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General trends in the barriers of catalytic reactions on transition
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A catalyst preparation by design is one of the ultimate goals in chemistry. The first step towards this
goal is to understand the origin of reaction barriers. In this study, we have investigated several
catalytic reactions on some transition metal surfaces, using density functional theory. All the
reaction barriers have been determined. By detailed analyses we obtain some insight into the
reaction barrier. Each barrier is relateditothe potential energy surface of reactants on the surface,
(i) the total chemisorption energy of reactants, diid the metald orbital occupancy and the
reactant valency. €2001 American Institute of Physic§DOI: 10.1063/1.1403006

INTRODUCTION total chemisorption energy of reactants A and B at the TS,
. . _ ELS ., as illustrated in Fig. (),

It is well known that catalytic, particularly, heteroge- **® g ®

neous catalytic reactions play an important role in many pro-  Ep3 g=E >+ Eg°—E?, D

cesses. To date, however, the catalysts are by and large deh ETS is the chemi . f 2t th
veloped by trial-and-error methods. Obviously, a catalys ereE,” Is the chemisorption energy of reactahiat the

; . TS ; ; o .
preparation by design is highly desirable. It has long beerT%W'thou,t reactan, Eg” is defined in a similar way; and
is the interaction energy betweérandB at the TS. The

realized that the designing of catalysts may be achieved ifint : Ts 27s TS .
catalytic reaction barriers can be predict@tbecause mac- Physical meaning ok,”, Eg” and Exyp are self-evident
roscopic reaction rates depend exponentially on the reactioffnile Eint contains several terms, including the-B bond
barriers. The first step towards this goal is to understand th rmation energy, the direct Paull repuIS|_0n betwéemdB
origin of reaction barriers, which remains a challenging tasl@nd the energy costs due to the weakening (_)f surfabend
in chemistry. Despite tremendous efforts in the last few?Nd surfaced bond at the TS. The weakening of surface-
decade¥’ there has been litlle success due to the volatild®actant bond at the TS results mainly from an indirect
feature of reaction barriers, varying from zero to severafU'face-mediated interaction, the so-called bonding compet-
electron volts. In this paper we report a systematic study ofOn effect"“Ej, may consist of other terms, i.e., electro-
typical heterogeneous catalytic reactions on several imporStalic interaction between reactshandB, but they are be-
tant transition metal surfaces, using density functional theory/€ved to be very smalf? Similarly, we obtain
(DFT). By detailed analyses, some important trends of reac- ER s=ES+EP-ES 2
tion barriers in heterogeneous catalysis are identified.

Specifically, we have simulated the following catalytic for the initial state(IS). Then the reaction barridf, can be
reactions: CO oxidation, COO—CO, on Ru000), Written as
Rh(111), and P¢11) and hydrogenation, €H—CH, TS TS _
N+H—NH and, OrH—OH, on RY0003), Rh(111), and Ea=Exip~Eate=ABA+ABs+AEN, ®
Pd111). These are important reactions in many fundamentalhere AE,=EX—EL°; AEg=ES-ELS; AE,=EL>
catalytic processes. The calculation details are described iR E}5,. Clearly, AE, andAEg are the energy costs of reac-
Ref. 8. Transition stated'Ss of the reactions were searched tantsA andB, respectively, moving from the IS to the TS in
by constraining the distance between two reactdnts, the absence of the other reactant. Thus we call these energies
OC-0 distance in CO oxidati¢rusing the so-called con- reactant-activation energies AfandB, respectively. In fact,
strained minimization techniqe’®°The TS was identified each reactant-activation energy, €8, , contains two com-
when(i) the force on the atoms vanish afid) the energy is  ponents, shown in Fig.(i): (i) the reactant-translationen-
a maximum along the reaction coordinate, but a minimumergy (AE%"), which is the energy difference between reac-
with respect to all remaining degrees of freedom. tant A at the 1S and at the local minimum near the (Ref.

All the reaction barriersi,) were calculated and listed 13); and (ii) the reactant-coactivationenergy QAE,*),
in Table I. As shown in Table | the values of the reactionwhich is the energy difference between reactanat this
barriers for these reactions vary considerably, from 0.68 tdocal minimum near the TS and at the TS withdit The
1.50 eV. In order to understand the origin of reaction barri-significance of this decomposition will be seen below. As for
ers, we have applied the following approach to analyze th&E,,, generallyAE;~E[>. This is due to the fact that the
interaction energy at the ISE!,?t, is usually very smal(less
dAuthor to whom correspondence should be addressed. Electronic maiF.han 0.1 eV from our calculatiopst low and medium cov-
p.hu@qub.ac.uk erages(large separation between two reactan@bviously,
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TABLE I. Reaction barriers of CO oxidatiofdefined as Class I, see tgxt

and hydrogenatioriClass 1) and their decompositions from DFT calcula- E
tions. Each term in the table is defined in the tés¢e Eq.(3)]. In the nergy ®
hydrogenation reactions\E is different from the H-coactivation energy.
AE}(=AE,—AE™ due to the H-translation energAE[®) isnotzero | |  ~"3" """ °°° )
(see Ref. 18 AE!? was calculated to be 0.24, 0.44, and 0.58 eV on EA/
Ru(0001), Rh(111), and Pd111) surfaces, respectively. As to othersE o E P -7 E
=AE%,, AEo=AE} andAER=AE}, (see Refs. 13, 15In the CO oxida- A3B, ﬁ-h B
tion reactions, the surface relaxation effect has also been includggd ibut . ®
not listed in this table since their contributiontg is found to be smallless 3 !
than 0.1 eV. The unit of energies is eV. ? 1 EB P
1 '
] P
Class | AEG(AER) AEco(AEEy) AEnw E, E. i P
CO oxidation  P111) 0.70 0.15 003 080 | |  TTTTTTT
Rh(111) 0.62 0.44 —0.09 0.94 (a)
Ru(0001) 0.89 0.53 0.08 1.45
Class Il AER(AER)  AEL/AE} AE: E, \ Energy
Hydrogenation C 0.03 0.30/0.06 0.35 0.68 (;’
on RU000) N 0.08 0.32/0.08 0.67 1.08
O 0.12 0.33/0.09 1.01 1.46
Hydrogention C 0.02 0.44/0.00 0.26 0.72 7
on RH111) N 0.05 0.45/0.01 0.49 0.99 S TS without B
o 0.08 0.43/0.01 0.84 1.36 AE* Rt
Hydrogenation C 0.05 0.60/0.02 0.51 1.16
on Pd111) N 0.05 0.59/0.01 0.67 1.31 L.
o] 0.11 0.59/0.01 0.80 1.50 local minimum
AEmn  DEAT TS
AE;(ErD) is strongly related to the TS geometry. We expect IS (b)
that some reactions may have such TS structures that their .
EL? may be very small. In this case, E@®) can be approxi-

mated asE,~AE,+ AEg, which means that the reaction FIG. 1. (a) The energy diagram of a co-adsorption system with two adsor-
barrier will be dominated by the reactant-activation energiesbateSA andB. (b) lllustration of the decomposition of a reactant-activation

. energy, in which the reactant is on the bridge site at the IS and on the off-top
On the other hand, for other reactiofg may be Strongly site at the TS:(i) the reactant-translation energy; afid) the reactant-

TS if £TS i einmifi
related toE;y;, if E;y is significant. coactivation energy. All the terms in the figure are defined in the text.
Using this DFT decomposition approaldgqg. (3)] for all

the reactions investigated in this studjable ), we have

i“de‘?c! fouqd that th? seemingly complicated refactions Cahear relationship between the total chemisorption energy
be divided into two simple classes and the reaction barrlerE;Z E!S, X=CO, 0 at the IS and the reaction barrier, which

. TS X y ] l
of each class follow simple rules. ClassHy,’ can be ne- g gishiaved by the solid line in Fig. 3. The reactions in Class

mt
glected. All the CO oxidation reactions investigated belong, can, therefore, be described in the following equation,

to this class. Class IE[? is significant. All the hydrogena-
tion reactions investigated belong to this class. Since the
physical origins of the reaction barriers in these two classes
are rather different, we discuss each class in turn.

CLASS |

The geometrical structure of the TS for CO oxidation is
illustrated in Fig. 2a), which shows that reactants do not
significantly share bonding with surface atoms. The O is on
the bridge site and the CO is on the off-top $it8 suggest-
ing a low bonding competition at the TS. It is not surprising,
therefore, that the interaction energy differencag&f,) for

Class | are found to be sma(lle_ss than.O.l e){ “Sted n FIG. 2. Schematic illustration of TS structuréa). Class |, illustrated by CO
Table I. Consequently, the reaction barriers are mainly detefsy;jaion. No metal atoms are shared by the reactants at the TS. This class
mined by the sum of the reactant-activation energies. This igay include other reactions, such as reactions on steps, kinks, and open
illustrated by the dashed line in Fig. 3, which is plotted usingsurfaces(b) Class Il illustrated by hydrogenation reaction. One metal atom

; ; ; il ; is shared by the reactants at the TS. For the CO oxidation, at the IS the O is
(AECO+ AEO) againste, . The linear relatlonshlp |mpI|es at the hollow site, while CO is at top sit®efs. 1, 10. For the hydrogena-

that the higher the total reactant-activation energy, the high&fon reactions, both reactantthe C, or N or O and the H atorprefer
the reaction barrier will be. In fact we have identified anothemollow sites at the ISRef. 2.
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8 T L S B — This valency rule is consistent with chemical intuition. It is
Ru | expected that the more valence electrons the adsorbate has,
i the closer to a closed-shell configuration it is and the larger
6. Rh | Pauli repulsion it has on the other reactant. Therefore, we
Pt ] arrive at

E,=SXV,+T, (5)

) | whereV, is the valency of reactar(C, N, O), S (negative

i Rh Ru and T (positive represent the slope and intercept, respec-
Pt I G tively. On going from one metal surface to another, we found

i — i that metals also affecAE;,;. The slopeSin Eg. (5) is a

os | os 1o 12 A 16 linear function(correlation coefficient: 1.00of metald or-

. : bital occupancy My) [S=pXMy+q,p (positive and q
Reaction Barrier (eV) (negative are constanfsas illustrated in the insert of Fig. 4.

FIG. 3. lllustration of the CO oxidation barrier as a linear function of the M4 is 0.7, 0.8, and 1.0 for Ru, Rh, and Fatomicd con-

total reactant-activation energy\ Eqo+AEc) (dashed ling and the total  figuration, respectively* Combining this with Eq.(5), we
chemisorption energy at the ISolid line) on Ru, Rh, and Pt. As can be gptain
seenE,~AEq+AEco*xSEY.

o
AL
\
I\
A}

E,=(pXMy+q) XV, +T. (6)

It should be emphasized that the reaction barriers in Class I
Ea%AECO_’_AEOO(E EIXS' (4) contain two parts. The first partp&K My4+q) XV,, is nega-
X tive, which increases with the metdl occupancy and de-
creases with the reactant valency. The second garis
CLASS I larger and positive, and is a metal-dependent constant.

Figure 2b) illustrates the geometrical structure of the COMPARISON BETWEEN CLASS | AND CLASS |l
TSs for Class Il reactionghydrogenation Clearly, one REACTIONS
metal atom is shared by reactants. In contrast to Class |, the A striking difference between the CO oxidatio@lass )
reactant-activation energigadE, and AEg (R=C,N,O)]  and the hydrogenation reactiof@lass 1) is thatE, in Class
remain almost constar{fable ). However, the interaction | reactions is related to the total chemisorption energy of
energy differencesAE;y, are significant and vary, which reactants at the IS, whilg, in Class Il varies strongly with
may not be surprising, considering the fact that the two rethe reactant valency and the methbrbital occupancy. An
actants now share bonding with a metal atom at the TSs. Thanalysis of these reactions using E8) may provide some
so-called bonding competition efféct will reduce the reac- clues as to why this is so. In the CO oxidation reactions,
tant chemisorption energies and thus increase the interactioRg; (~E[?) is negligible and thu€, is almost purely de-
energy. As shown in Table I, on the same metal surfacelermined by the reactant-activation energiesEco and
AE;y (alsoE,) will increase proportionally as the valency  AE). Since thereactant-translationenergies for both CO
decreases. This relationship is illustrated in Fig. 4, whichand O are zero in the CO oxidation investigated He&, is
reveals thak, is a linear function of the reactant valency. in fact determined by theeactant-coactivationenergies,
AEZ, and AEE. Therefore, it is the total reactant-
coactivation energy, AEgy+AES(=AEcot+ AEQ~E,),

1.6 ’ ' ' ' ' that closely relates t&,E.°, the initial chemisorption ener-
< ] | gies(as illustrated in Fig. B which is consistent with chemi-
Q2 1.4+ ] cal intuition, the stronger the reactants adsorb, the more dif-
by ~ °.Ru J ficult the activation. In contrast to the CO oxidation, in the
T 1.2 Eh\ e hydrogenation reactiondE;,, (Ej2) that is related to the
g SN - | reactant valency and metal properties is significant and de-
S 10- > . E =SV, +T | termines the trends oE,. With respect to the reactant-
o ' Insert ® - L .
= 02 ) <. 4 activation energy terms\Eg is always very smallaround
& FU Pt \\.\ ] 0.1 eV), and onlyAE, has a reasonable contribution FQ
g 0.81 N M See (Table ). Furthermore, we have found thAtE, is mainly

o4 N determined by the H-translation energyE}", the energy
°0] o ool y g ] costior i movn om 2 ol e o o st
2 ' 3 ' 4 ' t .

H-coactivation energyAE},, is found to be quite small
Valency (Table ). It should be noted that the reactant-translation en-
) ) ) ) ) _ergies forR (C, N, O) are zeroli.e., AEg=AE}. Thus, the
FIG. 4. lllustration of the hydrogenation reaction barriers as linear function

L . % .
of the valency ¥/,) of the reaction counterpart to KC, N, O on Ru, Rh, StOtal_ reactants. coactivation enerngE(ﬁ —F_AER) C,Ontr,lb .
and Pd:E,=SXV,+T. The insert shows that the slo®,is a linear func- ~ Ut€ “tﬂe toE; in the hydroggnanon reactions, WhICh.IS, In-
tion of metald orbital occupancy. terestingly, again just opposite to that in the CO oxidation.
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Therefore, it is reasonable that in Class Il no obvious corre-°G. P. Brivio and M. I. Trioni, Rev. Mod. Phyg.1, 231 (1999.

lation betweerE, and the initial chemisorption energies is
found.

We expect that many simple reactions in heterogeneous

catalysis may belong to one of these two clas§e3lass |

7J. L. Whitten and H. Yang, Surf. Sci. Rep18 55 (1996.

8All the total energy calculations are performed using CASTEP C.
Payne, M. P. Teter, D. C. Allan, T. A. Arias, and J. D. Joannopoulos, Rev.
Mod. Phys.64, 1045(1992]. A generalized gradient approximation was
utilized in all the calculationgl. P. Perdew, J. A. Chevary, S. H. Vosko, K.

reactions are not limited to CO oxidation and should include A.Jackson, M. R. Pedeson, D. J. Singh, and C. Fiolhais, Phys. R&S,. B
other reactions in heterogeneous catalysis, such as reaction§671 (1992]. The electronic wave functions were expanded in a plane

on corrugated surfade.g., NO, N dissociation on stepped
Ru(000D)]*"*® and on more open surfacgs.g., C—H bond
activation on(110) surfacd.® For close packed metal sur-

wave basis set and the ionic cores were described by ultrasoft pseudopo-
tentials[D. Vanderbilt, Phys. Rev. B1, 7892(1990]. Ru0001), Rh(111),
Pd111), and P€111) were modeled by three layers slabs. The vacuum
region between slabs was 10 A and a cut-off energy of 340 eV was used.

faceS, however' we find that most reactions be|0ng to C|assFOl’ the CO oxidation reactions the top layer of each metal was relaxed

2,11 ; ; . and it was found that the contribution from surface relaxation is very small
. In fact, the underStandmg prOVIdEd above may facili (less than 0.1 e\ Thus, for the hydrogenation reactions all the substrate

t_ate the EXplanatlor_‘ Pf many important observations in this |ayers were fixed in the optimized bulk structures. @ 2) unit cell
field. For example, it is well known that the surface structure with 3x 3Xx 1k point sampling(CO oxidation and thep(2x3) with 3
effect is an important issue in catalysis. The barrier of many x2x 1k point samplinghydrogenatiopwithin the surface Brillouin zone
surface reactions, particularly dissociation reactions, can behave been used, which are large enough to avoid lateral interaction be-
reduced on steps or kinkS This may results from the fact tween the adsorbates in adjacent unit cells. Convergence check has
. . . . been performed by increasirig point sampling up to X4Xx1 for the

that on these sites reactions are likely to occur via the Class . .

. ) . p(2x2) unit cell and 33X 1 for the p(2X 3) unit cell (calculated re-
I m.eChamsm’ €., ”9 Surfac? atom be'ng Shar?d by reactantSyction parrier differences are within 0.05 e\Previous work(Refs. 2, 9
which leads to the interaction energﬁ,@) being greatly also show that this calculation set-up affords enough accuracy.
reduced. Therefore, the total energies of the TSs are delZ-C- J. Zhang and P. Hu, J. Am. Chem. S&22, 2134(2000.
creased and so are the reaction barriers. Another example J&- J- Zhang, P. Hu, and A. Alavi, J. Am. Chem. S21, 7931(1999.
he different reactivities of metals for CO oxidation. Ru, for 1,2 Hammer and J. K. Norskov, Adv. Catal$, 71 (2000.
T{ . . . - : ! 12K. Bleakley and P. Hu, J. Am. Chem. Sdt21, 7644(1999.
instance, is notably inert for CO oxidation at low and me-3The local minimum near the TS is defined in order to differentiate it from
dium O coverages while Pt is an excellent catalyst for the the global minimum for a reactant on a surfdeéthough the two minima
reaction. The current view is that in order for CO oxidation May be same for the reactant in some reacjioRsr instance, in the

; ,10,20,21c; _ hydrogenation reaction the H atom sits on a hollow site at the IS and it is
to occur, the O must be aCtlvatéa' 'Since O—Ru bond close to a top site at the TS. Thus, the local minimum near the TS for the

is much stronger than O—Pt, Ru is much less reactive than Pt.y atom is the top site.
The major difficulty using this simple argument is that the It is worth mentioning that a linear function can still be obtained if the
activation energies of O from the ISs to the TSs are very bulk d occupancy is plotted against the sld@ebut with a smaller corre-
similar on different metal surface(see Table )I. Therefore lation cpeff|C|ent(0._98). This result |nc_i|c_ates that the_surface atoms in-

. . . . . volved in the reaction are more atomiclike than bulklike. There could be
AEg alone is not SUfﬂC'en_t _tO e>_<pla|n the reactivity d|ff(_ar- two reasons for thisti) surface atoms are less coordinated compared to
ence. However, the reactivity difference can be explained bulk atoms; ofii) the metal—metal bonding is further weakened due to the
using our results. As can be clearly seen in Table I, the CO- adsorption. Therefore, it is not surprising that the surface atoms involved

At ; ; ; iq_ in the reaction are quite different from bulk atoms.

activation _energ|es§ Eco ' on dl.ﬁerent metals varies 99n3|d 51n the CO oxidation investigated on Ru, Rh, and Pd surfaces, the reactant-
erably- It is AEC(_D th_at gives rllse .t.O different reactivity pf translation energies of both CO and O are zero since at the IS the most
metal for CO oxidation. The significance of the CO activa-

stable adsorption sites are top sites and hollow sges Fig. 2 caption
tion was also noted by Glassey and Hoffm%ﬁ’mery re- for CO and O, respectively. It should be mentioned that for CO oxidation

cently. on Pd111) at low coverage CO prefers a hollow site at the IS and sits on
' the off-top site at the TS. Thus, in this case CO-transition energy that is
the energy difference between CO at the hollow site and at the top site
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