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Abstract

Ž . Ž .The effect of the formation of p 2=2 and c 2=2 adsorption structures on the O sticking probability was studied by2
Ž .the Monte Carlo simulation of the O chemisorption on a 100 metal surface. The model used in the simulation took into2

account the direct and indirect adsorption pathways and repulsive lateral interactions in the adsorption layer. The ratio
Ž .between the activation energy of adsorption via the direct and indirect pathways E rE determines the character of thedir indir

Ž .structural transformations in the adsorption layer, which in turn determines the type of the S u dependence. At
E rE -7–8, the direct pathway predominates over the indirect one. In this case, a lot of small adsorption islandsdir indir

Ž . Ž .nucleate to form a disordered p 2=2 and c 2=2 adsorption layers, i.e. Langmuir adsorption is observed, and S smoothly
decreases with the u growth. At E rE )7–8, the indirect pathway predominates over the direct one. In this case, afterdir indir

Ž . Ž .slow nucleation, the adsorption islands grow quickly to form ordered p 2=2 and c 2=2 adsorption layers, i.e. the
Ž .island-mediated adsorption is observed and S u dependence passes over a maximum. q 2000 Elsevier Science B.V. All

rights reserved.
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1. Introduction

The character of the dependence of the gas
Ž .sticking probability S on the adsorbate surface

Ž .coverage u can reveal the role of different
factors in the chemisorption, i.e. the chemisorp-

w x Žtion mechanism 1 . Such relations as S; 1y
. Ž .2u and S; 1yu correspond to the ideal

Langmuir adsorption. A constant S value at the
beginning of adsorption is usually related to the
precursor-mediated adsorption. Curves S ;
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Ž .exp yau may indicate the presence of surface
adsorption sites with different activity or lateral

Ž .interactions in the adsorption layer, S u depen-
dence having a maximum usually corresponding
to the island-mediated adsorption. At relatively

Ž .low temperatures F500–700 K , when the
diffusion of chemisorbed particles on the sur-
face is limited, various adsorption structures are
formed during the chemisorption on metal
monocrystals due to the lateral interactions in

w xthe adsorption layer 2 . For example, simple
Ž . Ž .p 2=2 and c 2=2 adsorption structures are

formed via the island-mediated mechanism dur-
Ž . w xing the O chemisorption on Pd 100 3–7 ,2
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Ž . w x Ž . w xRh 100 8–11 and Ni 100 12,13 at 100 KF
TF400 K and uF0.5. At the beginning of the

Žchemisorption at uF0.05–0.1, islands with p 2
.=2 structure are formed. At us0.2–0.25,

they merge into a saturated adsorption layer
Ž .where islands with the c 2=2 structure are

nucleated. The latter also gradually grow to
merge into a saturated adsorption layer with the
Ž .c 2=2 structure at uG0.4. In our previous

w xworks 14–16 , the mechanisms of the forma-
Ž .tion of the adsorption islands with 1=1

w x Ž . Ž . w x14,15 , p 2=2 and c 2=2 structures 16
during the O chemisorption on a square lattice2

have been studied by the Monte Carlo method.
In the present work, the effect of the formation

Ž . Ž .of p 2=2 and c 2=2 adsorption structures
on the character of the dependence of O stick-2

ing probability on the surface coverage during
Ž .O chemisorption on a 100 surface has been2

studied. With this purpose, an analysis of the
simulation results of the O chemisorption on a2
Ž .100 metal surface obtained by the Monte Carlo
method has been performed.

2. Chemisorption model

The chemisorption model, which took into
account the direct and indirect adsorption path-
ways and repulsive lateral interactions between

w xchemisorbed particles, was used 16 . Direct
chemisorption is observed when molecules
chemisorb immediately after collision with the
surface. Indirect chemisorption is observed when
after collision with the surface, molecules be-
come trapped into a precursor, migrate over the

Žsurface, and finally, chemisorb precursor-medi-
. w xated chemisorption 17 . The simple pair-wise

´ , ´ , and ´ interactions between chemi-1 2 3

sorbed oxygen atoms located in the nearest
Ž . Ž .neighbor NN , next-nearest neighbor 2NN and

Ž .third-nearest neighbor 3NN adsorption sites,
respectively, are considered in the adsorption
oxygen layer on a metal surface with a square

w xlattice of adsorption sites 13,18,19 . The ´1

repulsion is too strong. Therefore, chemisorbed

oxygen atoms are not located on the nearest NN
adsorption sites. The ´ attractive interaction is3

too weak, and was not taken into account. The
´ repulsion between two oxygen atoms2

chemisorbed on adjacent 2NN sites decreases
the adsorption heat Dqsy´ , and correspond-2

ingly increases the activation energy of adsorp-
tion according to Temkin relation between the
change of the heat and activation energy of

Ž .chemisorption D E s yaD q 0 - a - 1
w x20,21 . Thus, an O molecule can dissocia-2

tively chemisorb on 3NN adsorption sites due to
strong ´ repulsion and weaker ´ attraction1 3

between the chemisorbed atoms with the prob-
Ž Ž . .ability W s exp y E q ND E rRT ,a dir,indir

where E is the activation energy of the Odir,indir 2

dissociative chemisorption on 3NN sites when
all adjacent 2NN sites are empty, N is the
number of oxygen atoms adsorbed on adjacent
2NN sites surrounding the chemisorbing oxygen
atoms, D E is the change of adsorption activa-
tion energy due to ´ repulsion between two2

oxygen atoms chemisorbed on adjacent 2NN
sites. The dissociative chemisorption of the O2

molecules was simulated by Monte Carlo
method on a 200=200 square lattice of adsorp-
tion sites with periodic boundary conditions.

ŽThe S value at a certain oxygen surface cover-
.age is determined as the ratio between the

number of O molecules dissociatively che-2

misorbed and the number of the Monte Carlo
attempts of the adsorption of O molecules2

during some adsorption time. The model of the
Ž .O chemisorption on a 100 metal surface and2

Monte Carlo algorithm are described in detail in
w x14,16 .

3. Results and discussion

The simulations of the O chemisorption on a2
Ž .100 surface by the Monte Carlo method ac-
cording to this model show the dynamic picture

Ž . Ž .of the formation of the p 2=2 and c 2=2
w xadsorption structures 16 observed during O2

Ž . wchemisorption on 100 surfaces of metals 3–
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Fig. 1. Evolution in the adsorbed layer obtained by simulation of
the O chemisorption on a 200=200 square lattice at E s72 dir

kJrmol, E s1 kJrmol, D Es1 kJrmol. The adsorbate cover-indir
Ž . Ž . Ž .ages are a ;0.05, b ;0.28 and c ;0.38 ML. Chemisorbed

oxygen atoms are presented as points; empty adsorption sites are
not shown.

x13 . The direct chemisorption pathway leads to
the nucleation of adsorption islands, the indirect

Ž .one to their growth. The p 2=2 adsorption
structure is nucleated at the beginning of

Ž .chemisorption, whereas the c 2=2 structure is
Ž .formed later inside the p 2=2 structure be-

cause the ´ repulsion between atoms2

chemisorbed on 2NN sites decreases the proba-
bility of the formation of a fragment of the
Ž .c 2=2 structure. The ratio between the proba-

bilities of the O adsorption via the direct and2

indirect pathways determine the character of the
Ž .adsorption layer formation and the type of S u

dependence. Langmuir adsorption with disor-
Ž . Ž .dered p 2=2 and c 2=2 adsorption layers is

observed if the direct adsorption predominates
over the indirect one. Island-mediated adsorp-

Ž .tion with high degree of ordering in the p 2=2
Ž .and c 2=2 adsorption layers is observed when

the indirect pathway predominates over the di-
w xrect one 16 .

A significant change in the character of the
Ž .adsorption layer formation and type of S u

dependence is observed at constant D E, Eindir

s1 kJrmol, and gradual increase of E fromdir

1 to 20 kJrmol, i.e. at gradual change the effect
of the direct and the indirect pathways on
chemisorption.

Figs. 1 and 2 present the evolution in the
adsorbed layer obtained by simulation of the O2

dissociative chemisorption at D E, E s1indir
Ž .kJrmol, E s7 kJrmol Fig. 1 and 20dir

kJrmol, Fig. 2. At E s1–7 kJrmol, a simi-dir

lar picture of the evolution in the adsorbed layer
was observed during O chemisorption. So, at2

E s7 kJrmol, at the beginning of adsorptiondir
Ž . Ž .many small p 2=2 islands nucleate Fig. 1a .

These islands grow to form a saturated disor-
Ž .dered p 2=2 layer in which a lot of small

Ž . Ž .c 2=2 islands are formed Fig. 1b . At u)0.3,
during the saturation a completely disordered
Ž . Ž .c 2=2 layer are formed Fig. 1c . At E s20dir

kJrmol, at the beginning of adsorption few
Ž . Ž .p 2=2 islands nucleate Fig. 2a . Then they

Ž .grow quickly to form an ordered p 2=2 layer
Ž . Ž .where the c 2=2 islands nucleate Fig. 2b .

Fig. 2. Evolution in the adsorbed layer obtained by simulation of
the O chemisorption on a 200=200 square lattice at E s202 dir

kJrmol, E s1 kJrmol, D Es1 kJrmol. The adsorbate cover-indir
Ž . Ž . Ž .ages are a ;0.05, b ;0.28 and c ;0.44 ML. Chemisorbed

oxygen atoms are presented as points; empty adsorption sites are
not shown.
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Ž .The growing c 2=2 islands merge to form an
Ž . Ž .ordered c 2=2 layer at u)0.4 Fig. 2c .

At E s 1 kJrmol and D E, E s 1dir indir

kJrmol, when both direct and indirect pathways
are fast, S gradually decreases from S;1.0 at

y3 Ž Ž ..u;0 to S;10 at u;0.35 Fig. 3a 1 .
Ž .Such character of the S u dependence is re-

lated to the fact that the direct adsorption path-
way predominates over the indirect one at these
E and E values. As a result, a lot ofdir indir

Ž . Ž .adsorption islands with p 2=2 and c 2=2
structures are formed at uF0.2–0.25 and uG
0.2–0.25, respectively. Meanwhile, the indirect
pathway does not provide their significant
growth. So, small islands merge to form a satu-

Ž .rated disordered adsorption layer with p 2=2

Ž .Fig. 3. S u dependencies obtained by simulation of the O2
Ž .chemisorption on a 200=200 square lattice: a D E, E s1indir

Ž . Ž . Ž .kJrmol, E s1 kJrmol 1 , 7 kJrmol 2 and 20 kJrmol 3 ;dir
Ž . Ž .b D Es1 kJrmol, E s10 kJrmol, E s1 kJrmol 1 , 7dir indir

Ž . Ž .kJrmol 2 and 20 kJrmol 3 .

Ž .and c 2=2 structures at u;0.2–0.25 and u;
0.35–0.4, respectively.

At D E, E s1 kJrmol, S decreases asindir 0

E grows from 1 to 7 kJrmol, and the begin-dir
Ž .ning part of S u dependence drops because the

Ž .nucleation probability of the p 2=2 adsorption
islands decreases. Therefore, their concentration
and the overall adsorption rate also become
lower. At E s7 kJrmol, a constant valuedir

Ž Ž ..S;0.1 is observed at uF0.15 Fig. 3a 2 as
the gradual decrease of the direct adsorption
rate is compensated by a gradual increase of the
contribution of the indirect pathway in
chemisorption with the coverage growth. As a
result, there are many small adsorption islands

Ž .with the p 2=2 structure on the surface at
Ž .u;0.05 Fig. 1a . At uG0.15, a fast drop of S

Ž Ž ..is observed Fig. 3a 2 due to the saturation of
Ž .the p 2=2 layer where the adsorption rate is

significantly lower due the effect of ´ repul-2
Ž .sion. So, at u;0.28, many small c 2=2 is-

Ž .lands are observed Fig. 1b . As a result of the
Ž .merging of these islands, a disordered c 2=2

Ž .layer is formed at u;0.38 Fig. 1c .
At D E, E s 1 kJrmol and E ) 7indir dir

Ž .kJrmol, the character of the S u dependence
is substantially different. At the beginning of
adsorption at us0–0.05, S increases with the
u growth. At us0.05–0.15, S reaches maxi-
mum level and drops fast at u)0.15. Then at
uG0.2, S is almost constant and drops again

Ž .after the saturation of the c 2=2 layer. Such
Ž .character of the S u dependence is related to

the notable domination of the indirect pathway
over the direct one at E )7 kJrmol anddir

E s1 kJrmol. At these E values, atindir dir,indir
Ž .the beginning of the adsorption u-0.15 , the

Ž .p 2=2 adsorption islands nucleate slowly, and
their concentration is low enough to provide
their significant growth prior the merge via the
indirect pathway. So, the contribution of the
indirect pathway in chemisorption gradually in-
creases resulting in an increase of the adsorption

Ž .rate with the u growth. At uG0.15, the p 2=2
Ž .islands start to merge, i.e. the p 2=2 layer is

Ž .saturated, and c 2=2 layer begins to form. As
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a result, the adsorption rate decreases. The sub-
Ž .sequent behavior of the S u dependence is

Ž .related to the formation of the c 2=2 layer.
ŽAt E s 20 kJrmol D E, E s 1dir indir

.kJrmol , i.e. under conditions when the growth
of the adsorption islands dominates over their
nucleation, there are two distinct areas on the
Ž . ŽS u curve related to the formation of the p 2=
. Ž .2 at uF0.2–0.25 and c 2=2 layer at uG

Ž Ž .. Ž .0.2–0.25 Fig. 3a 3 . The p 2=2 adsorption
Ž .layer is formed by the nucleation of p 2=2

islands via the slow direct adsorption pathway
and their gradual growth via the fast indirect

Ž .one. As a result, S u increases at low coverage
Ž Ž .. Ž .Fig. 3a 3 and large p 2=2 islands are

Ž .formed on the surface at u;0.05 Fig. 2a . The
Ž .c 2=2 adsorption layer is slowly formed by

Ž .nucleation and growth of c 2=2 adsorption
Ž .islands during the saturation of the p 2=2

layer, because the repulsion between the parti-
cles adsorbed on neighboring 2NN sites de-
creases the probability of chemisorption signifi-

Ž .cantly. The c 2=2 islands are mostly formed
Ž .by the merge of the antiphase p 2=2 islands

spatially not coherent with respect to each other
in both directions, and grow due to the indirect

w xchemisorption 16 . Direct adsorption inside the
Ž .p 2=2 layer is hardly possible because the

effect of the repulsive lateral environment from
atoms chemisorbed on adjacent 2NN sites is
high under these conditions. Therefore, a con-
stant S value is observed during the formation

Ž . Žof the c 2=2 layer at 0.25-u-0.45 Fig.
Ž .. Ž .3a 3 and few c 2=2 islands are formed at

Ž .u;0.28 Fig. 2b . A sharp S decrease is ob-
served only at u;0.45 due to the decrease in
number of empty neighbor 3NN adsorption sites
required for the dissociative oxygen chemisorp-
tion in a more ordered saturated adsorption

Ž .layer Fig. 2c .
The decrease of the contribution of indirect

Žadsorption in chemisorption E s1, 7, 20indir
.kJrmol at constant E s10 kJrmol results indir

Ž .a gradual lowering of the whole S u depen-
Ž .dence Fig. 3b . The effect of direct adsorption

on chemisorption is increased with the Eindir

growth from 1 to 20 kJrmol. Therefore, the
concentration of the adsorption islands grows
while their size prior to the merge decreases.

Ž .This results in disordering of the p 2=2 and
Ž .c 2=2 adsorption layers.

4. Conclusion

The simulation of the O chemisorption on a2
Ž .100 metal surface by Monte Carlo method on
the basis of a model that takes into account the
direct and indirect adsorption pathways and re-
pulsive lateral interactions in the adsorption

Ž .layer indicate that the formation of the p 2=2
Ž .and c 2=2 adsorption structures have a signif-

icant effect on the character of the adsorption
Ž .layer formation and type of S u dependence.

The ratio between the activation energy of ad-
Žsorption via the direct and indirect pathways at

.E s1–20 kJrmol determines the averagedir,indir

concentration of the adsorption islands and their
average size prior to the merge, which deter-
mine the degree of ordering in the saturated

Ž . Ž .layer with p 2=2 and c 2=2 structures. If
the direct adsorption pathway predominates over

Ž .the indirect one E rE -7–8 , many ad-dir indir

sorption islands nucleate, while the indirect
pathway does not provide significant growth of
the islands. So, they merge to form disordered
Ž . Ž .p 2=2 and c 2=2 adsorption layers, i.e.

Langmuir adsorption when S decreases as u

grows is observed. At E rE ;7, a constantdir indir

S value is observed at the beginning of adsorp-
tion, because during the adsorption the lowering
of the direct pathway contribution in chemisorp-
tion is compensated by an increase of the effect
of the indirect pathway on chemisorption. If the
indirect adsorption pathway predominates over

Ž .the direct one E rE )7–8 , the adsorptiondir indir

islands nucleate slowly while faster indirect ad-
sorption provides their significant growth prior
to the merge. As a result, the effect of the
indirect pathway on chemisorption is increased
with the u growth, thus accelerating the adsorp-
tion. In this case, the slow nucleation and fast
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growth of the adsorption islands are observed,
Ž .and S u dependence passes over a maximum.

Thus, complex structural transformations in
oxygen adsorption layer during the O2

Ž .chemisorption on 100 metal surfaces have a
significant effect on the oxygen adsorption rate.
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