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Effect of the subsurface oxygen diffusion on the Ziff-Gulari-Barshad catalytic reaction model
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We study a version of the Ziff-Gulari-Barshad model where we include the diffusion of oxygen atoms
between the uppermost layer and the subsurface. When a CO molecule impinges the surface, it occupies a
single site, while the @ molecule needs two neighboring sites to be adsorbed. The oxidation of the CO
molecule occurs only at the top layer, and this happens whenever a CO molecule is nearest neighbor of an O
atom. Through the pair mean-field approximation we determine the phase diagram of the model for different
values of the diffusion rate of oxygen atoms between the subsurface and the top layer. The diagram exhibits a
continuous line that separates regions displaying O-poisoned and non-O-poisoned states. We show that above
a critical value of the diffusion rate of oxygen atoms from the subsurface to the top layer, there is no more
oxygen poisoning for any nonzero value of the diffusion rate from the top layer to the subsurface. This
behavior is also verified in Monte Carlo simulations.
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I. INTRODUCTION gen atoms at the topmost layer.
In this paper we consider a variation of the ZGB model by

The well-known model introduced by Ziff-Gulari-Barshad introducing the diffusion of oxygen atoms between the top
(ZGB mode) [1] to explain the catalytic oxidation of CO layer and the subsurface. The deposition of the CO apnd O
shows some features that are not in agreement with the exaolecules proceeds in the same way as seen in the ZGB
periments. One such case is related to the appearance ofiépdel: both molecules are adsorbed only at the uppermost
continuous phase transition between an active and al@yer and the oxidation of CO occurs involving only oxygen
O-poisoned states. Experiments indicate that a reactive sta@oms at the top layer. We believe our model is more realistic
appears as soon as CO molecules start to impinge the cat&an then one proposed by Khanal.[7] because we do not
lytic surface[2]. Some attempts were made with the aim toneed to include the oxygen atoms of the subsurface to ex-
clarify this point[2-9]. For instance, Kharet al. [7] pro-  plain the formation of C@ The model is studied within site
posed a model where the oxygen atoms may be also aénd pair mean-field approximations, and we determine the
sorbed into the subsurface. In their model, besides the usuapverages of the species at the surface and subsurface as a
mechanism of Langmuir-Hinshelwood applied to the surfacefunction of the deposition rate of CO molecules and of the
they included three new steps involving the oxygen atoms:diffusion rates of O between the layers. We show that, in the

(@ An oxygen molecule can be adsorbed with one atonpair mean-field approximation, the continuous phase transi-
sitting on the top layer and the other one in the layer immetion into the absorbing state disappears for suitable values of
diately under the top layer. the diffusion rates. We also observed that the first-order tran-

(b) A CO molecule adsorbed in the top layer can alsosition into CO-poisoned state is insensitive to the diffusion
react with an oxygen atom of the subsurface. rates between the layers. In the following section, we present

(c) Oxygen atoms can diffuse between the topmost layethe model, the reaction and diffusion steps, and the equations
and the subsurface. of motion in the pair mean-field approximation. In Sec. IlI

In their model the continuous transition between the acwe present the results obtained for the coverages and the
tive and O-poisoned states disappears in two possible situghase diagram within the pair approximation calculations
tions: (i) if we do not consider the diffusion mechanism, the along with some Monte Carlo simulations. Our conclusions
CO oxidation necessarily involves an oxygen atom of theare presented in Sec. IV.
subsurface and the ;Omolecules are adsorbed occupying
sites on the top layer and at the subsurfd@e;if the diffu-
sion mechanism is considered, for suitable values of diffu- IIl. MODEL AND PAIR APPROXIMATION

sion rates. As pointed out by these authors, although the |, he 7GB surface reaction model, molecules of CO and
d|sappearance. of_ the continuous t.ransmon is chser to th@)2 are adsorbed on a catalyst, represented by a square lattice,
experimental findings, the production of €@nvolving @  4ccording to their partial pressures in the gaseous phase. The

subsurface oxygen atom has not be_en reported_experi_mem,hme process follows the Langmuir-Hinshelwood mecha-
tally. Recently, D'Ajelloet al. [1Q] studied the transient oXi- nism and the following three steps must be considered:
dation of CO over a catalyst in the presence of subsurface

oxygen atoms: in this case the subsurface was modeled by 20

monolayers and the oxidation of CO occurs only with oxy- (1) CO(g)+V—CQ(a),
(2) Oy(g)+2V—20(a),
*Email address: wagner@fisica.ufsc.br (3) CO(a)+0(a)—CO,(g)+2V,
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TABLE I. All the possible transitions among pairs of speci€s CO, andV).

From: VV VC VO VOs VVgs CC CVg OO OQ; OVs V¢Os VeVs OC  OcOs

To: VV R R, R,
VC Ry Rs
VO Rs R
VOs Rs R Rio
VVs Ru Rip
CcC Ri3
CVg R14
(e]6} Ri5 R
0O0s Ri7
OVg Ris  Rig
VsOs R20 Ro1
VsVs R22
OsC Ro3
OsOs R4

where the labels and g denote adsorbed and gaseous parits nearest neighbors is of typeln this way, the probability
ticles, respectively, an¥f is a vacant site. The steg$) and  of a given paimp;; is given byp;;=p;P(i|j), wherep; is the

(2) describe the adsorption of the molecules CO ang O density of sites occupied by a specjg§ means an oxygen,
respectively, and the third step represents the proper reactiamCO molecule or a vacant site

between the adsorbed species to form the, @@lecule. The equations of motion are obtained by writing the gain-
When the @ molecule arrives at the surface, it dissociatesloss rate equations for the pair probabilities, which are evalu-
completely. The formation of COmolecule occurs only if ated by counting the changes in the number of nearest neigh-
CO and O are nearest neighbors on the lattice, @@I-  bor pairs in a neighborhood of sites centered on, and
ecules are assumed to leave the lattice immediately, so thatcluding, the center paiij . For this model that includes the
the production of CQ leaves two new empty sites for pos- subsurface, we need to consider 14 independent pair prob-
sible new adsorption. When we take into account the diffu-abilities: pyy, Pvc, Pvo, Pccs Poo, Pvog Pvvg Pog:

sion of oxygen atoms between the surface and the subsup—cvy Pooy Povg Pveog Pvve Poog The labelSindicates

face, we include one more step: a site in the subsurface, and C means a CO molecule. The

pairs (j) and (i), although physically distinct, contribute

with the same weight to the equations of motion. All these

o pair probabilities are related to the density of the species O

where Q and Vs mean an oxygen and a vacant site in theand CO and to the density of vacant sites by equations of the

subsurface, respectively. _ type p;=3;p;; . Table | shows all the possible transitions
To describe the whole process we need to consider thgmong the pairs. For instand®, is the transition rate for the

relative adsorption rate of CO molecules, denotedyby,  central pairVC to change to a new configuratiafV. This

and the diffusion rates of oxygent; is the diffusion rate  process can occur by two independent pathsthe O, mol-

from the top layer to subsurface, adglis the diffusion rate  ecule is adsorbed on the top layer, and one of its oxygen

from the subsurface to the surface. atoms occupies a vacant site, which is nearest neighbor of

pair mean-field approximation. In this work we do not showthe subsurface migrates to a nearest neighbor vacant site of

the results based on the site approximation because they ge CO molecule at the top layer. In the Appendix we present

not introduce any novelty. For instance, as it is well knownthe explicit expressions for the transition rates.

[11], the site approximation applied to the ZGB model gives  The equation of motion for thpyc pair density is

non-O-poisoned states for any valueyg{,, contrary to the

results of the Monte Carlo simulations and the pair approxi-

mation. The inclusion of the diffusion of O between the lay- dpyc

ers does not change this picture. On the other hand, we will gt~ RaTRs~(RiF Ry, ()

show that the inclusion of the diffusion ratdg andd,, in

the pair approximation, changes the critical point of the tran-

sition between the active and the O-poisoned state. In thighich can be read from row 2 and column 2 of Table I.

approximation we introduce the correlation between twoSimilar expressions can be written for the other 13 pair den-

nearest neighbor sites of the lattice. This correlation is desities. The set of 14 equations for the pair probabilities can-

fined by the conditional probabilityP(i|j), which is the not be solved analytically. We integrate this system of equa-

probability that a given site to be of typegiven that one of tions by the fourth-order Runge-Kutta method, with the

(4) O(a)+Vg=0gt+V,
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FIG. 1. Coverages at the surface and subsurface as a functye, 0SquargCO), circle (V at surfacg triangle(O at surfacg diamond
(O at subsurfade and star ¥ at subsurface The downward diffusion coefficent id;=0.1 and the upward diffusion coefficient @
=0.01.(a) Pair approximation(b) Monte Carlo simulationgthe curves serve as guides to the eye

initial condition of an empty lattice. In our calculations, we the fact that we have integrated our equations with the initial
take py<10 ° as being a nonactive state. condition of an empty lattice.

We have also performed Monte Carlo simulations for this
model. We used two layers of square lattices with linear di-
mensionL =40 in each layer. We started all simulations with

Figure Xa) exhibits the pair approximation coverages atboth layers empty and used periodic boundary conditions.
the surface and subsurface as a functiorygf for d;=0.1  For each value of the deposition ragey of the CO mol-
(downward diffusion of the oxygen atomsind d,=0.01  ecules, we generate a random number to know what mol-
(upward diffusion of the oxygen atomdg-or these values of ecule will be deposited in the next step. If we choose CO, a
the diffusion parameters, the continuous phase transition b&ite at the top layer is chosen at random for deposition; if it
tween the active and the O-poisoned state occurs at the valie empty the deposition occurs, otherwise not. For the depo-
y1=0.245. This value is almost the same obtained in thesition of O,, also at the top layer, we need to choose at
absence of diffusion by Dickmdr 1] in the pair approxima- random a pair of nearest neighbors; deposition occurs only if
tion, y;=0.2497. Although the pair approximation gives this pair is found, and after deposition the @olecules dis-
only mean-field-like critical properties, it is a good formula- sociate so that the two O atoms are free to react indepen-
tion to obtain a qualitative picture of the phase transitions. Adently. In both situations, after any event of deposition, we
successful application of the pair approximation can also b@eed to search for nearest neighbor pairs of CO and O. If a
seen in the work of Zhonghuait al. [12] where a dimer-  pair similar to this is found, they react forming a ¢@ol-
dimer surface reaction model was studied. The simulationgcule that leaves the surface, freeing two new sites at the top
performed by Ziff, Gulari, and Barshad gave the valye layer. The diffusive movement of oxygen atoms between the
=0.389. On the other hand, concerning the first-order trantayers is also considered. The diffusion is only permitted
sition, we also observe that the transition poyatis insen-  between pairs of sites that are nearest neighbors in both lay-
sitive to the diffusion parameters: in the absence of the difers. For a diffusion of an O atom to the subsurface, with a
fusion, simulations givey,=0.525 and pair approximation diffusion rated;, a random O is chosen at the top layer, and
y»,=0.561; for the diffusion parameters of Figalwe found the diffusion is successful only if there is an empty site just
y>=0.555. As expected, the coverage of O at the subsurfadeelow the O atom. For an upward diffusion of O, with a
exhibits the same behavior as the coverage of this species diffusion rated,, we first select at random an O atom in the
the surface. That is, a continuous transition is observed at theubsurface. If the site on the top layer just over this O atom
same poiny/, =0.245. However, after we cross the transitionis occupied, the diffusion is not permitted. On the other hand,
pointy,, the content of oxygen atoms at the subsurface dei the site is vacant, the diffusion occurs and we immediately
creases continuously, even when we cross the first-ordesearch for its CO nearest neighbors to react.
transition pointy,. For values ofycq larger thany,, while As usual in Monte Carlo simulations, the time is mea-
the surface is poisoned by CO, the subsurface still presentured in appropriate MC(Monte Carlo units For a given
some sites occupied by oxygen atoms. This result is due texperiment, we defined the Monte Carlo unit by the sum of

IIl. COVERAGES AND PHASE DIAGRAM
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FIG. 2. The same legend as in Fig. () Pair approximation witrd;=0.1 andd,=0.3, and(b) Monte Carlo simulations withd,
=0.1 andd,=0.5 (the curves serve as guides to the )eye

the number of trials of deposition of CO and @olecules poisoned by oxygen, whatever the valuedg# 0. In the Fig.
over the top layerl(? trials) plus d;L? trials of diffusion of ~ 3(b), we also plot the results obtained from Monte Carlo
O from the top layer to the subsurface plagl? trials of ~ simulations. The behavior is the same observed in the pair
diffusion of O from the subsurface to the uppermost layerapproximation calculations, although the value we found for
For each sample, after the system reaches the stationaflg. is somewhat different. We have found that fiy>1.9,
states, 16 MCu were used to evaluate the coverages of inthe surface cannot be poisoned by oxygen atoms for any
terest. value ofd,>0.

Figure Xb) exhibits the results of the simulations for the  Finally, Figs. 4a) and 4b) show the window width as we
coverages, using the same valueslpandd, as in Fig. 1a). ~ change the diffusion rates; andd,. In Fig. 4@, we take a
The same features observed in the pair approximation calctixed value ford; and we change the upward diffusion rate
lation of Fig. 1a) are found here. The critical value for the d. Both, pair approximation calculations and Monte Carlo
continuous transition between the reactive state and theimulations, show an opening of the window width as we
O-poisoned state ig;=0.37, which is very near to the one increase the value of,. The maximum window width is
found by Ziff, Gulari, and Barshad in the absence of diffu-reached for the value df,. as determined in Fig. 3. The
sion. This happens because in Fi¢h)lthe diffusion param- Vvalue ofy, is insensitive to the values of the diffusion rates
eters are very small. On the other hand, when the upwarth both calculations, although the Monte Carlo results predict
diffusion coefficientd, increases, the continuous transition a lower value than the one found within the pair approxima-
disappears above a given critical value. For instance, Figion. In Fig. 4b), we exhibit the plots of the window width
2(a) shows the pair approximation coverages for a value obbtained in both calculations for a fixed value @, as a
d, above its critical value: for any finite value gto, the  function of the downward diffusion raté,. As we can see,
surface always contains a nonzero fraction of vacant siteghe widths decrease from a maximum value, which corre-
The continuous transition observed in Figa)lis no longer  sponds to the region where the surface is not poisoned by O
present for these values of the diffusion coefficients. As thésee Figs. @) and 3b) for the critical value} to a fixed
upward diffusion coefficiend, is large, the coverage of oxy- value that no more depends updn
gen atoms at the subsurface decreases faster than that one at
the surface. Despite the large valuedgf the first-order tran-
sition point does not change. The same behavior is also
found within Monte Carlo simulations, as we can see in Fig. In summary, we have shown that with a slight modifica-
2(b), although the diffusion parameters are different fromtion of the ZGB model, which includes subsurface diffusion
those of Fig. 2a). of oxygen atoms, it is possible to account for the experimen-

In Figs. 3a) and 3b), we display the phase diagram in the tal result concerning the absence of O-poisoned states in the
plane d, versusd,, where the continuous transition line oxidation of CO. These results were obtained by using the
separates regions with O-poisoned from non-O-poisoneg@air mean-field approximation and Monte Carlo simulations.
states. In the pair approximation, FigaB for values ofd, In our approach we did not need to consider reaction steps
larger thand,.=0.23, it is not possible to find the surface involving the oxygen atom in the subsurface, which appears

IV. CONCLUSIONS
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FIG. 3. Phase diagram in the plade (downward diffusion coefficientversusd, (upward diffusion coefficient (a) Pair approximation
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to be nonphysical. We have obtained a transition line that

separates regions exhibiting O-poisoned states from non-O-

poisoned states. Besides, we have seen that above a critical
value of the upward diffusion coefficient, whose value de-
pends on the approach we use, the surface cannot be found

an O-poisoned state.
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APPENDIX: TRANSITION RATES IN THE PAIR
APPROXIMATION

Here we present the transition rates, derived in the pair

aIIRproximation, amongst the possible pairs of nearest neigh-
bors in the lattice, as indicated in Table I. For details of the
procedure employed, see the appendixes of Dicketaa.

[13]. In the following expressions, a site that is not occupied
by a given element is represented by. For instance, we
This work was supported by the Brazilian agencies CNPgnrite pgy to indicate a pair probability where one site is
vacant(V) and the other cannot be occupied by CO. In this
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way, we have If we also define

Pav=Pv—Pvo:

_ 1.3 2 3.2 3
o a=3Pyot PavPvoT 2PgvPvoT Pgy,
Pev=Pv—Pvec,

Pec=Pe™Pec: we can write the following expressions for the transition
Pzo=Po~ Poo- rates:

R1=(3pvc/Pct1)/PY3(1-Yco) PvcPyv( 3PGc+ PevPvct Pav) +(3pve/Pet 1)/py
X daPvcPvog FPYct PevPyct 2PgvPvet Pav),
R2=YcoPvoa(3pvo/Pot+ 1)/py+dipyoPov,/Po
Rs=2(1-Yco)PccPic(3PGct PevPyct Pav) %/ (PUPE),
Ra=YcoPvwhi/py .
Rs=(1-Yco)PccPve(3Pict PevPvet Pav)[2(3P5ct PevPyc)Pyc/ (PyPc) +3pw/(PYPC) +[3PvcPect 3 (PevPec

+pvcPec) + PevPecl4(1—Yeo) PecPucPuv/ (PIPE) + [ 1 PIcPcct 5 (2PvePevPect PecPic)]

X 2dPccPycPyog/ (PYPE) +[3(2PevPecPvet PavPec) + PevPec]2dzPecPycPvog/ (PYPE) +d2pccPyvcPvol i Pc
+PevPict 2PEvPvct Pav)/ (PUPC),
Re= (1= Yco) PvPvPev(1—Pay/PY) +3pyvl/py+ dzpuvPyoPev/ Py
R7=[1PoPoo 5(2PvoPavPoot PioPeo)12YcoPooPvo! (PYPE) +[3(2PyvoPavPeot PavPoo)
+PavPz0l2YcoPooPvo! (PFPE) +YeoPooPvol F Yot PioPavt § PvoPavt Pav)/(PYPo) + d1PooPov,/Po:
Rg=4YycoPooPvoal( PYPo).
Ro=d1Povg
R10=9(1~Yco) PocPvePuv(3 Pict PvcPev+ Pav)/ (PYPC),
R11=12(1—Yyco)PevgPvcPu( 3 PYct PvcPevt P/ (PYPC) + 4daPcv PycPvog 7 PYct PYcPev

+3PvcPzy+ Pa)/ (PYPC),

R12=4YcoPovgPvoa/( PYPo), R16=3(1—Yco) PvoPvPey/Py+ dzpvopvosp%v/ Py
R13=YcoPvcPav/ Py R17=4(1=Yco) PvoPyvPev/ Py
R14= yCOpVVSp%V/ v Rig=d2Pvo,,
R15= (1= Yco) PuvPev/PY R19=4(1-Yco) Pvv PuvPv/ Py
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R20=0d1Pv v Povy/Pvgy Ro3=YcoPvogPav/ PV
R21=d2Po o Pvos/Poy

Roo= dzposvspvosl Pog R24= dlposvspovs/ Pvg
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