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Abstract

The modelling of self-oscillations and surface autowaves in CO oxidation reaction over Pd(110) has been
carried out by means of the Monte-Carlo technique. The synchronous oscillations of the reaction rate and
surface coverages are exhibited within the range of the suggested model parameters (under the conditions
very close to the experimental observations). The dependencies of the simulation results on the lattice size and
on the diffusion intensity have been studied. It has been established that the adsorbed CO diffusion anisotropy
does not influence the oscillation kinetics but leads to the appearance of the propagating reaction fronts on the
palladium surface elliptically stretched along the [110] direction in close agreement with the known experi-

mental data.

INTRODUCTION

Experimental study of CO oxidation over
Pd(110), Pd(210) single crystals [1, 2] has evi-
dently shown that the modification of the cata-
lytic properties of the palladium surface oc-
curs under the particular reaction conditions
caused by the penetration of the adsorbed oxy-
gen atoms into the subsurface layer. These modi-
fications could manifest in the reaction kinetics
as the critical effects — hysterese, self-oscilla-
tions and chemical waves on the surface. It was
established [1, 2], that CO + O, reaction over
palladium can demonstrate the oscillatory dy-
namics (in the quite narrow pressure and tem-
perature range) at P(O,) = 1073~10"2 Torr and
at the ratio P(O,)/P(CO) = 100—1000. The oscil-
lation mechanism is usually assumed to be con-
nected with the change of the oxygen sticking
coefficient caused by the reversible subsurface
oxygen formation: O,y = O

Based on the “oxide model” proposed for
the explanation of the critical phenomena in
CO oxidation reaction over platinum metals [3]

different catalytic systems has been modelled
using the so-called “traditional approach” (the
analysis and solving of differential equation
systems corresponding to the detailed reaction
mechanism). For example, using the above-
mentioned approach the reaction rate and con-
centration oscillations in CO oxidation reaction
over Pd(110) [4] and Pt(110) [5] has been simu-
lated. However, due to the use of modern physi-
cal methods for studying catalytic surfaces, the
adsorbate distribution even on the single-crys-
tal surfaces has been found to be substantially
non-uniform, and a wide spectrum of spatio-
temporal structures (solitons, spiral and travel-
ling waves, chaotic alternating of islands of dif-
ferent adsorbates resembling the turbulent
motions, etc.) is observed on the surface in the
course of numerous catalytic reactions. To de-
scribe such phenomena, it is insufficient to use
the systems of ordinary differential equations,
which, in some cases, describe quite satisfac-
torily the complicated dynamic behavior of
such integral characteristics as the reaction rate
and the dimensionless coverage of the surface
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with adsorbates. A very promising approach,
being actively used in the recent decade for
the description of interrelated and competing
physicochemical processes on catalytic surfa-
ces, is the imitation simulation of these pro-
cesses by means of the statistical lattice mo-
dels (Monte-Carlo technique). This approach
makes it possible to describe most adequately
the spatiotemporal dynamics of adsorbates on
the catalytic surface.

Recently the statistical lattice model has been
studied for the (CO + O,)/Pd(110) [6], which
takes into account the change of surface pro-
perties due to the penetration of the adsorbed
oxygen into subsurface layer. This model demon-
strates oscillations in the rate of CO, forma-
tion and in the concentrations of the adsorbed
species, as well as the autowave processes on
the model palladium surface. But the model
surface in our previous study [6] was assumed
to be homogeneous, 1. e, the surface structure
of the palladium single crystal was not taken
into account. However it is well known, that
CO or oxygen adsorption over the Pd(110) sur-
face leads to the surface structure transforma-
tion [7] into the so called «missing row» struc-
ture: (1x1) - (1x2) (Fig. 1). The presence of
steps introduces diffusion anisotropy and the
diffusion rate of CO,4, along and across the
rows can differ noticeably, e. g., three times as
many for the Pt(110) [8] (unfortunately, there
is no experimental data for the Pd(110), for a
review see [9]).

The anisotropy of surface diffusion should
reflect in the shape of the chemical wave pro-
pagation observed in the oscillatory reaction

[110]
i

regimes. In fact, elliptically shaped target pat-
terns and spiral waves have been observed
experimentally in numerous catalytic systems
on stepped surfaces: CO oxidation on Pt(110)
[10—12], H, oxidation on Rh(110) [13], NO + H,
and H, + O, reactions on Rh(553) [14], etc. In
our work we have studied the anisotropic ef-
fect of CO, 4 diffusion on the reagent distribu-
tion over the surface and on the adsorbed spe-
cies dynamics in the oscillatory regime of CO
oxidation over Pd(110) using the statistical lat-
tice model developed in [6] as a basis.

MODEL

The following reaction mechanism based on
our FEM data was used in simulation [6]:

O(gas) T 2% = 20,45 (1)
COgas + % o CO, 4 (2)
CO,4s t Opys — CO2(gas) + 2% 3)
Ouas + % — [*Og] 4)
CO,q4s T [*Og] - CO2(gas) + 2% + %, (5)
CO4, + [*Og] & [CO,4* O] (6)
[CO,4s O] — CO2(gas) +* 4k )

Here * and *, are the active centres of the sur-
face and subsurface Pd layer, respectively. For-
mation of the subsurface oxygen proceeds ac-
cording to step 4, reduction of the initial sur-
face — due to reactions (5) and (7) (“corkscrew”
reaction). The adsorbed CO,4, species can dif-
fuse over the surface according to the follow-
ing rules:

— [0D1]

(00, Oy adsorpion)
(1=1)

(1=2)

Fig. 1. Reconstruction of the Pd(110)—(1X1) surface into the (1X2) “missing-row” structure induced by adsorption.
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D) COugs + * & * + COpuq
ii) CO,qs + [*Og] « * + [CO44*Ol,
iii) [COLs*Ogs] + [*Og] « [*Og] + [CO,gs* Ol

The simulation was performed on the lat-
tice with a size of NxN square cells with peri-
odic boundary conditions (for the most part of
our simulations N = 768). Each lattice cell can
exist in one of five states: *, CO,qq, O,qs [*Ogl,
[CO,4"O) The states of the cells are deter-
mined according to the rules specified by the
detailed reaction mechanism. For steps 1, 2, —2,
4, 5, 6, =6, 7, the values of k; were specified
as a set of numbers, which can be considered
as the rate coefficients of these elementary
steps taking into account the partial pressures
of O, (step 1) and CO (steps 2 and 6). That is,
the values for O, and CO adsorption (k;, ks,
and kg) can be treated as a product of the
impingement rate (k;xP;) and of the sticking
coefficient (S;). The following set of the rate
coefficients (s7!) was used in simulation:

k, 1
k, 1
ke, 0.2
ke, 0.03
s 0.01
kg 1
kg 05
k, 0.02

We suppose that reaction (3) proceeds im-
mediately as soon as adsorbed CO,4, and O
appear in nearest neighbourhood. After each
successful attempt of CO or O, adsorption as
well as of CO,,, diffusion, the neighbouring
cells were checked to find the partners in re-
action (3). If the partners were found then
the cells were given the state *, and one more
CO, molecule was added to the reaction rate
counter.

The method for processing the steps i)—iii)
of CO,q, diffusion over the surface will be dis-
cussed below. The prescribed constants were
recalculated as a probabilities of the realisa-
tion of elementary processes w; by the formu-
la: w; =k; / Zk;. Using a generator of random
numbers uniformly distributed over the (0, 1)
interval, we chose one of these processes ac-
cording to the specified ratio of their occur-

ads

rence (the “comb” of probabilities). Then, also
using pairs of random numbers, the coordi-
nates of one cell (or two adjacent cells, de-
pending on the chosen process) were deter-
mined from N XN cells of lattice. This algorithm
(first, choice of the process and second, choice
of the cell) makes it possible to take into ac-
count the dependence of the step rates on the
adsorbate coverage. The detailed description
of the algorithm can be found in [6].

The so-called MC-step (MCS) consisting of
NxN attempts of choice and realisation of
“main” elementary processes (1)—(2), (4)—(7) is
used as a time unit in the Monte-Carlo models.
During the MCS, each cell is tested on the
average once. The reaction rate and surface
coverages were calculated after each MCS as a
number of CO, molecules formed (or the
number of cells in the corresponding state)
divided by the total value of the lattice cells
N?. In the course of each MCS after every choice
of one of the above-named processes and an
attempt to perform this process the inner cycle
of CO,q, diffusion was processed, which includ-
ed (M, + M,) attempts of random choice of a
pair of adjacent cells of the lattice. For the
sake of simplicity we did not model in direct
way the process of (1x1) — (1x2) surface re-
construction, we only proposed that the inten-
sity of CO,q4, diffusion was different in x (M,
attempts) and in y (M, attempts) directions on
our square lattice representing the catalytic
surface (diffusion anisotropy, x is the [1i0]
direction). If the {CO,4, *}, {CO,4s [*Ol}, {*,
[Coads*oss]}’ {[Coads*oss]) [*Oss]} pairs turned
out to be the chosen pairs, the states in these
cells were interchanged according to the rules
i)—iii), 7. e. diffusion took place. Otherwise, the
attempt of diffusion was rejected.

RESULTS AND DISCUSSION

Parameters of the model: diffusion intensity
of CO,,, molecules

Calculations of the diffusion intensity were
performed in suggesting that this process can
be described with usual Arrhenius relationship
[15]: D = D, exp{—E,,/kgT}. Here E,, the ac-
tivation energy of surface migration, is from
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1/3 to 1/10 of activation energy of desorp-
tion, and the pre-exponential factor D,is from
1072 to 107* em?/s. For CO on the Pd(110) plane
E,, = 6-10 kcal/mol. It is known [16], that for
Pd(111) plane E, = 9.5—12 kcal/mol, D, =
10°*2 cm?/s. Therefore we used in calculations
the values E,, = 10 kcal/mol u D, = 1072 cm?/s.
At 400 K it gives diffusion mobility of the CO
molecule (<X?>)/2 =27 10™* cm per one se-
cond or ~10* of active sites, taking into ac-
count that the size of a palladium atom r =
2.75 A. If 1s = 10®> MCS, during 107%s (1 MCS)
every molecule of CO diffuse along the sur-
face at average as far as 10 cells. Assuming,
that for every attempt of diffusion one mole-
cule of CO visits one cell, for the entire sur-
face (in the particular case for N = 100) it gives
10x100% = 10° attempts of diffusion for 1 MCS
as a minimum. This value is in very good agree-
ment with the number of attempts, used in
our simulations (NXNxM = 100x100x100 = 10°
of attempts, as a rule).

Parameters of the model:
rate coefficients of elementary steps

Experimental values of the rate coefficients
for elementary steps of the reaction as well as
a set of values k; at which one can obtain the
oscillatory regime both of the rate of CO, for-
mation and of the surface coverages (see be-
low) are presented in Table 1. The values of k;
at the pressure 1072 Torr are presented as well,
relatively of the rate of CO adsorption, as of
the best consisted with parameters, used in
modeling. The only exception is the rate of oxy-
gen adsorption. It can be explained by the fol-
lowing. It is well known that the sticking coeffi-
cient of oxygen decreases with increasing of
the surface coverage [4, 17, 18], moreover, the
presence of the subsurface oxygen layer reduc-
es this coefficient by two orders of magnitude
[19]. Hence, it would result in decrease of the
relative rate of adsorption k,4.0,/ Kaqsco (€XDP).
It can be seen from the Table 1, that the rates
of the steps 4, 5 and 7 are low, in comparison
with others, and the rate of reaction CO,q4 +
O,qs 1s much higher than the rates of others
steps, as has been supposed during the simula-
tions. One can agree that the prescribed values

TABLE 1

k;

k; (exp)/k,qsco (€XP),
P =102 Torr

k; (exp), T = 400 K References

v, 1/s

E,, kcal/mol

Rate

Elementary step of reaction

(model)

constants

2 (102-10%)

101071-1)

500(1-10)

0.03
0

301073-107%)

4 107°-107%

—_— e e e e e

7.6 10° 1/(s Torr)

Adsorption of O,

Adsorption of CO

3.0 1/s

4.35 1043

24
14
10
28

Desorption of CO

1.8 10% 1/s

8.6 10°
3.0 10*
2.5 102

Reaction O, + CO,4
Diffusion O,43 — Og

9.8 1072 1/s

1.1 107%1/s

Diffusion Oy — O,qs

0.01
106

Reaction Oy + CO,q4
Diffusion of CO

>10° attempts

3.6 107 em?/s

2 em?/s

10

10

1)—111)

kg

Formation of [CO,q5 Ogl: COgpg + [*Ogg] - [COuq4 Ol

Iy

Decomposition of [COuqs Ogl: [COus Oyl — COgyg + [*Ogl

Reaction in [CO,4, O]

1 [CO,4qs Ogl = COy + * + *v

0.02

Ky

(“corkscrew reaction”)
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Fig. 2. Dynamics of CO,4, at different lattice size values
N (for the values of other parameters see text).

of elementary steps are in good agreement
with experimental data.

Variation of the lattice size N

The effect of stabilization of period of os-
cillation was observed during increasing of the
lattice size from 300x300 to 500%x500 cells (Fig. 2).
Amplitude and period of oscillations does not
change. During decreasing of the lattice size
the oscillations become less regular. The fluctu-
ations of the surface coverages increase mar-
kedly during the period of oscillations but the
oscillatory regime do not vanish. It is obvious
that with further decreasing of the lattice size
the fluctuation component will only increase
due to decreasing of the amount of sampling.

Variation of the diffusion intensity M

The influence of the CO,4, diffusion inten-
sity on the character of oscillations was inves-
tigated as well. It was shown (see Fig. 2 in ref.
[6]) that by the increase of the diffusion inten-

sity M = M, + M, (M, = M, — isotropic diffu-

CQiads) Size(N) = 100 M(Ditf): 100
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Fig 3. Dynamics of CO,4 at different diffusion intensi-
ties (isotropic diffusion) M (for the values of other pa-
rameters see text).

sion) more than 50 (at sufficiently large lattice
size N = 500), oscillations do not change practi-
cally. Decreasing of the diffusion rate (Fig. 3)
results in dividing of the surface into several
regions, which are weakly bound with each
other, and oscillate with the same period, but
with a little shift in phase. This means that the
role of diffusion consist in the synchronization
of the oscillations over the surface.

Anisotropic effect

The simulation of oscillations with aniso-
tropic diffusion was performed on the lattices
with N varied from 500 to 1500 cells at the
ratio of the diffusion cycle parameters M,/M,
being equal to 75/25, 80/20 and 85/15. The
values of the rate coefficients are referred
above. Surprisingly, but the integral oscilla-
tions of the reaction rate and of the surface
coverages (Fig. 4) do not vary with the change
of the ratio M,/M, and do not differ from the
case with isotropic diffusion M, = M, = 50 [6].
The amplitude, the period and the shape of
oscillations remain invariable.
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Fig. 4. Dynamics of changes in surface coverages CO(ads)
= CO,q, (solid line) and [CO,4*O,,] (dash-dotted line),
O(subsurf) = *O, O(ads) = O,4, and the specific reac-
tion rate at different ratios M,/M, (the instants of
switching of diffusion parameters are shown by arrows).
N = 768, the rate coefficients are listed in the Table 1.

But the chemical wave pattern observed on
the model surface in the oscillation regime be-
comes anisotropic and the shape of the propa-
gation of the reaction fronts reflects the in-
creasing value of the M,/M, ratio. This signi-

fies that the kinetic measurements of the re-
action rate and concentrations only could not
reveal the anisotropic effect of the adsorbed
species diffusion, this effect could be observed
only by using the physical methods for the
direct surface imaging. Let us compare the sim-
ulated snapshots showing the adsorbate distri-
bution over the surface during surface oxygen
wave propagation at the instants of the reac-
tion rate ignition (see Fig. 4). For the correct
comparison the snapshots are chosen having
the approximate equal oxygen coverages (O,q
~ 0.05) and different M,/M, (Fig. 5). The snap-
shots show the elliptically deformed along the
[110] direction (in our case x direction) oxygen
islands surrounded by the narrow regions with
elevated concentration of the free active cen-
ters, the so-called reaction zone [6]. Due to the
rapid O, adsorption and subsequent fast reac-
tion with neighboring CO,4, the formation of
CO, molecules proceeds most intensively just
in that reaction zone. The existence of the “re-
action zone” was found experimentally (field
ion probe-hole microscopy technique with 5 A
resolution) in [20].

More obviously the dynamics of the aniso-
tropic effect could be seen in observation of
the steadily existing spatio-temporal structures
on the surface, e. g., the spiral waves. Fig. 6
illustrate the evolution of the simulated spiral
wave in CO oxidation reaction over Pd(110)
after the switching the diffusion intensity from
isotropic regime (M,/M, = 50/50) to the aniso-
tropic one (M,/M, = 80/20). The manner to
come into the spiral wave regime of the oscil-
lation is described in [21]. Fig. 6, a show the

Fig. 5. Snapshots reflecting the adsorbate distribution over the surface during oxygen wave propagation: O,y is
black, Oy is 75 % grey, CO,q4s is 50 % grey, [CO,4*Ol is 25 % grey and the adsorbate-free surface is white: a —
2979 MCS, M,/M, = 75/25; b — 3951 MCS, M,/M, = 80/20; ¢ — 7344 MCS, M,/M, = 85/15.
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Fig. 6. Evolution of the simulated spiral wave in CO oxidation reaction over Pd(110) after the switching at MCS =
10 000 the diffusion intensity M from isotropic regime (M,/M, = 50/50) to the anisotropic one (M,/M, = 80/20): a —

10010 MCS; b — after first spiral rotation — 10350 MCS; ¢ — after second spiral rotation — 10700 MCS.

Fig. 7. PEEM images of the surface spiral waves in CO oxidation reaction over Pd(110) [22]: P(O,) = 4 1073 Torr,

P(CO) = 1.6 107® Torr, T = 349 K. Dark regions — CO
function values.

shape of the spiral wave right away after the
switching the diffusion intensity (at 10 000 MCS),
Figs. 6, b and 6, ¢ demonstrates the stretching
of the spiral wave after the first and second
rotation correspondingly. Let us compare the
simulated anisotropic effect with the experi-
mental observation of the spiral waves in CO
oxidation reaction over Pd(110) single crystal
obtained by means of Photoemission Electron
Microscopy (PEEM) in [22]. It has been obviously
seen in the Fig. 7 that the spiral wave displays
an anisotropy according to the crystal symme-
try in [110] direction.

CONCLUSION

It has been established that the adsorbed
CO diffusion anisotropy, which is the result of
the surface phase transition (1x1) — (1x2) in-
duced by reagents adsorption (not modeled in

bright regions — O

ads?

.qs — corresponds to the different work

direct way in our study), does not influence
the oscillation kinetics but leads to the appear-
ance of the propagating reaction fronts on the
palladium surface elliptically stretched along
the [110] direction in close agreement with the
known experimental data.
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