is varied within 0.1 ML range. In this case

Fig. 4. Snapshots reflecting the adsorbate distribution over the surface in the case of low diffusion intensity (Fig. 3). On the snapshots
Oags is painted black, Cgs as grey, empty Pt sites as white.
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the adsorbed oxygen is always present on the surface

in a shape of moving spots (cellular structure, frag-
ments of spirals, strips, etc.), Fig. 4. Similar turbulent
spatio-temporal behaviour of adsorbate coverages in
the CO+0O,/Pt(1 0 0) reaction has been experimentally
observed by Rotermund (PEEM) [27] and Lauterbach
et al. (EMSI) [28]: the structures with a higher sym-
metry, i.e. spirals, appears only for short periods of
time.

Let us consider the fine structure of the above
mentioned reaction zone (Fig. 5, an enlarged inset of
Fig. 2B). The presence of the narrow reaction zone
with atomic resolution has been found experimentally
(field ion probe-hole microscopy technique with 5 A
resolution) by Gorodetskii et al. [29]. In the left up-
per corner of the Fig. 4 an edge of the oxygen island
with free active centresphex andx*1«1 inside them has
been shown. The greatest concentration of the empty
Pt centres is observed in the narrow zone between
Oags and CQgs layers. Due to rapid @adsorption
and subsequent fast reaction with neighbouring, O
the formation of CQ molecules proceeds most inten-
sively in this reaction zone.

The Monte Carlo technique permit us to study the
dependencies of oscillation features versus reaction

Fig. 5. Fine structure of the reaction zone (an enlarged inset from
Fig. 2B). Black cells — gsl; grey cells — CQqs White cells
— empty Pt centres.
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Fig. 6. Hysteresis of®1x1 vs. Pco (step-by-step changing),
Po, =2 x 10~* Torr, vertical bars show the amplitude of oscilla-
tions.

parameters (e.g. CO partial pressure) by changing the
parameter step-by-step and using the surface configu-
ration after the previous simulation run as an initial for
the next one. Fig. 6 shows the hysteresi®in =
O+ oLt + ©5! by consecutive increasing and
loweringPco. At very high ratioPo,/ Pco the surface
Pt(100)-hex is practically empty. The increasing of
Pco leads to the appearance of x11) surface struc-
ture covered by C@sand atPco = 3 x 107 Torr

the oscillations of reaction rate and surface coverages
arises following the aforementioned scenario. The am-
plitude and the period of oscillations grows with in-
creasing oPco. Then atPco = 10~* Torr the surface

is saturated by CEL. Due to very low probability of
desorption this state of the Pt(100) surface preserves
up to very lowPco. The CO desorption rate constant
ks determines the lower boundary of hysteresis. Back
structural phase transitiofl x 1) — (hex) proceed
though the rapid clean-off reaction (steps 7 and 5).

5. Conclusions

The statistical lattice model was constructed for
the (CO+ O)/Pt(100) reaction which takes into
account the change of surface properties due to the
adsorbate-induced reversible surface transformation
hex — 1 x 1. The model reproduces qualitatively
the hysteresis and the synchronous variations of
reaction rate, gys and CQgs coverages, hex and
1 x 1 surface phases under the conditions close to
the experimental onesPg, = 10~*Torr, Pco
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10 °Torr, T 500K). Autowave processes ac-
company self-oscillations of the reaction rate. The

existence of a reaction zone between the moving ad-
sorbate islands has been shown. The results obtainec{
make possible to interpret the surface processes on

the atomic scale. The computer movies illustrating
the spatio-temporal dynamics of the adsorbed layer
distribution and the local intensity of the reaction rate
at different rates of reaction and G diffusion are
available at http://catalysis.nsk.stlatkin/.
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