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General trends in CO dissociation on transition metal surfaces
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Dissociative adsorption is one of the most important reactions in catalysis. In this communication
we propose a model aiming to generalize the important factors that affect dissociation reactions.
Specifically, for a dissociation reaction, say AR\ +B, the model connects the dissociation barrier
with the association barrier, the chemisorption energies of A and B at the final state and the bonding
energy of AB in the gas phase. To apply this model, we have calculated CO dissociation on
Ru(0001), Rh(111), Pd111) (4d transition metals O90001), Ir(111), and P¢111) (5d transition

metalg using density function theorfDFT). All the barriers are determined. We find that the DFT
results can be rationalized within the model. The model can also be used to explain many
experimental observations. @001 American Institute of Physic§DOI: 10.1063/1.1372512

Undoubtedly, the dissociation of molecules is one of theadsorbates on the surfat&!'-**|f A and B do not share
most important reactions in catalysis. It is the first step anditoms in a coadsorption systef,, will be very small*®?
often the rate-determining step in many catalytic processe$pecifically, suppose that a dissociation reaction,
Therefore, dissociation reactions have been extensively stuéB—A+B, occurs on a catalyst. We can obtain the follow-
ied both experimentally and theoretically in the last 50ing equation for the transition stat&S) and the final state
years'~’ Following the detailed investigation of the simplest (FS) using Eq.(1):
system, H dissociation on metal surfacésthe dissociation ETS _pETS, gIS_ETS 5
of heavier molecules, such as NO, CO, ang bin flat and A+B=Ea T Eg™ Eint 2
s_tepped metal surface$ have recently r'eceived more atten- ERS o =EFS+ES-EFS. (3)
tion and some progress in understanding these reactions has
been made. To date two factdmre found to affect the dis- The energy diagram for the dissociation reaction is illus-
sociation reactions. The first one is the electronic factor: Itrated in Fig. 1b), whereES® is the dissociation barrier with
has been found experimentally that the reactivity of transi‘€SPect to molecule AB in the gas phdseect dissociation
tion metals for dissociation reactions decreases from left t@nd E3* is the barrier of association reaction t8—AB),
right in the periodic tablé. Hammer and Norskdvhave suc- the reverse reaction of the dissociation. Obviously, the en-
cessfully correlated the reactivity of metal for dissociation€rgy differenceAE betweenES® and E® can be written as
reactions with the metal band center. The second factor is AE=E®_Eds_gFS _E ()

. . . a a A+B AB»
the geometrical one: Both experimental and theoretical work
shows that dissociation reactions occur much more effiwhereEg is the AB bonding energy in the gas phase. Sub-
ciently on corrugated surfaces than on flat surfdéeBe-  stituting (3) into (4), the dissociation barrier is
spite these advances, a general model for dissociation reac- —dis_ as FS_ =FS, =FS
. S . . o . ES =E+Eag— Ex—Eg™+E;y.
tions is still unavailable. In this communication we intend to
generalize all the important factors that affect dissociatiomAs discussed earlief]; is usually very small due to the
reactions in one model. large separation of two adsorbates A and B. Thus,

For any co-adsorption system of two adsorbates, say A plis_pas, £ _ pFS_FS ®)
and B, the total chemisorption energy of A and B, g, a~-al!-AB A TB -
can be writtefi [Fig. 1(a)] Equation(5) shows that for the dissociation of molecule AB
on a catalyst, its dissociation barrier depends on the associa-

E =EatEg—Ejn, 1 . . ) .
ATBTEAT B Tt D" fion barrier as well as the total chemisorption energy of A
whereE,(Eg) is the chemisorption energy of M) in the  and B at the F$3 E>F(S, whereX=A,B).
co-adsorption structuréncluding both transition state like To further understand each term in E@), we have

and final state like structurgsvithout B (A), and Ejy; is  systematically investigated CO dissociation on(G001),
defined as the interaction energy. The physical meanings ®h(111), Pd111)(4d), and O$0007), Ir(111), P{111)(5d),
Ea+e. Ea, andEg are self-evident, an,; is a quantitative  using density function theory. Calculation details are de-
measure of the interaction between A and B in the coadsorpscribed in Refs. 14—18. Transition states of all reactions were
tion system, which is believed mainly due to a bonding com-searched by constraining the C—O distance, using the so-
petition effect’® that results from the sharing atom of two called constrained minimization technigi®® The TS is
identified when(i) the force on the atoms vanishes &l
3Author to whom correspondence should be addressed. Electronic maif1€ €nergy is a maximum along the reaction coordinate, but a
p.hu@qub.ac.uk minimum with respect to all remaining degrees of freedom.
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5d transition metalsdc;, deo, des, do1, doy, @anddeg are labeled in Fig.

\ TABLE |. Structural parameters of the TSs for CO dissociations dradd
2. The unit of distance is A.

.............. - - der deo des dos dos deo
® Ey c Ru 1970 1901 1950 2084 2151  1.838
Ens .y B Rh 1921 1909  1.954 2094 2066  1.897

Pd 1.883 1.987 1.942 2.095 2.010 2.007
. : ® Os 1.901 1.900 2.434 1.821 3.275 2.253
% : : Eg \ Ir 2.064 1.905 2.000 2.060 2.278 1.870

Pt 2.139 1.893 1.987 2.110 2.133 1.930

that the TS structures can be quite different, especially in CO
dissociation on Q®001). Nevertheless, there are obvious
common features at the TSE) long stretched distance be-
tween the C and the O at the T@&ble I), which are usually
called “late TSs,” and(2) sharing of bonding with a metal
atom between the C and the @ig. 2), implying the exis-
tence of bonding competition effect. Our TS geometry on
Pt(111) is qualitatively consistent with the estimation from
previous worl® All the reaction barriers and each term in
Eq. (5) have been determined and are shown in Table II.

It can be seen thaEd* vary considerably from 0.55 to
2.21 eV on these meta(@able I), but there is a correlation
betweenEJS and 3E}S in each row of the periodic table
investigated. This appears to be evident by the linear regres-
(b) FS/ sion fitting ES® againstS EL® (for 4d and 5 metalg, shown

in Fig. 3. For 4 metals, we obtainES®=—0.985 E}>
FIG. 1. (a) The energy diagram of a co-adsorption system of A ancbB. +12.98 while for &l it is Eg|s: —138 E'>:<S+ 17.30. A simi-
The energy diagram of the dissociation of molecule AB.and (1) are  lar phenomenon has been observed by Hammer for NO
direct and precursor-mediated dissociation, respectively. All the terms arglissociatiorf Hammer suggested that the apparent |0ng dis-
defined in the text. tance between N and O atoms at the TS is the reason for the
linear relationship(TSs behave like F3sIn fact, these re-

The lowest energy TSs for CO dissociation on different tranSults can be qualitatively explained using E&). Appar-
sition metal surfaces have been shown in Fig. 2 and theiftly, the slope for d metals(~0.98 agrees well with the
structural parameters are listed in Table 1. Although all thetheoretical predictior(—1) of Eq. (5) assuming thaE," is

metal surfaces investigated are close packed, it can be se€fnstant. On the other hand, the slope-Gf.35 for 5d met-
als is substantially lower thar 1, indicating thatE5® varies

in an opposite trend witE EZ°. As can be seen in Table Il
on going from left to right in & metals of the periodic table,
E3%increases just in contrast BESS. It is this variation of
EZ® that lowers the slope of acdbmetal curve to—1.35. In

TABLE II. The energy components of CO dissociations oth dnd 51
transition metal surfaceS ELS, E2,, E2® and EZ® are defined in the text.
The energy unit is eV.

CO—-C+0
(b) 4d Ru(0001) Rh(111) Pd(111)
SELS 12.47 11.56 11.00
E2, 0.36 0.65 1.13
FIG. 2. The lowest energy TS structures for CO dissociation @add 5 E3S 1.87 1.59 1.79
transition metals. The big circles are the metal atoms and the hatched one is ~ gdis 0.55 1.25 2.03
the surface atom that bonds with the C and the O simultaneously. The small @
white circle is the C atom and the small black one is the O atn. 5d 050001 Ir(111) P1(111)
lllustrates the TSs on all the metals excepf{@8$1). (b) Shows the TS on
0000)). Bond distances between the C and three nearest metal atoms are SEZ° 12.18 11.58 11.14
labeled asd;, d¢, anddes, respectively. Bond distances between the O ED, 0.27 0.45 1.11
and two nearest metal atoms are labeledigsanddg,, respectively. The Ef:s 1.74 1.82 2.12
distance between the C and the O is labeledgs. They are listed in Eg's 0.79 1.47 2.21
Table I.
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13 s R A a hcp hollow site and the O at the neighboring hcp?site
! ] (thus they share bonding with metal atgnand both are
124 Ru ] fixed in structure(i). Then we defin€E),=Ec+Eq—Ec.o
as thestandard interaction energyAll Ei?1t are listed in
- Rh ] Table II. It can be seen that as the meadabccupancy in-
5,/ Pd ] creasedfrom left to right in the periodic tabe E2, is in-

%3]

w

pr——r T creased. In contrask ES° is reduced with the increase df
occupanc§ (Table I)). Therefore, it is these two opposite
trends that result in the overall small changeEffY[Eq. (6)]
Os ] compared with that ifESS. For example, for B metals the

Ir ] change inEZ%is 0.38 eV(larger than 4 metals, while the
114 Pt 1 change inES*® is higher up to 1.41 eVTable II). It should be
' ' . . . . . — noted that the above discussion of bonding competition ef-
04 08 12 418 2.0 2.4 fect andSES’ is based on the fact that the reactions studied
Ea (eV) here possess late TSs. In this case, it is the bonding compe-
tition effect, not the bonding and antibonding states between
the C and the O, that greatly influences .

Based on the understanding presented here, we can ex-
plain many observations for dissociation reactions. For ex-
fact, even for 4 metalsEZ®is not constant either. THE3on  ample, the two important factors that affect the dissociation
Rh is about 0.2 eV lower than that on Ru and Pd, resulting irbarrier, namely the electronic and geometrical factdrsan
the point of Rh being slightly away from the linear line be rationalized within the present model. The electronic ef-
(Eg's= -0.98, E§S+ 12.98) for 4 metals. Nevertheless, the fect on the dissociation barrier, i.e., the increase of the dis-
changes irE2*are much less pronounced than thaBiB}®,  sociation barrier from left to right in the periodic table,
leading to the apparent linear relationship between the dissanainly results from the variation &E%®, as shown in Fig.
ciation barrier and the FS chemisorption enelyyn other 2. This chemisorpion energy trend also affégfSand finally
words, to a large extent the dissociation reaction barrier igffectsEY®, but to a much less extent for systems with late
determined by the FS atomic chemisorption energy for thesgSs. The geometrical effect on the dissociation barriers, i.e.,
systems. This is consistent with the empirical Bronsted-ower dissociation barriers on stebkinks, and defects than
Polanyi relationship, which indicates the change in reactionhat on terrace$js mainly a consequence of changeggr,
barrier can be correlated with the change in the heat of reagarticularly inE[?. On these corrugated surfaces, the reac-
tion as long as the reaction mechanism is unchadéd. tion can achieve such TS structures that two reactants do not
should be stressed that the Bronsted—Polanyi relationship ihare bonding with metal atonthe dissociation path has
only qualitatively correct becauség'S not only depends on been changed at the corrugated surfacés a result, the
SELS, but also is related to thE2*[Eq. (5)]. As shown in  bonding competition between the two reactants is small at
Table Il for CO dissociation on all the close-packed metalthe TSs, resulting in a smalE;(E[S). Thus, the associa-
surfaces investigated, even with the same reaction mech@en barriers,ES®, will be small[Eqg. (6)], leading to finally
nism E5®is not constant and hence the relationship betweetower dissociation barriers.

EYs andSESS is not exactly linear. It is worth mentioning the effect of AB bonding energy

Since the dissociation barrier also depends on the assin the gas phase g, on the dissociation barrier. It can be
ciation barrier[Eq. (5)], it is worth discussing the origin of seen in Eq.(5) that the higher theE,g is, the larger the
the association barrier. Using Eq®) and(3), we can write  dissociation barrier, which is obvious from chemical intu-
ES*as ition. What is not apparent is whether a dissociation reaction

as_ FS s should be a nonactivated offigo dissociation barrigror an

Ea=Eais~Eaip=AEAtAEs+AER, ®  activated one and whether a dissociation reaction should oc-
where AEA=ERS—E°; AEg=ELS-ELS, andAE=EJ;  cur through the precursor-mediated mechanisnolecules
—ES~E[>. Obviously, all three terms strongly depend on adsorb molecularly first and then dissocjat&he present
the TS geometryAEA(AEg) is further related to the chemi- model can provide some clues to the answers to these ques-
sorption energy of AB) at the FS! As Eé'is andEg° in-  tions. In Eq.(5), if E®+Exg>3EFS, the reaction is cer-
crease,AE, and AEg should increaseE]; measures the tainly an activated process; E2+E,g<3E®, then the
bonding competition effect at the TS geometry, which isreaction would occur without a barriénonactivatey other-
metal dependent. To screen off the TS geometry effect owise the reaction should follow a precursor-mediated mecha-
EI{? and then to estimate the quantitative trend of bondingrism[Fig. 1(b)].
competition effect on different metals, we performed the fol-  In summary, this work represents one of the first at-
lowing calculations:(i) optimizing the C and the O in a tempts to generalize a model for dissociation barriers. Spe-
separate(2x 2) unit cell (both at hcp hollow sitgsrespec-  cifically, a model to connect the dissociation barrier to the
tively, and calculating their chemisorption energies, namelyassociation barrier, chemisorption energies at the FS, and the
Ec andEg; and (ii) calculating the total chemisorption en- bonding energy of the molecule is proposed. Using the
ergy,Ec. o, of a C and O coadsorption, in which the C is at present model many observations can be rationalized.

FIG. 3. SEFSvs EJ® on 4d and 5 metal surfaces for CO dissociations.
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