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Kinetic phase transition of the dimer-dimer surface reaction model
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The dimer-dimeDD) reaction modekA,+B,— AB, is studied by means of Monte Carlo simulation and
mean field theory based on the law of mass action, site approximation, and pair approximation. We find that
both site and pair approximation can well reproduce the phase diagrams of the DD model. This fact implies
that correlation effects are not so important in the vicinity of the first-order phase transition characteristic of the
DD model. A variant of the DD model, which accounts for the recombination of the intermediate pf@duct
is also studied. We find th& + C reaction does not change the qualitative critical behavior of the DD model.
[S1063-651%98)05207-9

PACS numbsgs): 05.40:+j, 05.70.Ln, 82.20.Mj, 82.65.Jv

I. INTRODUCTION y18=0.4525 andy,z=0.6263. One notes that the reaction
betweenC does not change the stoichiometric ratio between
The subject of reaction kinetics and irreversible phaseA, andB,, so there cannot be a reactive window. Although
transitions(IPT9) in surface catalysis is of great current in- the simple mean field analysis proposed by Albano predicted
terest. Great efforts have been concentrated on studies tiie same qualitative feature, one should note that the roles of
particular models such as monomer-monortdM) [1-5], A, andB, are obviously switched in Eq$2a) and (2b) in
dimer-monomer(DM) [6-19], dimer-dimer(DD) [20-22,  Ref.[21]: the C+ C reaction should result in increment Af
dimer-monomer-monomer (DMM)  [23], dimer-dimer-  coverage rather thaB coverage. So there may be some
monomer(DDM) models[23—-26, etc. These models are all trivial error in Ref.[21]. To make clear this point, we have
based on the Langmuir-HinshelwodldH) mechanism, i.e., also studied the role af + C reaction by Monte Carlo simu-
all reactants are adsorbed on the surface, and all exhibit IPTgtion (MCS) in the present work. In fact, as expected,
which are of first order or of second order, between poisoned- C reaction does not alter the qualitative critical behavior of
(saturateg states and stable reactive states. Inspired by thehe DD model, i.e., still only a first-order IPT exists g
catalytic oxidation of hydrogen, the DD modglA,+B, =2, This result is further supported by mean field analysis.
—AB; (here A, and B, correspond to @and H in real Since Dickman’s work on the ZGB mod§T], a lot of
systems, respectivelyvas recently proposed by Albano. Ac- efforts have been contributed to theoretical analysis of the
cording to the LH mechanism, it is assumed that the reactiogGB model and its variants7—9,17,19. It is well known
occurs according to the following steps: now that mean field theo§MFT) within pair approximation
(PA) can well reproduce the phase diagram of the ZGB

Ay +25-2A(a), (1a model, i.e., both the second-order and the first-order IPTs
characteristic of the ZGB model are obtained, while site ap-

B,+25-2B(a), (1b) proximation (SA) fails to reproduce the second-order one.
A(a)+B(a)—>C(a)+S, (10 This fact indicates that at least pair correlation should be

considered to produce the second-order IPT. On the other
hand, from Dickman’s work, one knows that SA and PA
+ — +2S. N 3 ! . . .
B(a)+C(a)—BC(g)+25 (19 predict the same “spinodal” point, which seems to imply
HereS denotes an empty surface si@ stands for the inter- that correlation effects are not so important in the vicinity of
mediate productB, and @) and @) correspond to gaseous the first-order IPT of the ZGB model.

or adsorbed species, respectively. For this model, a first- SO @ straightforward question arises: to what extent
order IPT exists at the stoichiometric valpg,= 2, such that  Should the correlation effects be considered in other surface

for ys>V1s (Ye<Yig), Whereyg is the mole fraction o8,  '€action models, such as the DD model, which is much more
in the gas phase the, surface is poisotgaturateiby B (a complex than the ZGB model? To answer this question, one

binary compound of\ andC), respectively. mu_st stud.y Fhe mo_del by analytical approaches and compare
At lower temperature in real catalytic process, the reactheir predlcuo_ns_wnh MCS results. In fact, Maltz and .Albano
tion betweenC should also be considerda1]: have done this in Ref.21]. Nevertheless, the equations of
motion there were based on the law of mass actidviA ),
C(a)+C(a)—BC(g)+A(a)+S. (19  the validity of which should be viewed with skepticism in

heterogeneous surface reactions such as the DD model, es-
A rather counterintuitive result was reported by Albano thatpecially when clustering effects are important. In addition,
C+C reaction leads to a reactive window with two IPTs atthe trivial error in the equations, as mentioned above, should
also be corrected. So in the present work, we will apply SA
and PA method to the DD model. To provide a comparison,
* Author to whom correspondence should be addressed. the corrected version of LMA is also presented.
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There is another motivation to perform theoretical analy- dég

sis on this kind of complex surface reaction models. One W=2YBK§9§—K29A93—Kfacasec—ZngZ, (2b)
knows that MCS often requires a large amount of computer

time due to the use of large lattice and averaging over a large do

number of independent runs. Although in analytical work, _C:KfceAgB_Kchngc_chgc, (20)

one should also perform numerical integration of the equa- dt

tions of motion to obtain the critical values and the phase ‘
diagrams, the computer time needed is much shorter. Thus if Rec=Kgclbc- (2d)
one can demonstrate the universal validity of an analytical

method, e.g., SA or PA, there is a possibility to study the! "€ Superscript, d, andf stand for “adsorption,” “de-

critical behavior of surface reaction models, if one caresSOrPtion,” and “formation,” respectivelyp; (i=A,B,C,S)
more about the qualitative features, in a more convenierl€note the average coveragei afpeciesRgc is the rate of

way than MCS. BC production.zFor this approach, the probability to find an
Albano had also considered the rolesBfdiffusion, B €MPty pair isé5. As Albano did, we also chooséz=Kg
desorption, andC desorption, and a unitary diffusion rate =Kc=Kgc=1 and let other rate coefficients vary. One
and infinite desorption rates were used in his work. WBen should note that this choice is rather arbitrary, which also
desorbs, the critical point shifts 0,;=0.7014, and a reac- limits the validity of LMA: another choice of these constants
tive window occurs foryg<y;s<1. WhenC desorbs, one Would lead to different results.
finds two critical points ay;g=0.56 andy,z=0.649. In the Identical with LMA, SA also neglects all correlations and
present work, we will further consider the role Afdesorp-  the probability to find an empty pair i too. However, it is
tion with finite desorption rate. Our major purpose is to de-directly based upon the elementary reaction steps occurring
termine if the theoretical analysis remains valid for the vari-on the lattice, such that it contains no undetermined rate
ants of the DD model. The present paper is organized agonstants and can provide quantitative comparison with
follows: in Sec. Il the three types of mean field theory areMCS. Following the main idea proposed in Dickman’s work,
presented followed by the major results and discussions; iRne can readily obtain
Sec. Il we study the role oE + C reaction; and we state our

conclusions in Sec. IV. doa
ot = 2Ya0&(1—0p)°—2yg 0 (1= 0c)*~ (1= 04— 00)°]
Il. MEAN FIELD THEORY FOR THE DD MODEL —2K 463, (39
In this section, we would like first to give a brief intro- 0
duction to the simulation algorithm, which would be helpful B 2y80é(1_ Op— 9c)3—ZYA9§[393(1— 6g)>
in the derivations of the equations of motion. At the begin- dt

ning, an adjacent pair of empty sites is randomly pickée
trial ends if not successfulind a dimeiA, (B,) is adsorbed
with probabilityy, (1—ya), respectively. After the adsorp-
tion c_)f a dimer, the six _neigh_boring sites are chec_ked_ ford_fzzyng[(l_gc)L(l_ 05— 6c)°]
reaction(1c) and(1d). NoticeC is formed on a site which is

+663(1— 0g)+265]— 2K462, (3b)

originally occupied byA while the site corresponding ® is 2 Ry 2rq_(1_ p \31_ wd
vacant. When more than ofeis found in the neighborhood 6Yabs0p(1~ 0p)"~ 2y 0 1~ (1= 0c) "]~ Kcbe,
of anA, one of them is selected randomly to fornCavhich (30

immediately reacts with anoth& to form BC(g). The re-
action partners are chosen randomly out of the neighboring Rec=4ya03 365(1— 0g) + 03]+ 2y 1—(1— 6c)3].
sites of aB if they are of the same type, otherwise the reac- (3d)
tion betweerB andC takes precedence over that betw@&n ) ) ]
andA. If C+C reaction is considered, the neighborhood ofAccording to Eq.(3a), A adsorption(the first term leads to
a newly formedC must be checked for possible further re- increment ofg,, given that there is n8 species in the three
actions. After each adsorption trial, the desorption step of Neighboring sites of either of the two newly adsortfedpe-
species (=A,B,C) is repeated fodp; times. For more de- c[es;B adsorptlor! and fc_>||qwmg _successful reaction with
tails, one can turn to Albano’s pap21]. given that there is n&@ in its nelg'hborhood, decreasds
Now the mean field treatments can be formulated, baselfhe second terin The third term in Eq(3a stands forA
on LMA, SA, or PA, respectively. At the beginning, we desorption. The terms in Eq¢3b) and (3c) can be inter-
would like to consider the original DD model, i.e., ti@ preted in a s_|m|lar way, considering the fact that adsoed
+C reaction is not included. may react with more than ort. _
According to LMA spatial homogeneity is assumed and _ Differently from LMA and SA, which neglect all correla-

all correlations are neglected. The rate equations are writtefions, PA takes into account pair correlation. Now one
as should derive the equations of motion for the pair concentra-

tions x;; (notice the probability to find an empty pair just
readsxgs according to PA However, this is rather tedious
work for the DD model due to the complexity of the reaction
mechanism and the fact that one must check immediately for

d6
o= 2y K202~ KE0,05— 2K 63, (2a)
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reactions after adsorption. One must distinguish between thehis fact seems to support the point of view that correlation
processes taking place on the surface leading to differerdffects are not so important in the vicinity of a first-order
pair-change number®CNs and between different configu- IPT, which was also implied, as mentioned above, by Dick-
rations which might lead to a given process. In Table | weman’s work on the ZGB model. So SA may be sufficient to
show the processes and the corresponding mafesvhere  produce first-order IPTs. We will further discuss this point in
we use notes and diagrammatic forms for the initial configuthe next section wher€+ C reaction is considered.

rations to help illustrate the processes. Processas-{(1f )

belong to theA-adsorption group; (2)—(2f) s'gand for IIl. THE ROLE OF C+C REACTION

B-adsorption processes anda()3- (3c) are desorption steps.

According to the standard statistical rules proposed by Dick- In this section the role o€+ C reaction is studied. As
man, the derivation of the rates is rather straightforward acstated in the Introduction, the results reported by Albano
cording to the notes. The PCNsN;; are given in Table Il.  were rather counterintuitive—th&+C reaction leads to a
Notice thatAN;; for each process comes from different pos-reactive window. In fact, after investigation of the equations
sible initial configurations which have different rates and dif-of motion proposed in Refi21], one can find something

ferent contributions ta\N;;, e.g., wrong thatA, and B, are switched. We have performed
MCS in the present work and we find th&t+ C reaction
(1b)_ 1 ) S S does not change the qualitative critical behavior of the DD
AN =3AN;(SSB+3AN; |, B/ model, i.e., the first-order IPT still exists g{g=3% and no

reactive window appears, as is shown in Fig. 3. This is rea-
Now the equations of motion read sonable becausg+ C reaction does not change the stoichi-
ometry of the mode(notice if C desorbs, the stoichiometric

dx; ratio betweenA, and B, changes to 1:1 such that another

= ANKRK, (43 i - ; :
dt . ij critical point appears as was reported in Albano’s work
Compared to the original DD modeHl, (6c) is higher
Rgc= R4+ R+ R 4+ R2d4 R2e4 2R2T, (4b)  (lowen in the interval 0<yg<y;5, which is obviously due
to the fact thatC+ C forms BC(g) andA(a).
Performing numerical integration of EqRa—(4b), one It is also feasible to study the role &+ C reaction by

can readily obtain the critical values and phase diagrams ghean field analysis constructed in the preceding section. Ac-
the DD model, including the effects of desorption of thecording to LMA, one just needs to add corresponding terms
adsorbed species. The major results are interpreted in Figs.ta Egs.(2a) and(2c). Hence

and 2, where the variations af,, 6g, and 6c with y,,

obtained from LMA, SA, PA, and MCS are presented. For doc doa oo

Fig. 1, all desorption rates are 0, while for Fig. @pa=1 A T —2A dt —2Kgcle- ®)
anddpg=dpc=0. It is straightforward to study the roles of

B desorption olC desorption by these equations or MCS, bUtHereK{BfC is the rate constant a@+ C reaction. For SA and

the qualitative results are nothing different from that ob-pa however difficulty arises because one must check im-
tained by Albano and thus it is not necessary to repeat the’?ﬁediately the neighborhood of a newly form&dor further

here. . . . possible reactions. According to SA, the equations of motion
On first look at Fig. 1, one finds that all the three types of|, change to

mean field analysis predict a first-order IPTygg=2, in
correct agreement with MCS. However, it is clear that SA
and PA provide a much better quantitative prediction than —A=2yA0§{(1—05)3+303(1— 05)’[1—(1—60)%]}
LMA. In the vicinity of the IPT, one sees that there is little dt

difference between SA and PA, while away from the IPT, _ 2r1_n\3_(1_0 _031(1_ 0.3

PA is better than SA. For example, PA can well reproduce 2Ys0d (1= 0c)"~ (1= 05— 0c)"1(1 = 0c)",
the “jam” effect wheny,=1 oryg=1, i.e., the total cover- (63
age is about 0.88 due to the requirement of empty pairs for

dimer adsorption, while SA predicts that the surface is totally dog

poisoned byA or B, respectively. T 2yg0&(1— 0a— 6c)%—2yA09 365(1— 65)°
Looking at Fig. 2, for whichA desorption is considered,
one also finds that both SA and PA can well reproduce the +6065(1— 0)+263], (6b)

phase diagrams obtained by MCS. Now the critical point

exists aty;,=0.345,0.338,0.333,0.332 according to MCS, déc 5

PA, SA, and LMA, respectively. A reactive window occurs = =2ysfd (1 - 0c)>— (1= 64— 6c)°1[2(1— 6c)>—1]
in the intervaly;p,<ya<1. Fory,=1, the coverage oA

reads 1/(%dp,)=0.5, while a rather small presence B$ + 6yA9§95(1— 0g)2[2(1—6c)%—1]
in the gas phase reducég to about 0.4 and increasés to 5 5
0.2. It is shown that this interesting characteristic can be —2ygfg1—(1-6c)°]. (60)

correctly reproduced by SA and PA, but not LMA.
We now can draw the conclusion that both PA and SA aréHere we have not included the desorption terms. For PA, one
valid for the DD model which has only one first-order IPT. should further distinguish the processes listed in Table I.
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TABLE I. List of adsorption and desorption processes for the DD model and their rates. Noticéntliee diagrammatic forms must be
of type S.

Process Diagrams RatéRY) Notes
(1a) SS (1—bg)®yXss Neither S site has NNB(s)
S S RN One has only one NNB;
(1b) SSB and, 6D5(1-D5)°yaXss the other has none
(1c) : : and : *S B 9b2(1—bg)*yaXes Both have only one NNB
B * 204 AL oR3(q 3 One has more than NN
(10) B ; f andS S [6b5(1 D)™+ 2b5(1~bg) "]y aXss B(s); the other none
*
B = B = B » B B One has more than two
(le)y s s B, S S, B SsSB B S S [1803(1—bg)3+6b%(1—bg)?]yaXss NN B(s), the other only
B ~ B B one
(1f) BS S B B B B [9b%(1— b2+ 6b%(1—by) + ]y . Both have more than two
55 .SS BS SB s\t Ds s(E70)TD aXss N B(s)
B B B
_\6 NeitherS site has NNA(s)
(za) S S (1 Iu’) YbXss or NN C(S)
S S N3ri1 N3 (1 A3 Neither has NNC; but one
(2b) SSA and* A 2(1= ) [(1=ce)"— (1= ) 1ypXss has NNA(s)
S S S S A N34 1372 Neither has NNC; but
(2C) A A andA [(1 Cs) (1 ,L,L) ] YpXss both have NNA(S)
S S One has NNC(s); and no
(2d) SSGC and, o 2(1= )31 - (1= c)3IYpXes NN A(s) or NN C(s) for the
other
S S q S S A One has NNC(s); the
(2e) c a adc 2[1-(1—c®[(1—co®— (1—u)3lypXss  Other has NNA(s), but no
NN C(s)
(2f) S g and & s C [1—(1—c9)31?YpXee Neither has NNC(s)
(3a) A A Xaad Pa A, desorption
(3b) B B Xobd P B, desorption
(3¢) C X.dpe C desorption
where is= Xis and u=as+cg
ST X’ M .
Since it is rather complicated, we just give an example here S S A
to illustrate the main idea. For processcj2 the initial con- A
figurations
S S first change to
A A
S S

and CcC C
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TABLE Il. Pair-number changes for the processes listed in Table I.

Process ANgq AN, ANpq AN AN, ANy, AN,
(la) _1_6Bbss 6(:8bss_/8bas) 0 _6,8bcs l+6,8bas 0 0
(1b) -1+ %Sb_ %}Bbss %"' %:Bbss_ %Bbas - g+ %(bb_sb) 1- %Bbcs"" 2,3bss %Bbas - %bb 2Bbcs
(1C) - %"' %Sb_ %lgbss - %Bbas - %+ 49_3(bb_sb) %+ %(Bbss_ ﬁbcs) 0 - %_ %bb 1+ 2é)ﬁbcs
(1d) 1+ %Sb_ glgbss %+ g(ﬁbss_lgbas) %“" %(bb_sb) - %:Bbcs %Bbas - %bb 0
(16) 1334' %Sb_ %)Bbss - %Bbas - %+ %(bb_sb) %“" %(Bbss_ Bbcs) 0 - g_ %bb %ﬁbcs
(1f) T+ Fs 0 —4+F(by—sp) 0 0 —5-%Fbp 0
(2a) _1_6Buss 0 e(ﬁuss_ﬁubs) 0 0 1+6:Bubs 0
(2b)  —3(5+7Busd —3(5+7s,) 3(5+7Buss= 7by) ~3(5+7s,) — 38, 3bs ica
(2¢) 0 -2-3s, 0 2+3Ps, -2-35, 0 £+29%¢,
(2d) %(SC_IBUSQ %ac %(,Buss_ﬁubs)+% %(CC_SSQ_g 0 %Bubs _%Cc
(26) 1+%53c _1+29_5(ac_sa) 0 é"'%(cc'i'sa_sc) _%aa 0 _29_5(Ca_cc)
(2f) I Tac 0 —2+F(Cc— o) 0 0 —§- %
(3a) 1+6s, 6(az—Sa) 0 6C, —1-6a, 0 0
(3b) 1+6$b 0 G(bb_sb) 0 0 _1_6bb 0
(3¢) 4s, 4a, 0 (4c.—s;) 0 0 —4c,

wherei»—m (i,j=A,B,C or S)
]_ 2XJ :J - 1] ] ]
1 1 if i=j
Boi =B+ o50x = S %17 (0 othenwise.
(1+6;) !
'BUIJ Bu o IBU ZXS_Xas_Xcs
and S s C S S C
=> L
S s C (C) C (A) S
C with probability
after B, adsorption, respectively. Immediately, X
2(1-c3[1—(1—-c,)3], herec,=——,
s s (1-cdl1-(1-cn)’] "=
cC C S .
which indicates that one ne@ has NNC species; and
changes to
S S C (C) S S S (A
S S (C) C (A) S '
A S . .
with probability
with probability one. According to
[1-(1-c))%P,
S S C
C to denote that both newly formed have NNC species; and

if there is no NNC species for both, the probability of which
however, further reactions depend on the nearest neighbois (1—c,)®, then the initial configuration remains unchang-
(NN) of the newly formedC. Thus ing. After these steps, one should work out the PCNs for
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these subprocesses. For the sake of simplicity, we do not li®ased on this fact, one can draw the conclusion that corre-
the PCNs in the present paper. lation effects are not important near first-order IPTs, as al-
The phase diagrams obtained by LMA, SA, and PA areready implied in Dickman’s work. Since simple mean field
also presented in Fig. 3. The validity of SA and PA is againanalysis based on LMA often cannot provide quantitative
demonstrated, while LMA is quantitatively bad. In addition, comparisons with MCS due to the arbitrary choice of rate
the good agreement between SA and PA further supportecbnstants and PA is rather complicated if the reaction mecha-
the point proposed in the preceding section that correlatiomism is complex, maybe SA can provide a simple and suffi-
effects are not so important in the vicinity of the first-order cient approach to reproduce first-order IPTs of surface reac-
IPT such that SA is sufficient to produce it. tion models. Nevertheless, it is expected that PA can provide
We would like to note here that if th€+ C reaction is more correct quantitative predictions and SA may lose valid-
realized in a separate simulation step, then one need ndy to produce second-order IPTs.
check for reaction immediately upo@(a) formation such We have also studied a variant of the DD model, which
that the derivation of equations of motion would be highly takes into accoun€ + C reaction. We find tha€C+ C reac-
simplified. That is, one just needs to add corresponding termtion does not alter the qualitative critical behavior of the
into Eqs.(3) and (4). Of course, this would lead to another model, which is rather comprehensible due to the fact that
model. C+C reaction does not change the stoichiometric ratio be-
tweenA, andB,. This result is well supported by mean field
IV. CONCLUSION analysis. In addition, both SA and PA can well reproduce the

) phase diagram, which further supports the main conclusion
In the present work we have studied a complex surfacys the present work.

reaction model, the dimer-dimer modgh,+B,—AB,, by

means of Monte Carlo S|mulat|_on and mean .f|eld_ heory ACKNOWLEDGMENT

based upon the law of mass action, site approximation, and

pair approximation, respectively. One finds that both SA and This work is supported by the National Science Founda-
PA can correctly reproduce the phase diagram of the DDion of China and National Laboratory of Theoretical and
model, especially in the vicinity of the single first-order IPT. Computational Chemistry of China.
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