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A Monte Carlo simulation for CO-NO heterogeneous catalytic reaction over a square lattice as well as hexagonal lattice
has already been performed with a model based on the Langmuir- Hinshelwood mechanism. Similarly this reaction on
square lattice has also been studied by Eley-Rideal mechanism. Here Monte Carlo simulation has been used to study
the effect of Eley-Rideal mechanism on a hexagonal lattice for CO-NO reaction. The reactive window gets enhanced
due to this mechanism. It is observed that whenever ER mechanism is introduced, the production of CO, and N; starts
as soon as the CO partial pressure (yco) departs from zero, which verifies the experimental observation. Moreover, the
maximum production rate increases with the increase of ER probability.
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1. Introduction

Computer Simulation is one of the techniques
employed to study heterogeneous catalysis. Ziff,
Gulari and Barshad [1] introduced a Monte Carlo
simulation technique now popularly known as the
ZGB model to study the oxidation of carbon
monoxide on catalytic surface. In this model the
reaction occurs via Langmuir-Hinshelwood (LH)
mechanism, in which both reactants are initially
adsorbed on the surface and are in thermal
equilibrium with the substrate. The ZGB model
exhibits two irreversible phase transitions at
ys(continuous) and y,(discontinuous). Here y, is the
critical concentration of CO at which steady
reactive state (SRS) starts, while y, is the critical
concentration of CO where the SRS stops. In this
model the transiton at y; = 0.389 = 0.001
separates an oxygen poisoned state from SRS,
while a transition at y, = 0.525 + 0.001 separates
the CO poisoned state from the SRS. The range
(y2-y1) is window width. The transition at y, is of
second order while the transition at y, is of first
order. A controversial feature of the ZGB model
concerns the second-order phase transition
(SOPT), which has never been observed
experimentally in the CO oxidation. Experiments
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show that production of CO, starts as soon as CO
concentration departs from zero [2, 3].

Following the ZGB model, several attempts
have been made in order to give more realistic
description of the model and its variants [4-14].
Together with the oxidation of CO, there has also
been interest in the oxidation of CO by NO. Based
on the ZGB model, another monomer-dimer (MD)
reaction in which NO reacts with CO was simulated
on different surfaces. For this type of reaction, the
simple square lattice does not support the steady
reactive state provided N atoms undergo diffusion
[29] while two transition points are observed for
hexagonal lattice. Yaldram and Khan [15,16] have
found that the second order phase transition
(SOPT) takes place at y; = 0.185 (£0.002) and first
order phase transition (FOPT) takes place at y, =
0.338 (+0.002).

It has been emphasized by many authors that
non-thermal processes are also important to
understand the catalytic reactions [17-21]. These
processes include the Eley-Rideal (ER)
mechanism (a direct reaction between a gas phase
atom and an adsorbed atom) and the precursor
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mechanism of the surface reactions, which involve
direct collisions between chemisorbed species and
molecules or atoms that are trapped in the
neighbourhood of the surface but have not been
thermalized. Meakin [22] has also explored the
effect of ER process on the simple ZGB model for
the catalytic oxidation of CO by oxygen.

Khan and Ahmad [23] have also employed
Monte Carlo simulations to explore the effects of
Eley-Rideal (ER) mechanism on a simple
Langmuir-Hinshelwood model for CO-NO catalytic
reaction on a square surface. Without diffusion of
CO and N and desorption of CO, they have shown
that the model generates a very small reactive
window of the order of 0.033. In ER mechanism, a
gas phase reactant, never in equilibrium with the
surface, directly picks up an atom of the adsorbed
reactant and forms a product that leaves the
surface. L. Olsson, et al. [24] have also carried out
study to see the role of steps in CO-NO reaction on
(111) surface of noble metals. By means of Monte
Carlo simulation, Khalid et al.[25] have shown that
the steady reactive state is observed in the usual
LH mechanism for CO-NO catalytic reaction on
Body Centered Cubic Lattice.

The objective of this manuscript is to explore
the effects of ER mechanism on the phase
diagram of the LH mechanism for CO-NO catalytic
reaction through Monte Carlo simulation on
hexagonal surface. The paper is structured as
follows: In the next section, the reaction model and
the simulation procedure is discussed. The results
are presented and discussed in Section 3. Finally,
the conclusions are given in Section 4.

2. Model and Simulation

According to LH mechanism, it is assumed that
the reaction occurs according to the following
steps:

CO(g) + S - CcO°® (1)
NO(g) + 28 — N° + O° )
NS + N® = Ny(g) + 2S (3)
CO® + 0° - CO,(g) + 2S (4)

Whenever Eley-Rideal mechanism is taken into the
consideration then following step is simulated

CO(g) + 0° > CO, + S (5)
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Here (g), and S indicate gas phase and active
surface sites respectively; while x5, represent X
adatom on the surface. In our Model steps 1-.5 are
considered. The catalytic surface is simulated by
means of a hexagonal lattice of size L= 64. It is
observed that increase in the lattice size does not
affect the overall qualitative features of the phase
diagram; it slightly increases the critical values [26].
Periodic boundary conditions are applied in order to
avoid the boundary effects. The simulation starts
with clean surface and proceeds as follows: The
relative impingement rates of CO or NO on the
surface sites are selected randomly with probability
Yco or 1 — yco to be proportional to their partial
pressures respectively in such a way that the total
probability is normalized to one. Such normalization
implies that the model has a single parameter that
is usually taken to be yco. Here yco is the
concentration of CO in an infinite reservoir. A
surface site is chosen randomly and for this chosen
site there are two possibilities, i.e, the site is either
empty or occupied. For randomly selected site, one
of the following events may occur:

a. If the selected site is empty and CO happens to
be selected, then CO is adsorbed on the surface
as (COS) via step (1). Six nearest neighbouring
(NN) sites of the adsorbed CO molecule are
scanned randomly for the presence of o°. If any
of the NN sites are occupied by O° then the
reaction step (4) takes place with the creation of
two vacant sites on the surface. The generation
of vacant sites on the surface is necessary to
maintain catalytic activity in an efficient way. If
the selected site is occupied by N°, then the trial
ends.

b. If CO happens to be selected and the randomly
selected site is already occupied by CO®, then
the trial ends. If the selected site is occupied by
an O° atom, then the CO (g) molecule in gas
phase directly reacts with O° with some
probability Pgr in order to complete the ER step
(5) and the trial ends. In this case if the reaction
takes place then the one site occupied by O° will
be vacated.

c. If NO happens to be selected and the randomly
selected site is already occupied, then the trial
ends. If the randomly selected site is empty and
NO happens to be selected, then one of nearest
neighbouring sites of the vacant site is selected
randomly. If the site is occupied, then the ftrial
ends; otherwise NO is dissociated and adsorbed
on to these two empty sites via reaction step (2).
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The dissociation rate of NO into N and O is
taken to be 100%. The choice for adsorption on
these two sites for N and O is made randomly.
Once N and O are adsorbed, the nearest
neighbours of each are scanned for the
presence of N° or CO® in order to complete
reaction steps (3) and (4) respectively. If N° is
surrounded by more than one N®, the one pair of
NS-N® is selected randomly to give Ny(g) and
two sites are vacated. Similarly one pair of co°®-
0° or CO(g)-OS is selected randomly to give
CO4(g).

The equilibrium coverages are measured as a
function yco. To locate the critical points,
ten independent runs each upto 50000 Monte
Carlo (MC) cycles are carried out. If all the ten runs
complete 50000 cycles without the lattice becoming
poisoned, the particular point is considered to be
within SRS. The poisoning of even a single run is a
sufficient criterion for considering the point to be in
the poisoned state. If the run does not end up in a
poisoned state, then in order to obtain the
coverages in SRS, the initial 10000 MC are ignored
and the system is allowed to run up to 50,000 MC
cycles. The values of coverages (production rate)
are obtained after 10 MC cycles, so that the final
coverage (production) is an average taken over
4000 configurations.

3. Results and Discussion

The numerical results of reaction steps 1-4 of
LH type for CO-NO catalytic reaction on the
hexagonal lattice have already been presented by
Yaldram et al [15]. With this simple LH mechanism
for CO-NO catalytic reaction over the hexagonal
lattice, the second order phase transition takes
place at y;= 0.185 + 0.002, while the first order
phase transition takes place at y, = 0.338 + 0.002.
In LH model for low CO (high NO) partial pressure,
surface contains cluster of oxygen atoms with N
atoms trapped in these clusters. The ER
mechanism breaks these clusters and a different
situation is observed in the simulation for CO-NO
catalytic reaction on the hexagonal lattice when ER
mechanism with reaction step (5) is introduced. In
the ER mechanism, the CO molecule in gas phase
starts consumin% the chemisorbed oxygen atoms
trapped in NS-N pairs and consequently isolated
vacancies are created. Then each vacant site
blocks the incoming NO to be adsorbed on the
surface, as NO needs two vacant sites for its
adsorption. Therefore, the chance of adsorption for
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CO on the vacant site increases and the CO
molecules can occupy these sites very easily.
Consequently indirect supply of CO gas increases.
Therefore, once CO molecule is chemisorbed on
the vacant site, it triggers the reaction step (4). In
this way, by the addition of ER mechanism, the
consumption of oxygen increases, which increases
the CO adsorption rate. Meanwhile, the chance of
adsorption of NO on vacant site decreases as it
needs two vacant sites for its adsorption, and
therefore y, shifts toward lower concentration of
CO as compared to LH mechanism. By increasing
the CO concentration further, CO begins sitting on
the surface alongwith N atoms and we observe a
situation as shown in Fig.1(a) that indicates the
snap shot for yco = 0.33. In this situation the
chemisorbed oxygen atoms have already been
burnt completely and surface is poisoned with
combination of CO® and N°.

* . . . . . . . . . *

o T *

Figure 1. (a) A fraction of the snapshot for LH +ER (100%) for
CO-NO on hexagonal lattice at yco =0.33; where .
for CO and * for N.

The lowest value of yco considered in our
simulation was yco = 0.005. At this value, with the
introduction of ER mechanism the equilibrium state
of the system was in the steady reactive state. We
therefore, assume that with the introduction of ER
mechanism, the reactive state starts immediately
for a non-zero value of yco. Thus the productive
activity starts as soon as yco # 0, which confirms
experimental observation [27]. Engel [28]
performed the experiment on Pd surface by
impinging molecular beam on the surfaces and
compared the reaction step (4) with reaction step
(5) and has shown that reaction step (5) is very fast
in the region where the coverage of adsorbed
oxygen is high. The LH mechanism (reaction steps
1-4) is effective when the coverage of CO and
oxygen is very low. This is why the reaction step (5)
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becomes very fast in the region with high coverage
of adsorbed oxygen and it is consistent with the
experimental observation.

Figure 1b. A fraction of the snapshot for LH model for CO-

NO on hexagonal lattice at yco =0.15; where + for
oxygen and * for N.

Fig. 1(b) shows the snapshot for yco = 0.15 in
the simple LH mechanism for CO-NO catalytic
reaction on the hexagonal lattice. This snap shot
shows that at yco = 0.15, there is comparatively
high coverage of O° atoms on the surface.
Therefore, in this region, the ER mechanism plays
a dominant role in a region with high coverage of
adsorbed oxygen.
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Figure 2a.  Coverages of surface O (closed circles), CO

(open triangles), N (closed squares) and
Production rates of CO, (closed triangles), N2
(open circles) with ER 1%.

Fig. 2 (a-b) shows the situation when the
reaction step (5) with ER step probability Per of
0.01 is taken into consideration. In the case, when
Per =0.01, and yco = 0.005, the system enters an
SRS with continuous production of CO, and N..
However, when yco = 0.08, an indicative production
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rate starts. As yco (concentration of CO) increases
further, the coverage of O° and N° decreases,
while the production rate increases and it keeps on
increasing until yco = 0.33 +£0.005, where it rapidly
decreases to zero and the surface is covered by
CO°® and partially by N°. This means that a very
small value of Pgr has a significant effect on the
catalytic reaction system. Fig.3 (a-b) shows the
situation at Pgg = 0.10, where a significant
production of CO, and N, starts the moment yco
departs from zero and it continues till yco = 0.33
+0.005. With further increase in ER steps
probability Per, Yy, shifts very slightly from 0.33
+0.005 to 0.30 £0.005.
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Figure 3a. The same as Fig. 2(a) but for ER 10%.

Fig. 4(a-b) shows the results corresponding to
reaction step (5) with ER step probability 100%,
where the coverages of the species and production
rates are plotted as a function of yco. It shows the
value of y; = 0.00 and y, = 0.300 +0.005. This
indicates that the steady reactive window of width
0.300 + 0.005 is found when ER mechanism is
introduced which is larger than that of the window
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observed in LH mechanism [15, 16]. It appears
from Figs.(2)-(4) that the coverages of surface
oxygen decreases more rapidly as ER step
probability increases. Moreover, production rate
increases with the ER step probability (Fig. 5).
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Figure 3b. The same as Fig.2(b) but for ER 10%.
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Figure 4a. The same as Fig. 2(a) but for ER 100%.
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4, Conclusions

A detailed analysis of ER mechanism for the
CO + NO on the hexagonal lattice has been carried
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out, in which a reactant (CO) in gas phase directly
picks up an o° (atom) from the surface and forms
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Figure 5. Maximum Production rate of CO, versus ER-step
probability.

the product CO, that leaves the surface
immediately. This mechanism incorporates some
interesting results on the phase diagram of CO-NO
catalytic reaction on the hexagonal lattice, which
were not seen by considering the LH model only.
The usual SOPT disappears and continuous
production of CO, and N, gas starts the moment
CO concentration departs from zero. The results
are compared with LH mechanism and It is
concluded that with the introduction of non-thermal
process(ER mechanism), some additional features
such as enhancement of SRS and increase in
production rate are observed for CO-NO catalytic
reaction. The results obtained by ER mechanism
are close to the experimental observation.

References

[11 R. M. Ziff, E. Gulari and Y. Barshad, Phys.
Rev. Lett. 56 (1986) 2553.

[21 M. Dumont, P. Dufour, B.Sente and
R. Dagonnier, J. Catal. 122 (1990) 95.

[3] F. Bagnoli, B. Sente, M. Dumont and
R. Dagonnier, J. Chem. Phys. 94 (1991) 777.

[4] P. Meakin, J. Chem. Phys. 93 (1990) 2903.
[5] E.V.Albano, J. Chem. Phys. 94 (1991) 1499.
[6] J.W.Evans, J. Chem. Phys. 98 (1993) 2463.

[7] E.V. Albano, J. Chem. Phys. A 25 (1992)
2557.

179



(8]

(9]

(10]

(1]
[12]

[13]

(14]

[15]

[16]

[17]

(18]

[19]

(20]

[21]

(22]
(23]

(24]

(2]

(26]

[27]

(28]
[29]

180

The Nucleus 48, No. 3 (2011)

K. M. Khan, E.V. Albano and R.A. Monetti,
Surf. Sci. 481 (2001) 78.

A. U. Qaisrani, K. M. Khan and M. Khalid, Int.
J. Mod. Phys. C 15 (2004)1215.

K.M. Khan and K. Yaldram, Surf. Sci. 445
(2000)186.

K. M. Khan, Surf. Sci. 470 (2000) 155.

M. Khalid, K. M. Khan, A.U. Qaisrani and
Q.N. Malik, Chin. Phys. Lett. 21 (2004) 1171.

A.U. Qaisrani, M. Khalid and M.K. Baloch,
Chin. Phys. Lett. 21 (2004) 1838.

R. Imbihl and G. Ertl, Chem. Rev. 95 (1995)
697.

K. Yaldram and M. A. Khan, J. Catal. 131
(1991) 369.

K. Yaldram and M. A. Khan, J. Catal. 136
(1992) 279.

N. O. Wolf, D. R. Burgess and D.K. Hoffman,
Surf. Sci 100 (1980) 453.

S. P. Sing-Boparai, M. Bowker and D. A.
King, Surf. Sci. 53 (1975) 55.

G. Comsa, R. David and B. J. Schumacher,
Surf. Sci. 95 (1980) L210.

J. Harris , B. Kasemo and E. Tornqvist, Surf.
Sci. 105 (1981) L288.

B. Jackson and M. Person, J. Chem. Phy.
103 (1995) 6257.

P. Meakin, J. Chem. Phys. 93 (1990) 2903.

K. M. Khan and W. Ahmed, J. Phys. A 35
(2002) 2713.

L. Olsson, V. P. Zhdanov and B. Kasemo,
Surf. Sci. 529 (2003) 338.

M. Khalid, A. U. Qaisrani and M. K. Khan, Int.
J. Mod. Phys. C 16 (2005)1279.

K. M. Khan, K. Yaldram, N. Ahmed and
Q. Haque, Physica A 268 (1999) 89.

H. Fink , J. P. Dath, M. R. Bassett, R. Imbihl
and G. Ertl, Surf. Sci. 245 (1991) 96.

T. Engel and G. Ertl, Adv. Catal. 28 (1979) 1.

M.A. Khan, K. Yaldram, G.K. Khalil and K.M.
Khan, Phys. Rev. E50 (1994) 2156

A.U. Qaisrani et.al.



