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INTRODUCTION

It is known that catalytic reactions far from equilib-
rium may be accompanied by such unusual phenomena
as oscillations, kinetic phase transitions, multiplicity of
steady states, and chaos. Complex dynamic behavior of
an isothermal reaction can be explained by the structure
of the detailed reaction mechanism. Various mecha-
nisms of oscillations have been found and studied
which are associated with (1) surface structure transfor-
mation Pt(100)-

 

hex

 

  Pt(100)-(1

 

 × 

 

1)

 

; (2) formation
of surface oxides (Pd(110)); and (3) the “explosive”
nature of interactions between adsorbed species. A
common assumption in all these mechanisms is the
spontaneous periodical transitions of metal from an
inactive to highly active catalytic state. The method of
photoelectron microscopy (PEEM) made it possible to
discover in the early 1990s a new phenomenon: the for-
mation of chemical waves on the surfaces of Pt and Pd
single crystals under conditions of oscillation of the
rate of chemical reactions. For instance, the regular
propagation of the reaction fronts was observed for the
reaction CO + 

 

é

 

2

 

/Pt(110)

 

 with a spatial resolution of
~1 

 

µ

 

m. These fronts were formed by O

 

ads

 

 and CO

 

ads

 

adlayers [1].
A conventional approach to autooscillation model-

ing based on solving kinetic equations that reflect
changes in the integral characteristics of the system,
such as reaction rate and concentrations of surface sub-
stance, cannot explain at the microscopic level the for-
mation of spatial–wave structures having the forms of
solitons, spiral waves, and turbulence pattern under
conditions of oscillations. Unlike this approach, imita-

      

tion modeling based on the Monte Carlo methods
makes it possible to describe the spatiotemporal
dynamics of adsorbate distribution [2, 3] on real cata-
lyst surfaces, whose structure may change under the
action of the reaction medium. The goal of this work is
to construct and study statistical lattice models that imi-
tate oscillation and wave dynamics in the adsorbed layer
in CO oxidation on the Pt(100) and Pd(110) surfaces,
which differ in the mechanism of oscillation formation:
(1) with structure transformation (Pt(100): ( hex ) 
(1  ×  1 )) and (2) with the formation of surface oxides
(Pd(110)) [1].

MODEL DESCRIPTION

 

Pt(100).

 

 Experimental and theoretical studies show that
the Pt(100) plane exhibits reversible surface structure tran-
sitions (

 

hex

 

)  (1

 

 × 

 

1

 

) under conditions of autooscial-
ltions. The activity of Pt in the (

 

1

 

 

 

× 

 

1

 

) phase is due to the
ease of 

 

é

 

2

 

 molecule dissociation: the sticking coefficients

 

S

 

(1 

 

×

 

 1)

 

 

 

≈

 

 0.3 

 

is much greater than 

 

S

 

(

 

hex

 

)

 

 

 

≈

 

 

 

10

 

–3

 

. The low
activity of the hex phase is due to the low value of the
sticking coefficient  and island growth in the course of
CO adsorption preventing the dissociation of adsorbed
oxygen molecules. It has been found that the spontaneous
periodical transition of platinum from the low-active to
highly active catalytic state, associated with the adsorbed
CO-induced phase transition (

 

hex

 

)  (1

 

 × 

 

1

 

) of the
Pt(100) plane, is a driving force of autooscillations. The
detailed mechanism of the process is as follows [4]:
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SO2
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Abstract

 

—Statistical lattice models which imitate oscillatory and wave dynamics in the adsorbed layer during
of carbon monoxide oxidation over Pt(100) and Pd(110) single crystals differing in the mechanism of autooscil-
lation formation are compared. In the case of platinum, oscillations are due to phase transitions of the catalyst
surface structure and surface reconstruction under the action of the reaction medium. In the case of palladium,
the driving force of oscillations is phase transitions in the adsorbed layers on the catalyst surface, namely, the
reversible formation of subsurface oxygen in the course of the reaction, which modifies the adsorption and cat-
alytic properties of the surface. It is shown that, according to the proposed models, a change in the coverages
(

 

ëé

 

ads

 

  é

 

ads

 

) in the autooscillation regimes occurs via the formation of a surface wave whose front is char-
acterized by the high concentration of catalytically active sites that provide the maximal rate of CO

 

2

 

 molecule
formation. Under certain conditions, the formation of various spatiotemporal structures is observed in simula-
tion experiments.
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(II)

(III)

(IV)

(V)

(VI)

(VII)

(VIII)

 

where * is the active site on the surface (

 

*

 

(1

 

 × 

 

1)

 

 or 

 

*

 

(

 

hex

 

)

 

),
step (VIII) reflects the mechanism of adsorbed CO dif-
fusion via hops along a metal surface.

 

Pd(110).

 

 Compared to the Pt(100) plain, the clean
Pd(110) surface does not restructure in the course of
CO oxidation. Of the “oxide models” proposed for the
explanation of oscillatory reaction dynamics, the most
popular is the kinetic model with subsurface oxygen
(O

 

sub

 
) consisting of the conventional Langmuir–Hin-

shelwood mechanism and supplemented with the
reversible step 

 

O

 

ads

 

  O

 

sub

 

. In this model, oscillations
and surface waves are explained by purely kinetic rea-
sons (changes in the catalytic and adsorption properties
of the surface due to slow processes of formation and
consumption of subsurface oxygen) and are not associ-
ated with the metal surface restructuring. The following
sequence of oscillatory cycle has been proposed:
(1) 

 

O

 

sub

 

 is only formed on the palladium surface cov-
ered with atomic oxygen O

 

ads

 

, and this is accompanied
by a decrease in the value of the sticking coefficient

 

;

 

 (2) the CO

 

ads

 

 layer is formed due to the fast reac-
tion of adsorbed carbon monoxide molecules with
adsorbed oxygen atoms O

 

ads

 

 with the formation of 

 

CO

 

2

 

molecules and their desorption; (3) the formation of
vacant active sites in a high concentration, which is due
to the reverse oxygen diffusion 

 

é

 

sub

 

  O

 

ads

 

 with the
subsequent removal of 

 

O

 

ads

 

 in the reaction with CO

 

ads

 

 or
due to slow reaction of 

 

é

 

sub

 

 

 

with CO

 

ads

 

 to form 

 

ëé

 

2

 

;
and (4) the transition to the initial oxygen layer pro-
ceeds from an increase in  because of a decrease in

the concentration of 

 

é

 

sub

 

 

 

( ).

Based on our experiments using TPD, TPR, and
XPS methods, the following detailed mechanism of the
reaction was proposed [5, 6]:

 

(I')

(II')

(III')

(IV')

(V')

COads
hex( ) CO * hex( ),+

hex( ) 1 1×( ): 4COads 4COads
1 1×( ),

1 1×( ) hex( ): * 1 1×( ) * hex( ),

O2 2*1 1× 2Oads
1 1×( ),+

Oads
1 1×( ) COads CO2 * 1 1×( ) *,+ + +

COads
1 1×( ) CO * 1 1×( ),+

COads * * COads,+ +

     

SO2

SO2

θOsub

O2 gas( ) 2* 2Oads,+

COgas * COads,+

COads Oads CO2 gas( ) 2*,+ +

COads * * COads,+ +

Oads *v *Osub[ ] ,+

 

(VI')

(VII')

(VIII')

(IX')

(X')

 

where 

 

*

 

 and 

 

*

 

v

 

 are the active sites on the surface and
subsurface layers, respectively. The first step describes
irreversible oxygen adsorption; the second step is the
adsorption and desorption of CO. The third step corre-
sponds to the reaction between CO

 

ads

 

 and oxygen atoms
O

 

ads

 

. The surface diffusion of CO

 

ads

 

 molecules and the
formation of the layer of dissolved oxygen O

 

sub

 

 are rep-
resented by steps (IV') and (V'). The reaction between
the CO

 

ads

 

 molecules and subsurface oxygen is
described by step (VI'). The formation of a complex of
CO

 

ads

 

 molecules on dissolved oxygen in the form
[CO

 

ads

 

*

 

O

 

sub

 

] occurs both via the direct adsorption of
CO from the gas phase (step VII'), and via CO diffusion
along the surface (steps VIII' and IX'). The decomposi-
tion of the [CO

 

ads

 

*

 
O

 

sub

 
] complex is accompanied by the

formation of 

 

ëé

 

2

 

 molecules and freeing adsorption
sites 

 

*

 

 and 

 

*

 

v

 

 (step X').
In our modeling we used a squared 

 

N

 

 × 

 

N

 

 lattice
(

 

N

 

 = 400–1600) with periodical boundary conditions.
The states of square cells were set according to the rules
determined by the detailed mechanism of the reaction
(e.g., in the case of Pd(110), each lattice cell can exist
in one of five states: 

 

*

 

, CO

 

ads

 

, O

 

ads

 

, [

 

*é

 

sub

 

], and
[CO

 

ads

 

*é

 

sub

 

]). The time was measured in terms of the
so-called Monte Carlo steps (MC steps) consisting of

 

N

 

 × 

 

N

 

 trials to choose and realize the main elementary
processes. For a unit of time, each cell was called once
in the average.

The probability of each step for the processes of
adsorption, desorption, and reaction was determined by
the ratio of the rate constant of a given step to the sum
of the rate constants of all steps.

After each choice of one of the processes and an
attempt to realize it, the program considered the inter-
nal diffusion cycle that involved 

 

M

 

 diffusion attempts
for CO

 

ads

 

 molecules (usually 

 

M

 

 = 50–100). The reac-
tion rate of CO oxidation and the surface coverages
with reactants were calculated after each MC step as a
ratio of the amount of 

 

ëé

 

2

 

 molecules formed (or the
number of lattice cells in the corresponding state) to the
overall amount of cells 

 

N

 

2

 

 (the procedure was
described in detail in [4, 5, 9]).

RESULTS AND DISCUSSION

For both mechanisms considered above, the appear-
ance of oscillations in the CO oxidation rate was

COads *Osub[ ] CO2 gas( ) 2* *v,+ ++

COgas *Osub[ ] COads*Osub[ ] ,+

COads*Osub[ ] *Osub[ ]+

*Osub[ ] COads*Osub[ ]+

COads *Osub[ ] * COads*Osub[ ] ,+ +

COads*Osub[ ] CO2 gas( ) * *v,+ +
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Fig. 1. Oscillations of the reaction rate and the surface coverage (θ) of Pt(100) for the lattice size N = 384 and the parameter M =
100. The values of the rate constants of elementary steps (Scheme 1): k1 = 2.94 × 105 ML s–1 Torr–1 (1 ML = 9.4 × 1014 atom/cm2),

PCO = 5 × 10–5 Torr, k2 = 4 s–1, k3 = 3 s–1, k4 = 2 s–1, k5 = 5.6 × 105 ML s–1 Torr–1,  = 10–4 Torr.PO2

observed in the narrow range of parameters, which are
close to the experimental values [1, 7, 8].

CO oxidation on the Pt(100) surface. Figure 1
shows autooscillations of the rate of ëé2 formation, the
surface coverage with Oads and COads, and the portion of
the vacant surface in the (hex)- and (1 × 1) structures. At
the initial moment, the platinum surface is in the (hex)
state and only CO adsorption is allowed. Despite the
low rate of (hex)  (1 × 1) restructuring, the portion
of the (1 × 1) rapidly grows. As a result of COads diffu-
sion, sites for oxygen adsorption are formed. However,
the value of é(1 × 1) coverage is very low due to the fast
reaction with neighboring COads molecules. When the
maximal value of θ(ëéads) ~ 0.8 is attained, the
adsorbed layer largely consists of CO(hex) and ëé(1 × 1)
(Fig. 2a), which is accompanied by a sharp decrease in
the reaction rate. Figure 2a' shows that the rate of ëé2
molecule formation in the COads layer is low, but
regions with a high concentration of vacant sites are
available on the surface. In this regions, the é(1 × 1)
islands nucleate and propagate along the metal surface
(Figs. 2b, 2c, 2b', 2c'). Figures 2b' and 2c show that the
maximal intensity of ëé2 molecule formation is
observed in the narrow zone at the boundary of the
growing Oads phase and the COads layer. The appearance
of such a narrow reaction zone when the surface cover-
age changes was experimentally observed by the field
ion probe-hole microscopy technique with a resolution

of ~5 Å [7]. Inside the oxygen island, the rate of ëé2
formation has an intermediate value; the lower value is
in the COads layer. The highest value of the reaction rate
along the oscillation period corresponds to the moment
when the perimeter of the reaction zone is maximum
(Fig. 2c'). At the final stage of the oscillation cycle, the
θ(ëéads) coverage increases due to CO molecule
adsorption on the vacant sites (both (hex) and (1 × 1))
with the further transition of the (1 × 1) phase into (hex)
(Figs. 2d, 2d').

A decrease in the parameter M to 50 does not affect
the regular nature and uniformity of oscillations but
leads to a small decrease in the period and amplitude of
oscillations. However, with a decrease in M to 30, the
period and amplitude of oscillations become irregular
(Fig. 3). In this case, Oads atoms are always present on
the surface and mobile islands in the form of cellular
structures, spiral fragments, etc., are formed (Fig. 4).
Similar turbulent spatiotemporal structures were exper-
imentally observed in the reaction of CO oxidation on
Pt(100) using the methods of ellipsomicroscopy for
surface imaging (EMSI) [8].

CO oxidation on Pd(110). In the whole range of
parameters at which the reaction rate oscillated, the
dependences of a change in the adsorbate concentration
and the reaction rate have a similar nature (Fig. 5). A
drastic increase in the reaction rate occurs simulta-
neously with the removal of the COads layer and filling
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éads ëéads Clean surface

(‡) (b) (c) (d)

(a') (b') (c') (d')

Fig. 2. The distribution of adsorbates over the surfaces (a–d) and the intensity of ëé2 formation (a'–d') at the moment when the
surface coverage changes on Pt(100). The concentration of Oads is shown in black, COads is in grey, and free surface is in white.
Parts a, a'–d, d' correspond to the moments 332, 360, 364, and 408 MC steps shown in Fig. 1, curve 4.
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Fig. 3. Oscillations of the reaction rate and the surface coverage of Pt(100) for the lattice size N = 384 and the parameter M = 30.

the surface with the oxygen layer (Figs. 6a, 6d, 6a', 6d').
This moment of time on the curve of the concentration
of subsurface oxygen corresponds to the minimal value
for the given period. When the rate approaches its max-

imal value, the concentration of adsorbed oxygen redis-
tributes: éads  ésub. The position of the maximum
on the curve of the concentration of subsurface oxygen
determines the moment of a decrease in the reaction
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Clean surfaceëéadséads

(a) (b) (c)

(d) (e) (f)

Fig. 4. The distribution of adsorbates over the surface in the case of the low rate of diffusion (M = 30). The concentration of Oads is
shown in black, COads is in grey, and the free surface is shown in white.
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Fig. 5. Dynamics of changes in the coverages (θ) and the rate of CO oxidation on the Pd(110) surface: (1) [COads*Osub] (dot-and-
dash line), COads (solid line), (2) [*Osub], (3) Oads, and (4) the reaction rate; N = 768; M = 100. The values of the rate constants of

steps (s–1) (Scheme 2): k1 = 1, k2 = 1, k–2 = 0.2, k3 = inf, k5 = 0.03, k6 = 0.01, k7 = 1, k–7 = 0.5, and k10 = 0.02. The partial pressures
of reagents (CO and O2) and the concentrations of active sites on the palladium surface are included in the rate constants of adsorp-
tion k1, k2, and k7.
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Clean surface[COads*Osub]COadsOsubOads

(a) (b) (c) (d)

(a') (b') (c') (d')

Fig. 6. The distribution of adsorbates over the surface (a–d) the intensity of ëé2 formation (a'–d') at the moment when the coverages
on the Pd(110) surface.

[001]

[110]

[110]

–

(1 × 2)(1 × 1)

(CO, O2 adsorption)

Fig. 7. The restructuring of the Pd(110)–(1 × 1) into (1 × 2) with missing/added rows in the course of é2 or CO adsorption.

rate. Simultaneously, the surface accumulates COads,
and this process is accompanied by the complete
removal of Oads. The minimal value of the reaction rate
is only stipulated by the interaction of COads molecules
with subsurface oxygen. A decrease in the concentra-
tion  to a certain critical value again creates favor-

able conditions for the reaction, and this completes the
oscillation cycle. Changes in the coverages occur via
the formation of the mobile wave, whose front is char-

θOsub

acterized by the high concentration of catalytically
active sites responsible for the maximal rate of ëé2
molecule formation, as in the case of Pt(100).

A decrease in the parameter M, which determines
the rate of COads diffusion, leads, as in the case of
Pt(100), to the chaotic nature of autooscillations and to
the appearance of complex spatiotemporal structures
on the surface.

It is known that CO adsorption or the dissociative
adsorption of oxygen leads to the added/missing row
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reconstruction of the Pd(110) plane (1 × 1)  (1 × 2)
(Fig. 7). As a result, the diffusion of COads molecules
along the rows of metal atoms occurs more rapidly than
across the rows. We found that, if this effect is taken
into account, such integral characteristics as the reac-
tion rate and the values θ(ëé), θ(é), and  do not

change (Fig. 8). However, the propagation of a wave on
the Pd(110)–(1 × 2) surface becomes noticeably aniso-

θOsub

tropic. Figure 9 shows the moments when coverages
are changed. They correspond to approximately the
same values of θ(Oads) and different Mx/My ratios (x and
y are the directions of axes; the direction of the x axis

coincides with the direction [ ]). It is seen that with
an increase in Mx/My the mobile wave extends along the

direction [ ].
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Fig. 8. The dynamics of changes in the coverages and the rate of CO oxidation on the Pd(110) surface at different ratios Mx/My: (1)
[COads*Osub] (dot-and-dash line), COads (solid line), (2) [Osub], (3) Oads, and (4) reaction rate.

[110]

[001]

–

(a) (b) (c)

Clean surface[COads*Osub]COadsOsubOads

Fig. 9. The distribution of adsorbates over the surface in the course of oxygen wave propagation (N = 768, θ(Oads) ≈ 0.05):
(a) 2979 MC step, Mx/My = 75/25; (b) 3951 MC step, Mx/My = 80/20; (c) 7344 MC step, Mx/My = 85/15.



KINETICS AND CATALYSIS      Vol. 44      No. 5      2003

APPLICATION OF STATISTICAL LATTICE MODELS 699

[110]

[001]

–

(a)(a) (c)

Clean surface[COads*Osub]COadsOsubOads

Fig. 10. Changes in the form of the spiral wave in the reaction of CO oxidation on the Pd(110) surface after the transition from the
regime with isotropic diffusion (Mx/My = 50/50) to anisotropic (Mx/My = 80/20), N = 1536: (a) isotropic diffusion; (b) after the first
turn of the spiral; and (c) after the second turn of the spiral.

[110]

[001]

–

0.3 s 0.6 s0.0 s

Fig. 11. PEEM images of the surface in the case of existence of a spiral wave in CO oxidation on Pd(110) [10]:  = 4 × 10–3 Torr,

PCO = 1.6 × 10–5 Torr, T = 349 K. Dark regions show COads, light regions show Oads; they corresponding to different values of work
function. 

PO2

The effect of anisotropy of COads molecule diffusion
becomes more apparent if one monitors the spatiotem-
poral structures, such as spiral waves, which are perma-
nently present on the surface (detailed modeling of
such structures was described in [9]). Figure 10 shows
the evolution of modeled spiral waves after the transi-
tion from the isotropic regime (Mx/My = 50/50) to the
anisotropic one (Mx/My = 80/20). Figure 10a shows the
form of the spiral wave at the moment when the anisot-
ropy of diffusion starts to work. Figures 10b and 10c
show how spiral waves extend after passing through the
first and second turns of the spiral. Such an asymmetric
behavior of the spiral agrees very well with experimen-
tal data obtained using photoelectron emission micros-
copy (PEEM) [10]. Figure 11 shows images of the
adsorbed layer in the case of the spiral wave in the reac-
tion of CO oxidation on Pd(110). It is clearly seen that
the spiral wave observed in the experiment [10] reflects
the anisotropy of the single crystal Pd(110) surface in

the direction [ ].110

CONCLUSIONS
Thus, we constructed and studied statistical lattice

models that describe the oscillation and wave dynamics
in the adsorbed layer for the reaction of CO oxidation
over Pt(100) and Pd(110) single crystal surfaces. These
models differ in the mechanisms of formation of oscil-
lations: a mechanism involving the phase transition of
planes (Pt(100): (hex)  (1 × 1)) and a mechanism
with the formation of surface oxides (Pd(110)). The
models demonstrate the oscillations of the rate of CO2
formation and the concentrations of adsorbed reactants.
These oscillations are accompanied by various wave
processes on the lattice that models single crystalline
surfaces. The effects of the size of the model lattice and
the intensity of COads diffusion on the synchronization
and the form of oscillations and surface waves are stud-
ied. We showed the presence of a narrow zone of the
reaction when the wave front propagates along the
metal surface. This is supported by the results obtained
by the methods of field electron microscopy (FEM) and
field ion microscopy (FIM). We found that the inclusion
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of CO

 

ads

 

 diffusion anisotropy, which reflects the real
symmetry of the single crystal Pd(110) surface, does
not affect the dynamics of oscillations of the integral
characteristics of the reaction (the rate and the surface
coverage), but it leads to the formation of ellipsoid spa-
tiotemporal structures on the surface, which were
observed experimentally with modern physical meth-
ods for surface science studies. It was shown that it is
possible to obtain a wide spectrum of chemical waves
(cellular and turbulent structures and spiral and ellip-
soid waves) using the lattice models developed. These
waves have been observed in experimental studies of
oscillatory dynamics of catalytic reactions.
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