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Abstract—Theoretical studies of the spatiotemporal dynamics of CO oxidation on Pt(100) and Pd(110) single
crystal surfaces have been carried out by the kinetic Monte Carlo method. For both surfaces, Monte Carlo sim-
ulation has revealed oscillations of the CO, formation rate and of the concentrations of adsorbed species. The
oscillations are accompanied by wave processes on the model surface. Simulations have demonstrated that there
is a narrow reaction zone when an oxygen wave propagates over the surface. The existence of this zone has been
confirmed by experimental studies. Taking into account the anisotropy of the Pd(110) crystal has no effect on
the oscillation period and amplitude, but leads to the formation of elliptic oxygen patterns on the surface. It is
possible to obtain a wide variety of chemical waves (cellular and turbulent structures, spirals, rings, and strips)
by varying the parameters of the computational experiment.
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Catalytic CO oxidation on platinum-group metals is
a classical model reaction in heterogeneous catalysis.
In addition to being of fundamental interest, this reac-
tion is of great environmental significance as a means
of removing carbon monoxide from exhaust gases. CO
oxidation under far-from-equilibrium conditions can be
accompanied by critical phenomena, such as multiple
steady states, self-oscillations, traveling waves, and
chaos [1-15]. Various autooscillation mechanisms have
been discovered and investigated to date. These include
surface phase transitions [4, 6], the formation of a “sub-
surface” oxygen layer [12], and the “explosive” interac-
tion between adsorbed species [14]. For all of the
mechanisms, it is assumed that the metal surface passes
spontaneously and periodically from the inactive state
to the highly catalytic active state.

Use of physical methods with a high space resolu-
tion (<1 wm) made it possible to study in situ the forma-
tion of traveling chemical waves arising from the oscil-
latory dynamics of the reaction on Pt and Pd single-
crystal surfaces [11, 13]. It was demonstrated that the
conventional approaches using phenomenological
kinetic equations (sets of differential equations) are
inappropriate for describing the nature of spatiotempo-
ral chemical waves on the metal surface [16]. So-called
kinetic (dynamic) Monte Carlo models [17] turned out
to be the most suitable. The most recent review of the
application of these models to oscillatory reactions was
given by Zhdanov [18]. Here, we present an overview
of our recent experimental and theoretical Monte Carlo
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studies of the mechanism of the formation of self-oscil-
lations and chemical waves in CO oxidation on Pt(100)
and Pd(110) single crystals.

MODELS

Pt(100): Simulation of Self-Oscillations
and Chemical Waves

The detailed reaction mechanism used in the simu-
lation of the self-oscillations [19-22] is based on exper-
imental data reported in [23-36]. It was discovered that
the self-oscillations of the CO oxidation rate are related
with the reversible phase transition Pt(100)-(hex) ~——
(1x1).

Ertl’s model distinguishes the following stages of
the self-oscillation cycle in CO oxidation on the
Pt(100) surface [4, 11]:

(1) When the reaction medium (PCO/P02 =~1:10)1s
in contact with the clean reconstructed surface (hex),
because of the smallness of the oxygen sticking coeffi-
cient (5o, = 103), CO adsorption (s¢o = 0.8) mainly
takes place. Once a surface coverage of 6.-n = 0.08 is
reached, the phase transition (hex) — (1 X 1) occurs

rapidly, resulting in the formation and growth of (1 x 1)
islands over the surface.

(2) The appearance of the nonreconstructed surface
(1x 1) causes a sharp increase in the oxygen adsorption
rate (so, = 10~" on (1 x 1)) and leads to complete cover-
age of the surface with an O, layer. The rapid reaction
between CO, 4 and O,y on the (1 X 1) surface, which
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increases the number of empty sites for the dissociative
adsorption of O,, initiates the autocatalytic formation
of CO, molecules.

(3) The appearance of the clean (1 x 1) surface,
which is thermodynamically unstable under the reac-

CO +# —» CO,y, (I)
COy —= CO + #,,,, (II)

Ix1

CO,s —= CO + 3, (IID)

1x1

tion conditions, brings about a spontaneous back tran-
sition to reconstructed Pt(100)-kex, and the oscillation
cycle is thus completed.

The mechanism of the reaction can be repre-
sented as

(IX 1) == (hex): # ;== Hpe0 (V)

Ix1

Oy + 2%,y —= 20, , (VD)

Oua | +CO—= CO, + %, + %, (VII)

(hex) —= (1X 1): 4CO,, —= 4COLS", (IV) CO,y +* —= % + CO,,,. (VII)

Scheme 1.

Below, we present a brief description of the steps of this
catalytic cycle. Step (I) is CO adsorption. The absence
of indices at the active site * means that CO, unlike
oxygen, has the same sticking coefficient (sqq) for *,,
and *, ;. Steps (II) and (III) are CO desorption. The
rate constants of CO desorption from the surface phases
(hex) and (1 x 1) differ by approximately 3—4 orders of
magnitude. Step (IV) is the (hex) — (1 x 1) phase
transition. In accordance with [30, 35], it is assumed
that only CO molecules adsorbed simultaneously on
the four nearest neighbor sites of the model grid can
cause its transformation into the (1 X 1) structure (with
some probability). Step (V) is the back structural tran-
sition (1 X 1) — (hex). Step (VI) is oxygen adsorption.
The dissociative adsorption of O, takes place only on
double nearest neighbor (1 X 1)-type sites. Step (VII) is
CO, formation. This reaction occurs via the Langmuir—
hex

Hinshelwood mechanism. O,y reacts with CO,y, and

COélidxs1 at equal rates, and the kinds of active sites
remain unchanged. Step (VIII) is CO,4 diffusion. The
adsorbed molecule CO,y, diffuses on the surface by
hopping from its site to a random nearest neighbor
empty site. As this takes place, the kinds of active sites
remain unchanged. Along with steps (III) and (VII),
diffusion (VIII) is a source of empty *,,, active sites,
which are necessary for the dissociative adsorption of
oxygen.

CO oxidation on Pt(100) was simulated on an N X N
grid of square cells with cyclic boundary conditions
(usually, we took N = 1000). The state of a cell was set
according to the rules determined by the detailed reac-
tion mechanism. The time unit was a Monte Carlo
(MC) step, which consisted of N X N choice and real-
ization trials of the main elementary processes. The
probability of occurrence of each step for the adsorp-
tion, desorption, and chemical reaction processes was

KINETICS AND CATALYSIS  Vol. 50

No. 1 2009

taken to be equal to the ratio of the rate constant of this
step to the sum of the rate constants of all steps. The
rate constants of steps (I)—(VII) at T~ 500 K were taken
from [27, Table 1].

After selecting one of the processes (steps (D—(VII))
and performing a realization trial, we considered the
internal cycle of diffusion, which consisted of M diffu-
sion trials for CO,4 molecules (typically, M = 50-100).
The CO oxidation rate and the reactant coverages of the
surface were calculated after each MC step as the num-
ber of the resulting CO, molecules (or the number of
cells in the corresponding state) divided by the total
number of cells, N?. The algorithm of the simulation of
CO oxidation on Pt(100) is detailed elsewhere [19].

The Monte Carlo model of the reaction reveals
oscillations of the reaction rate and the CO,4 and O,
coverages of the surface and intertransitions between
the surface phases (1 X 1) and (hex) under conditions
similar to experimental results (the rate constants of the
reaction steps were taken from [27]). The oscillations
are accompanied by the propagation of concentration
waves on the surface (Fig. 1). The most noteworthy
result of the simulation is the revealing of a narrow
reaction zone before the front of the propagating oxy-
gen wave, which suggests that the surface passes into a
highly active catalytic state (Fig. 2). It can be seen from
Fig. 2 that the local CO, formation rate is the lowest in
the CO,, layer, takes an intermediate value in the O,
layer, and is the highest in the narrow reaction zone
along the perimeter of the growing O, islands. Note
that this narrow reaction zone is observed only when
there is a propagating oxygen wave. A local increase in
the CO,4, concentration on the surface causes the disap-
pearance of the narrow reaction zone, as follows from
the behavior of an oxygen island (A) in the bottom left
corner of Fig. 1. This island disappears as its oxygen
reacts with CO,,. Here, as O,y is consumed, the
vacated (1 x 1) phase turns into (hex). The observed dif-
ference between the local reaction rates can be
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Fig. 1. Computer film frames depicting the propagation of an oxygen wave at the reaction rate increase stage. The light areas are
O,4s» the dark areas are CO,qq, and the black areas are empty surface sites. The interframe time interval is 10 MC steps. The grid

size is 1000 x 1000 cells. The CO, diffusion rate parameter is M = 100. Reaction conditions: T ~ 500 K, Pco = 5 x 107 Torr, and

P02 =17.5 x 107 Torr. For rate constant data, see [19, 27].

.

o

Fig. 2. Computer film frames depicting the variation of the CO, formation rate during the propagation of oxygen waves over the
Pt(100) surface (see Fig. 1). The intensification of gray color means an increase in the CO, formation rate.

explained in terms of competitive oxygen and carbon
monoxide adsorption: the CO, layer inhibits the dis-
sociative adsorption of oxygen, while the O,y layer
always has single vacant sites for monomolecular CO
adsorption. The highest total reaction rate in an oscilla-
tion period is reached at the instant the perimeter of the
growing oxygen islands is the longest. At the final stage
of the autooscillation cycle, the (1 x 1) phase turns into
(hex) and the CO,4, coverage increases owing to CO
adsorption on empty sites (both on (kex) and (1 X 1)).
The appearance of a narrow reaction zone during oxy-
gen wave propagation was observed experimentally in
H, and CO oxidation on a Pt[100] oriented tip by atom-
probe field ion microscopy (APFIM) with a resolution
of ~5 A [37, 38] (the experimental setup is schematized
in Fig. 3).

Obviously, in order to synchronize the spatiotempo-
ral changes in different areas of the surface, it is neces-
sary to take into account the diffusion of the adsorbed
species. However, the inclusion of diffusion into the set
of randomly chosen main processes (in our case, steps
(D—(VID) leads to an unreasonable lengthening of the
computational time because the diffusion rate constant
is several orders of magnitude larger than the rate con-
stants of the other processes. For this reason, most
researchers employing kinetic Monte Carlo models in
which diffusion must be taken into account consider an
internal diffusion cycle, making M random transfer tri-

als for the adsorbed substances (in our case, only
CO,q4)- Since an increase in the diffusion cycle param-
eter M above 100 does not result in quantitative or qual-
itative changes in the spatiotemporal dynamics of the
reaction, we believe that the chosen value of the CO,,
diffusion rate parameter is sufficiently large for syn-
chronization of the local processes. Likewise, decreas-
ing the parameter M to 50 does not break the regularity
of the oscillations, but somewhat reduces the oscillation
period and amplitude. A further decrease in M to
20 randomizes the oscillation period and amplitude. In
this case, adsorbed oxygen is always present on the sur-
face as mobile patches of various shapes (Fig. 4). A
similar turbulent spatiotemporal dynamics of sub-
stances adsorbed on the Pt(100) surface in CO oxida-
tion was observed by photoelectron emission micros-
copy (PEEM) [39] and by ellipsomicroscopy for sur-
face imaging (EMSI) [40].

The kinetic Monte Carlo method provides a means
to study the dependence of oscillation characteristics
on reaction parameters. This can be done by varying
some reaction parameter (e.g., CO partial pressure)
from one step to another and using the surface coverage
configuration calculated in the previous step as the ini-
tial condition for the next step. In this way, we found
that a reaction rate and surface coverage hysteresis
takes place as P is first raised and then decreased in

the 107°-1.2 x 10~ Torr range at a fixed oxygen partial
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pressure of P, =2 X 10~ Torr [19]. At a higher Py, [Pco

ratio, the Pt(100)-hex surface is almost free. As P is
raised, the CO,4(1 X 1) phase appears. At Pco ~ 3 X
107 Torr, oscillations set in, whose amplitude and
period increase with increasing Pcq. At Peg ~ 107 Torr,
the surface is completely covered by a CO,4 (1 X 1)
layer. As Pcq is then decreased, the CO,y(1 X 1) layer
persists down to Peg ~ 5 X 107 Torr because of the low
probability of CO desorption. Therefore, it is the
CO,4(1 x 1) desorption constant that determined the
lower limit of the hysteresis. The back transition
(1 X 1) — (hex) occurs vary rapidly (clean-off reac-
tion [22]) via steps (V)—(VII).

Pd(110): Simulation of Oscillations
and Wave Structures

As distinct from the oscillations on the Pt(100) sur-
face, which are caused by surface phase transformation,
the oscillations and wave phenomena on the Pd(110)
surface are due to merely kinetic factors, specifically,
changes in the catalytic and adsorption properties of the
surface, including the oxygen sticking coefficient,
because of the comparatively slow formation and con-
sumption of subsurface oxygen, O, ~— O, The
adsorption and catalytic properties of Pd(110) were
studied by various kinetic and physical methods [41—
51]. A reaction mechanism taking into account the for-
mation of subsurface oxygen Oy, [52] was suggested to
explain the observed oscillations of the CO oxidation
rate on Pt, Pd, and Ir [53-55]. It is assumed in this
mechanism that the resulting Oy, layer suppresses oxy-
gen adsorption and favors the growth of a CO,y, layer
(inactive surface) [52]. Nevertheless, the slow reaction
between CO,y and Oy, removes subsurface oxygen,
thus making oxygen adsorption a more favorable pro-
cess (active surface). This causes O, formation again,
so the cycle is repeated.

(1) OZ(gas) + 2% — 2Oads’
(2) CO(gas) +Fe— COads’

High Probe Magnetic
voltage hole separator
4 Lens ™M/Am =10 Detector

Reaction zone

CO,qs-layer

4

Reaction zone

Co3

0,4, layer
Co
CO

Fig. 3. Field ion microscopy setup for detecting the narrow
reaction zone in CO oxidation on a platinum tip [38]. The
preadsorbed CO,, layer reacts with oxygen to form a nar-
row wave front crossing the probe hole in ~100 ms.

Based on experimental data, we formulated the fol-
lowing detailed mechanism of CO oxidation on
Pd(110), which was then used in the kinetic simulation
of this reaction by the Monte Carlo method [56]:

(4) Oads +#F, — *Osub’
(5) Coads + >l<Osub - CO2(gas) + 2% + *v

(3) Coads + Oads - COZ(gas) + 2%, (6) CO(gas) + >k()sub‘—> COadsOsub’
(7) Coadsosub - COZ(gas) TRk
Scheme 2.

Here, * and *, are active sites of the surface and of
the subsurface layer. The first step is irreversible oxy-
gen adsorption, and the second is CO adsorption and
desorption. In the third step, CO,y, reacts with O,y to
yield the reaction product. Subsurface oxygen, Ogy,
forms in the irreversible step (4). Step (5) is the slow
reaction between O, and the nearest neighbor CO
molecules, which regenerates the initial active sites of
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the surface, *. The adsorbed species CO,4,Oy,, results
both from CO adsorption from the gas phase (step (6))
and from CO, diffusion over active sites, both initial
and modified (Og,). The decomposition of the
CO,4 O, complex yields CO, and vacates the * and *,
sites (step (7)). It is assumed that the heat of CO adsorp-
tion is lower on the modified sites Oy, than on the ini-
tial sites *; that is, the probability of CO,4Oy,, desorp-
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Fig. 4. Computer film frames depicting the variation of the oxygen concentration during an oscillation period of the reaction rate.
The light areas are O, the dark areas are CO, 4, and the black areas are empty surface sites. The interframe time interval is 20 MC

steps. The grid size is 1000 x 1000 cells. The CO, 4 diffusion rate parameter is M = 20. Reaction conditions: T ~ 500 K, Pcg =5 X
107 Torr, and Poz =7.5 % 107 Torr. For rate constant data, see [19, 27].

tion (step (6)) is higher than the probability of CO,
desorption (step (2)). CO,4, can diffuse over the sur-
face, obeying the following formal rules: 1. CO,y +
Kk + Coads’ 2. Coads + >l<()sub k4 Coadsosub’
and 3. CO Oy + *¥Ogp ~ *Ogp + CO,4 Oy The
sequence of steps (1)—(5) [52] has frequently been used
in the simulation of oscillations in catalytic oxidation
reactions using either differential equations (see earlier
reviews [7, 18]) or kinetic Monte Carlo methods [18],
including in our studies [57-59]. In our earlier work
[56], as well as in later studies [20-22, 60-63], the con-
ventional steps (1)—(5) in Scheme 2 were supplemented
with the possible formation and consumption of the
surface species CO 4Oy, (steps (6) and (7)). Note that
steps (6) and (7) diminish the range of existence of
oscillations in the (7, P;) space.

The Pd(110) surface was modeled as an N X N
square grid (in our calculations, N = 500-8000) with
square cells and cyclic (sometimes, zero) boundary
conditions. For Pd(110), a cell can assume one of five
states (**, CO 45 Ougsr [¥Ogupls [CO,4:O4up]) according to
the rules given by the algorithm of the simulation of the
detailed reaction mechanism (Scheme 2). Here, the
simulation algorithms are the same as were used in the
simulation of CO oxidation dynamics on Pt(100) [56,
60-62].

The oscillatory behavior of CO oxidation on
Pd(110), which takes place via the detailed mechanism
presented in Scheme 2, was revealed by computational
experiments [56] using the following set of rate con-
stants of the elementary steps (s™'):

ko ok ks ke ks ke kg Kk
1 1 02 003 001 1 05 002

The oscillations are accompanied by the wavelike
propagation of adsorbed species over the surface. A
dramatic increase in the reaction rate takes place at the
minimum Oy, concentration value within one oscilla-
tion period simultaneously with the removal of the

CO,q4 layer and with the coverage of the surface by
adsorbed oxygen (Fig. 5). Once the maximum reaction
rate is achieved, a redistribution of adsorbed oxygen
occurs: O,y — O, The position of the O, (7) peak
determines the point at which the reaction rate begins to
decrease. CO,4, accumulates on the surface, and this is
accompanied by the removal of the O,y layer. When the
reaction rate is the lowest, the CO,,4, molecules react
slowly with Og,. A decrease in the O, concentration
to some critical values recreates the conditions neces-
sary for subsequent O,4, adsorption, so the self-oscilla-
tion cycle is repeated. As the oxygen wave front propa-
gates, there is a narrow reaction zone with an increased
concentration of empty active sites and a local maxi-
mum of the CO, formation rate.

Oxygen or CO adsorption on Pd(110) (Scheme 2,
steps (1) and (2)) causes surface reconstruction into a so-
called added/missing row structure, Pd(110)-(1 X 1) —
(1 x 2), and this is not accompanied by any significant
change in the adsorption or catalytic properties of the
surface. Surface anisotropy is observed here: CO,y
molecules diffuse more rapidly along metal atom rows
than in the transverse direction. We demonstrated that,
if this effect is taken into account in the Monte Carlo
model of the reaction [61], then varying the M,/M, ratio
(M, is the number of CO, diffusion trials in the direc-

tion x, which coincides with the direction [ 110 ] on the
Pd(110)-(1 x 2) surface, and M, is the number of CO,;
diffusion trials in the direction y, with the total diffusion
rate in the internal cycle remaining invariable: M, +
M, = M) will not change the dependences of the reac-
tion rate and adsorbed species coverages on time (num-
ber of MC steps). At the same time, the propagation of
oxygen waves on the Pd(110)-(1 x 2) surface is sub-
stantially anisotropic and the elliptic shape of the waves
depends on M,/M,. As M,/M, is increased, the propagat-
ing oxygen wave on the surface “elongates” in the

[110] direction. The CO,q diffusion anisotropy effect
is still more pronounced in the simulation of spiral oxy-
gen waves on the Pd(110) surface. The simulation of
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Fig. 5. Distribution of adsorbed substances on the model surface Pd(110) during an increase in the O,y  coverage. The dark gray
areas are propagating oxygen islands, and the light gray areas are CO,,. The grid size is N =1000. The CO,4 diffusion rate param-

eter is M = 100

50000 45000
T T

0.9

40000
T

35000 30000 25000
T T T

o
o0
T

Regime I1

e
Q
T

098
lrfl
|| \|||

e
o)}
T

=
(9]
T

=
~
T

CO,4 coverage

|
|
}
|
l
H

=]
W
T

=]
[\
T

i 0.95

H\,‘EHMII!HM'

0.70

0.80

fr
1
I
1
1
1
1

Régime I

(e}

L]
0 5000 10000

1
25000
MC steps

1 1
15000 20000

Fig. 6. Characteristics of the two different oscillation regimes resulting from decreasing the rate constant k; from 1.0 to 0.7 in steps
(regime I, curve /) and from raising k; from 0.8 to 1.0 (regime II, curve 2). Only the oscillations of the CO,4, coverage are shown.
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this kind of spatiotemporal structure is detailed in [60].
In our computational experiment, the isotropic diffu-
sion regime (M,/M, = 50/50) was changed to an aniso-
tropic diffusion regime with M,/M, = 80/20. This led to
the “elongation” of the spiral oxygen wave along the

[110 ] direction [20-22, 61]. This asymmetric behavior
is in good agreement with the experimental observation

of spiral waves in this reaction by the PEEM method
[64].

A numerical study of the CO oxidation dynamics on
Pd(110) at a low CO,, diffusion rate (M = 20) gave
somewhat unexpected results [62, 63]. As in the case of
Pt(100), passing to this M value made the oscillation
period and amplitude smaller and irregular. However,
as the oxygen adsorption rate constant &, (or the oxygen
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partial pressure P , since k; = ky(O,)s0,Pp,) was

decreased and then increased step-by-step, we observed
a hysteresis in the oscillatory behavior of the reaction
(Fig. 6), contrary to what was observed for Pt(100). The
two oscillation regimes exist at the same k; values.
They are very different in terms of the oscillation period
and amplitude and, moreover, produce different spa-
tiotemporal patterns on the model surface. Which of the
regimes will take place depends on the kinetic history
of the system. We observed a wide variety of spatiotem-
poral surface patterns, including cellular and turbulent
structures and oxygen waves in the shape of a spiral,
ring, or strip. In particular, at the lower boundary of
regime I (k; = 0.72 s7!), the oxygen waves, which con-
tinuously travel over the surface, appear as narrow and
long strips. At the lower boundary of regime II (k; =
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0.83 s7!), the oxygen waves propagate as narrow ring-
shaped structures (target patterns).

CONCLUSIONS

The chemical waves on single crystal and tip sur-
faces result from the interplay among adsorption, reac-
tion, diffusion, and surface reconstruction. Using the
kinetic Monte Carlo method, we have investigated the
spatiotemporal dynamics of CO oxidation on Pt(100)
and Pd(110) single crystal surfaces. The kinetic models
for these surfaces differ in the detailed mechanism of
the appearance of oscillations. Both models indicate
oscillations of the CO, formation rate and adsorbed
species concentrations. The oscillations are accompa-
nied by wave phenomena on the model surface. We
studied the effects of the grid size and CO,q, diffusion
rate on the synchronization of local processes on the
surface and on the oscillation and surface structure pat-
terns. It was deduced that there is a narrow reaction
zone when an oxygen wave propagates over the sur-
face, and this was confirmed by APFIM data. Taking
into account the longitudinal symmetry of the Pd(110)
single crystal has no effect on the oscillation period and
amplitude, but leads to elliptic oxygen patterns on the
surface. The formation of these patterns is confirmed by
surface space-resolved methods (e.g., PEEM). A wide
variety of chemical waves (cellular and turbulent pat-
terns, spirals, rings, and strips) can be obtained by vary-
ing the parameters of the computational experiment.
All of these patterns were actually observed in experi-
mental studies of the oscillatory dynamics of catalytic
reactions. In our opinion, the above results make a con-
tribution to the new approaches to developing the the-
ory of heterogeneous catalysis by metals.
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