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Abstract: To predict where a catalytic reaction should occur is a fundamental issue scientifically.
Technologically, it is also important because it can facilitate the catalyst’'s design. However, to date, the
understanding of this issue is rather limited. In this work, two types of reactions, CH4 <= CH; + H and CO
< C + O on two transition metal surfaces, were chosen as model systems aiming to address in general
where a catalytic reaction should occur. The dissociations of CH; — CH; + H and CO — C + O and their
reverse reactions on flat, stepped, and kinked Rh and Pd surfaces were studied in detail. We find the
following: First, for the CH, <= Chs + H reaction, the dissociation barrier is reduced by ~0.3 eV on steps
and kinks as compared to that on flat surfaces. On the other hand, there is essentially no difference in
barrier for the association reaction of CHs + H on the flat surfaces and the defects. Second, for the CO <
C + O reaction, the dissociation barrier decreases dramatically (more than 0.8 eV on Rh and Pd) on steps
and kinks as compared to that on flat surfaces. In contrast to the CH3; + H reaction, the C + O association
reaction also preferentially occurs on steps and kinks. We also present a detailed analysis of the reaction
barriers in which each barrier is decomposed quantitatively into a local electronic effect and a geometrical
effect. Our DFT calculations show that surface defects such as steps and kinks can largely facilitate bond
breaking, while whether the surface defects could promote bond formation depends on the individual reaction
as well as the particular metal. The physical origin of these trends is identified and discussed. On the basis
of our results, we arrive at some simple rules with respect to where a reaction should occur: (i) defects
such as steps are always favored for dissociation reactions as compared to flat surfaces; and (ii) the reaction
site of the association reactions is largely related to the magnitude of the bonding competition effect, which
is determined by the reactant and metal valency. Reactions with high valency reactants are more likely to
occur on defects (more structure-sensitive), as compared to reactions with low valency reactants. Moreover,
the reactions on late transition metals are more likely to proceed on defects than those on the early transition
metals.

1. Introduction the surface structure effect on reactions has been extensively
studied over the past 40 yedrs? To date, many observations

To predict where a catalytic reaction occurs, whether the )
P A Have been reported. However, the understanding of the surface

reaction happens on flat surfaces or defects (such as steps an

kinks), is very important as well as enormously challenging (2) (a) Somorjai, G. AJd Mol. Struct. (fTHEOﬁHEM)].998d424 1|O§] (r?)
: . ; i [P Somorjai, G. A.Introduction To Surface Chemistry And Catalyslshn
because of the following two reasons: Scientifically, it is one Wiley & Sons Inc.: New York, 1994
of the most fundamental issues in chemistry. Technologically, (3) Eﬁebcelgg7P87353(%oodman D. W.; Kay, B. D.; Yates, J. T.J.JEhem.
Vs
it has long begn believed that thg cat.aly'st design would be (4 |ee, M. B.: Yang, Q. Y.; Tong, S. L.; Ceyer, S. T Chem. Phys1987
tremendously aided once the reaction site is known. It has been 87, 2724,

Klier, K.: Hess, J. S.; H R. G. Chem. Phys1997 107, 10.
observed that for some reactions the reaction rate changes §e§ Wang, N Herman, R G . Kiier, Ksurf. Sci 1992 279, 33.

dramatically with the catalyst structure; for example, the reaction (7) La(rf%rég% H.; Holmblad, P.; Chorkendorff, M.J. Chem. Phys1999
rate increases significantly from single-crystal surfaces to small (g) wu, M.-C.: Goodman, D. WSurf. Sci. Lett1994 306, L529.

particles in which there are a large number of defects, while (9) (agew]'”éehfisl'g;;-]a 4ngg‘5 Phys1975 62, 2454. (b) Winters, H. FJ.
for other reactions, the reaction rate is independent of the catalyst10) Stewart, C. N.: Ehrlich, GI. Chem. Phys1975 62, 4672.

structure. Qualitatively, two classes of catalytic processes have(11) Rettner, C. T.J Pinur, J. E.; Auerbach, D.Rhys. Re. Lett. 1985 54
therefore been named: the structure-sensitive and structure{12) Luntz, A. C.; Harris, JSurf. Sci.1991 258 397.

H i i i H i (13) (a)WaIker A V.; Klng D. AJ. Chem. Phy200Q 112, 4739. (b) Juurlink,
insensitive reactionsWith the aim to design the best catalyst, LB, F.: McCabe, P R.; Smith. R. R.. DiCologero. C. L.+ Utz, ARhy.
Rev. Lett. 1999 83, 868.

(1) Boudart, M.J. Mol. Catal 1985 30, 27. (14) Jansen, A. P. J.; Burghraef, Burf. Sci.1995 344, 149.
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structure effect is rather limited. This is largely due to the series of Pt surfaces are similar, about 0.42 &vtl and Kocl?
difficulty to measure microscopic reaction pathways experi- concluded that no crystal-plane specificity exists for steady-
mentally. In this paper, we report a detailed density functional state CO oxidation on Pd at a temperature range of-300
theory (DFT) study on two fundamental processes, that+C K under low pressures. Recently, a surface science study by
bond and G-O bond cleavage/formation, on flat, stepped, and Uetsuka et at® showed that the reaction rate of CO oxidation
kinked transition metal surfaces (Rh and Pd). With a careful on Pd-steps (Pd(335)) is slightly faster (about 1.5 times) than
examination of the calculated results, we have obtained anthat on (111) terraces. They found that CO oxidation switches
insight into where a catalytic reaction would occur on metal from steps to terraces when the CO coverage is varied. In line
surfaces. with this, DFT calculations of Zhang and Fshowed that for

It has been long observed that the bond breaking processe<CO oxidation on Pd(111), the reaction barrier is strongly affected
in hydrocarbon conversion reactions are generally aided by by the CO coverage, and the reaction is structure-insensitive at
corrugated surfaces; these reactions are structure-sensitive. Irmedium CO coverage. On Pt(111), the CO coverage dependency
particular, kinks appear to be the most active sites for breaking for CO oxidation was also fount.
any of the chemical bonds that are available during the To date, no general framework has been established to
hydrocarbon conversion reactich$aking the hydrogenolysis  understand the surface structure effect, and many puzzles
reaction that requires -©€C bond scission as an example, we regarding the reactivity of different sites for different reactions
find that its reaction rate increases considerably (3- to 5-fold) have not been rationalized. In particular, the following question
when kinks are present in high concentrations on Pt surféices. remains to be answered: Where is the favored site for a
The structure effect on methane decomposition {EHCH; particular reaction? This question can be rephrased as follows:
+ H) was studied in detail by many surface science tech- (i) What kind of reaction may be structure-sensitive and why?
niques®~16 On Ni, Beebe et al. observed that Ni(110) is the (ii) Is the structure-sensitivity metal-dependent? If it is, what is
best for CH dissociation among Ni(111), Ni(100), and Ni(110). the reason? To answer these questions, in this work we have
On Pd, Klier and co-worke?$ reported that Pd(679), the surface  chosen two elementary reactions, £+ CHz + H and CO<
with kinks, is the most active one; the reaction rate spans anC + O, on two transition metal surfaces (Rh and Pd) as probes
order of magnitude in the order of Pd(11¥) Pd(311) < to tackle the surface structure effect. For each reaction, different
Pd(679). A summary of the surface structure effect on hydro- reaction sites, that is, flat (111) face, stepped, and kinked Rh
carbon conversion reactions can be found in the review article and Pd surfaces were studied. These model systems were
of Somorjai?2 selected on the basis of two reasons. Technologically, they are

Ammonia synthesis (N+ Hz> — NH3) on Fe, Ru-based elementary steps in many important processes, such as methane
catalysts was long observed to be very sensitive to the surfaceactivation and FischerTropsch reactions. Scientifically, they
structuret” 20 Using STM and DFT calculations, Dahl et*él are relatively simple and can thus be considered as prototypical
found that the N-N bond breaking on Ru(0001) is at least 9 reactions in heterogeneous catalysis. In addition, it should be
orders of magnitude slower than that on steps. The reactionmentioned that the flat (111) surface (of fcc metal) is close-
barrier on steps was calculated tob&.5 eV lower than that ~ packed and thus the dominant face in real catalysts, and steps
on flat surfaced? The same was also found for NO dissociation and kinks are perhaps the most common defects.
on Ru(0001%2'For N; and NO dissociation, DFT calculations  Our DFT calculations show thaurface defects, especially
showed that the transition state (TS) on monatomic stepsthe steps, are generally fared for bond-breaking reactions
involves five metal atoms, which is energetically more stable while the association reaction (bond making) can be either
than the four-atom TS on close-packed surfaces. Haftmer structure-sensitive or -insensitive, depending iadizidual
suggested that the upshift of the d band on steps, that is, anreactionsas well asthe particular metal Physical origins of
electronic effect which helps to stabilize adsorbates, is the mainthese trends are identified and discussed. Although only two
reason for the barrier reduction in NO dissociation. However, types of reactions on Rh and Pd were tackled in this study, the
Dahl et al. interpreted the large barrier reduction of N understanding we have obtained is of general chemical interest.
dissociation on steps being mainly due to a geometrical effect This paper is organized as follows: The calculation methods
on steps?20 are described in section 2. In section 3, calculation results, that

In contrast to the above structure-sensitive reactions, otheris, the reaction pathways and energetics fo,GHCHs + H
reactions are quite inert to the change of surface structure, suchand CO— C + O on flat surfaces, steps, and kinks, are reported.
as ethylene hydrogenation (@€H, + Hz — CHsCH;g) on Their transition state geometries are compared and discussed.
metals. The reaction barriers for ethylene hydrogenation on a|n section 4, we discuss the origin of the surface structure effect

(15) Mortensen, H.: Diekher, L.; Baurichter, A.; Luntz, A. CJ. Chem. Phys on these reactions. In the last section, conclusions are sum-
2002 116, 5781. marized.

(16) Egeberg, E. C.; Ullmann, S.; Alstrup, I.; Mullins, C. B.; Chorkendorff, I.
Surf. Sci.2002 497, 183. .

(17) Ertl, G. In Catalytic Ammonia SynthesiSennings, J. R., Ed.; Plenum 2. Calculation Methods
Press: New York, 1991; p 109.

(18) Dahl, S.; Tornqvist, Jacobsen, C. J.HCatal 2001, 198 97. Density functional theory calculations with the generalized gradient
(19) Eﬁhsl’ g‘é LLoegt?dl%tgg Qg'; fgfferg' R. C.; Larsen, J. H.; Chorkendorff, I. 555 0ximatioR® were performed. The electronic wave functions were
(20) Da);\l,' S.; Tornquist, E.; Chorkendorff, J. Catal 2000 192, 381. expanded in a plane wave basis set, and the ionic cores were described
(21) Zambelli, T.; Wintterlin, J.; Trost, J.; Ertl, Giciencel996 273 1688. by ultrasoft pseudopotentiat$The vacuum region between slabs was

(22) Hammer, BPhys. Re. Lett. 1999 83, 3681.
(23) Ertl, G.; Koch, J. InProceedings of the!sInternational Congress on
Catalysis Hightower, J., Ed.; North-Holland: Amsterdam, 1973; p 969. (26) (a) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson,

(24) Uetsuka, H.; Watanabe, K.; Kimpara, Kunimori, kKangmuir 1999 15, M. R.; Singh, D. J.; Fiolhais, CPhys. Re. B 1992 46, 6671. (b) Lynch,
5795. B. J.; Fast, P. L.; Harris, M.; Truhlar, D. Q. Phys. Chem200Q 104,
(25) Zhang, C. J.; Hu, Rl. Am. Chem. So@001, 123 1166. 4811.
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Figure 1. lllustration of the geometrical structures of calculated Rh-step and Rh-kink (the Pd-step and the Pd-kink studied are similar to the Rh counterpart
in this figure). (a) The top view (left) and side view (right) of Rh-step, which is a Rh(211) surface; the dotted line shows tBg (it cell of Rh(211).

The step-edge Rh atoms are white balls. EB labels the step-edge bridge site. (b) The top view of Rh-kink, which is constructed by taking one step-edge Rh
atom from the (1x 3) unit cell of Rh(211). KB labels the kink-edge bridge site.

10 A, and a cutoff energy of 340 eV was used. MonkheRsick k-point mental values, the error in our calculated barriers is around 0.1 eV. It
sampling with 0.07 A® spacing was utilized for all of the calculations  should be mentioned that the error in barriers from DFT-GGA could,
(for example, for (2 x 2) Rh(111) slab, % 3 x 1 k-point sampling in general, be highe?s®
is used).

To fully compare the reactivity of flat and corrugated surfaces for a
reaction, we have modeled the flat surfaces, Rh(111) and Pd(111), using_ 3-1- CHs = CH3 + H on Flat and Corrugated Surfaces.
large unit cells that correspond to the low coverage of reactions. The B€ing the essential step for methane conversion, €HCHs
CH, < CHs + H reactions were preformed in th#2 x 5) unit cell + H on metals has been a hot subject focused by many
(Y10 monolayer (ML)) with four layers, and the C& C + O reactions experimental and theoretical studies over the last several
were in thep(3 x 3) unit cell ¢/o ML) with three layers. We found  decades. The general consensus obtained from experiments can
that for CH, < CH; + H reactions, the coverage effect on the he summarized as follows: (i) Over transition metal surfaces,
dissociation barriers is very small (below 0.1 eV), and for € + CH; dissociation occurs at relatively low temperatures, even
O reactions, the coverage effect is about 0.1 eV. All of the flat surfaces on Pd (400 K); (ii) the process is assisted by the vibrational
were f|xed at the bulk-truncated structures because the surfaceenergy of methan& and (jii) the apparent activation energies
relaxations of Rh(111) and Pd(111) have a very small effect on the . S -

are low, but the reactive sticking probabilities are also low. On

reaction barriers (below 0.1 eV) when the large unit cells are used. .
We have checked the barrier of GHissociation on a series of Rh-  S€veral close-packed metal surfaces, such as Ni(111), Ru(0001),

(111) slabs in detail; see ref 28. The zero point energy is not included. @nd Pd(111), the apparent Gissociation barriersg®™) have

The Rh-step and the Pd-step were modeled by @) unit cells {/s been measured experimentally. On Ni(118F is about 0.55
ML) of Rh(211) and Pd(211), respectively (see Figure 1a). The (211) €V, reported by Beebe et al. and Ceyer efdlagn Ru(0001),
surface contains steps of (100)-type, which is found to be more active E=f ~ 0.37 eV by Wu et al%on Pd(111)E£" ~ 0.33 eV by
than the (111)-type step in catalytic reactiéhhe kinked surfaces  Klier et al®6 As mentioned in the Introduction, GHissociation
were constructed by removing one edge atom at the step ina3jL was found to be structure-sensitive. On corrugated surfaces, it
unit cell of the (211) surface (see Figure 1b). Hereafter, the kinked 5 generally faster than that on flat surfaces. Theoretically, CH
surfaces obtained from Rh(211) and Pd(211) are named as the Rh-yigsqciation on Ni(111) and Ru(0001) has been calculated using
kink and the Pd-kink, respectively. All of the corrugated surfaces were - .

o o ; . i - DFT. Two groups have reported similar barriers for £H

modeled with “effective” three layers (see Figure 1a, side view) with . . ) 35,3601 1 g d
the top layer being relaxed and the other layers being fixed at the bulk- dlssoc'at'on on N,'(lll)’V,O'S_ ev™ Wh'le, the other .reporte
truncated structure. It should be mentioned that the least coordination €V€N higher barriers. Ciobica et®lobtained a barrier of 0.88
number (CN) of metal atoms on these surfaces is different: It reduces €V for methane dissociation on Ru(0001), and it was calculated
from the flat surfaces to the steps and to the kinks, for example, on to be 0.79 eV by us.
Rh(111) CN= 9, on Rh-steps CN= 7 (the metal atom of the EB site, When comparing the experimental values to the DFT barriers,
Figure 1a), and on Rh-kinks CK 6 (the metal atom of the KB site, it is quite surprising to find that the barriers obtained from DFT
Figure 1b). TSs of reactions were searched using a constrainedcalculations are generally several tenths of an eV<0.2 eV)
minimization technique. The TS was identified when (i) the force on |3rger than the measured barriers. The reason for this incon-
the atoms vanish and (ii) the energy is a maximum along the reaction sistency is unknown yet. Two possibilities might be involved:

coordinate, but a minimum with respect to all of the remaining degrees . . ‘L
. i) In real ms, i jation may n r on the fl
of freedom. Our previous work has demonstrated that the above DFT @) eal systems, Clidissociatio ay not occur on the flat

setup affords a good accuracy, especially for the calculation of reaction (30) (&) Liu, Z.-P.; Hu, PJ. Chem. Phys2001, 114, 8244. (b) Liu, Z.-P.; Hu,
barriers in heterogeneous cataly&i$* As compared to the experi P.J. Chem. Phys2001 115 4977,
1ers | rog us - AS compar XPerl-(31) Liu, Z.-P.; Hu, P.J. Am. Chem. So@002 124, 5175. Liu, Z.-P.; Hu, P.;

Alavi, A. J. Chem. Phys2001, 114, 5956.

3. Results and Discussions

(27) Vanderbilt, D.Phys. Re. B 199Q 41, 7892. (32) zhang, C. J.; Hu, R. Am. Chem. So@00Q 122, 2134. Zhang, C. J.; Hu,
(28) The barrier ) of CH, dissociation on a serial of Rh(111) slabs is shown P.; Alavi, A. J. Am. Chem. S0d.999 121, 7931. Zhang, C. J; Liu, Z.-P.;
as follows (theE.%s reported in Table 3 corresponds to the one labeled Hu, P.J. Chem. Phys2001, 114 8244. ) .
with *): (33) Michaelides, A.; Hu, PJ. Am. Chem. So@001, 123 4235. Michaelides,

_ A.; Hu, P.J. Am. Chem. So@00Q 122 9866. Michaelides, A.; Hu, R.
Unit cell Layers Top layer E,,“‘s V) Chem. Phys2001, 114, 5792. Michaelides, A.; Hu, B. Chem. Phy2001,
p(2x2) 3 fixed 0.77 115 8570. _ o _
p(2x2) 3 relaxed 0.72 (34) Sachs, C.; Hildebrand, M.; Volkening, S.; Wintterlin, J.; Ertl, S&ience
p(2x2) 4 relaxed 0.62 2001, 293 1635.
%3 3 fixed 0.67 (35) Yang, H.; Whitten, J. LJ. Chem. Phys1992 96, 5529.
p(2x3) xe - (36) Michaelides, A.; Hu, P.; Alavi, AJ. Chem. Phys1999 111, 1343.
p(2x3) 4 relaxed 0.61 (37) Kratzer, P.; Hammer, B.; Norskov, J. K.Chem. Phys1996 105, 5595.
p(2x5) 4 fixed 0.67 (38) Ciobica, I. M.; Frechard, F.; van Santen, R. A.; Kleyn, A. W.; Hafner, J.
(29) Liu, Z.-P.; Hu, PJ. Am. Chem. So001, 123 12596. J. Phys. Chem. B00Q 104, 3364.
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Figure 2. The top view of the calculated TS structures for GH CHsz + H reactions on Rh(111) (a), Rh-step (b), and Rh-kink (c). Side views of the TSs
on the Rh(111) and the Rh-step are shown in insets in (a) and (b), respectively. The TSs fer O + H on Pd surfaces are similar. The small gray
balls, small yellow balls, and big balls are C atoms, H atoms, and Rh atoms, respectively. In particular, the step-edge Rh atoms in the Rh-step and the

Rh-kink are shown as big white balls.

Table 1. The CHsz and H Atom Adsorption Energies (Eag) and the Table 2. The Important Structural Parameters (Distances, d;
Adsorption Sites on Different Rh and Pd Surfaces (the Final State Angle, 0O) for the TSs of CH4 <= CH3z + H on Different Rh and Pd
for CH4 Dissociation)? Surfaces?
CH, H CH; <> CH; +H
Ead site d(CfmelaI) (A) Ead site dCfmela\ dHafmelal dCfHa D(C_metal_Ha)
Rh(111)  1.88  fcc 2.262 @ @ @ (deg)
Rh-step 2.16 EB 2.078,2.344 292 fcc Rh(111) 2.206 1.667,2.074, 2.246 1.550 445
Rh-kink 2.16 KB 2.100, 2.362 Rh-step 2.168 1.682,1.929 1.544 45.1
Rh-kink 2.140 1.703, 1.882 1.573 46.6
Pdflll) 1.r8 top 2.098 Pd(111) 2.157 1.695, 2.006, 2.106 1.540 45.2
Pd-step 2.01 EB 2.117,2.278 3.05 fcc
Pd-kink 1.88 KB 2195 2.182 Pd-step 2.155 1.676, 1.839 1.595 47.2
' Pd-kink 2.120 1.668, 1.783 1.691 51.3

aThe structures of the step and the kink and chemisorption sites (EB, 4 [ : ; in CH—
KB) are shown in Figure 1. The distances for the ;i its nearest- CHgTeH.TSS are shown in Figure 248 the reacting H atom in

neighboring metal atomsdg-metar) are also listed. For the H atom, its

adsorption energies on flat surfaces, steps, and kinks are very similar (within . . .
0.05 eV), and thus thEaq on the flat surfaces is used for all of the surfaces. RU(0001)38 CHs sits on the hollow site, while on 5d metal, for

example, Pt(1114! it is on the top site.
surfaces, but on a small number of defects. As shown in the o all of the corrugated surfaces, that is, steps and kinks,
recent experiment of Dahl et al. ;Missociation on Ru(0001)  the most stable chemisorption site for €isl always the bridge
is in fact totally dominated by a small number of steps. Whether sjte of the step-edge (EB site or KB site in Figure 1). Generally,
CH, dissociation also follows such a scenario is not certain. the steps improve the GHhemisorption energy by several
(ii) A quantum-mechanical tunneling mechanism, suggested by tenths of an eV as compared to the flat surfaces, while there is
Winters? might exist, which largely reduces the effective barrier ng further energy gain when the Gihifts from the steps to
obtained from experiments. To date, no theoretical calculations the kinks. For exampleEa(CHs) is 2.16 eV on both Rh-step
were reported for Chidissociation on corrugated surfaces, and and Rh-kink, and this value is 0.28 eV higher than that on
possibility (i) therefore could not be ruled out. With the aim o Rp(111). It is interesting to note that the H atom adsorption is
elucidate the above puzzle and shed light on the structure-jnsensitive to the surface change: The difference between the
sensitivity of methane dissociation, we have investigated CH cgjculatedE,(H) on the steps and kinks and that on the flat
dissociation on flat (111), stepped (211), and kinked Rh and gyrfaces is less than 0.05 eV. Thus, we take the H atom at the

Pd surfaces. flat surfaces as the final state (FS) of the H atom afte CH
3.1.1. CH; and H Atom Adsorption. As a starting point, dissociation.

the chemisorption energieE4y) of CH; and the H atom on all 3.1.2. Reaction Pathways and Barriers of C< CH3 +

of the surfaces, that is, the flat surfaces, the steps, and the kinksH. On flat Rh(111) and Pd(111), GHissociation occurs over

were calculated. Together with the optimized met@Hs; a top site of a metal atom. Figure 2a shows the located TS

distances, th&,ds are listed in Table 1. On both flat Rh(111) geometry on Rh(111) (the TS on Pd(111) is similar). At the
and flat Pd(111), the H atom is the most stable at the fcc hollow TS, the CH sits on the top site, and the activated H atom is
site (Rh(111)EadH) = 2.92 eV; Pd(111)EadH) = 3.05 eV). near a fcc hollow site. The important TS structural parameters
The potential energy surface of Gis quite flat on both metals;  are listed in Table 2. This TS structure is similar to previous

CH; slightly prefers the fcc hollow site on Rh(11BCHs) results for CH dissociation on other close packed surfaces, for
= 1.88 eV, 0.12 eV more stable than that on a top site); it example, Ni(111), Pt(111), and Ru(0001). Here we summarize
preferably sits on the top site on Pd(11E}{CHs) = 1.78 eV, two general features of the TS of methane dissociation on these

0.08 eV more stable than that on a fcc hollow site), which is surfaces. First, the TSs belong to “late TSs” (close to the final
consistent with the previous calculation of Paul and S&tet. state). This is evident from the located TS structures: (i) The
Other DFT studies showed that on Ni(1¥#)Cu(111)}* and H—CHs bonds at the TSs are well stretched as compared to the
C—H bond length of methane (1-8..6 A at the TSs (Table 2)

883 \F;Z%JHFW%%? E-Lﬂhfmcgﬁg‘mggggggf111?%442_ and 1.08 A in the Chi molecule). (ii) The metatCH; and
(41) Michaelides, A.; Hu, PJ. Chem. Phys2001, 114, 2523. metal-H bond distances are rather short and close to the

J. AM. CHEM. SOC. = VOL. 125, NO. 7, 2003 1961
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A O o® Table 3. The Calculated Dissociation Barriers (E,%) for CHy —
CHz + H and CO — C + O and the Barriers (E;®) for Their
Reverse Reactions on Different Rh and Pd Surfaces?
CH; < CH; +H CO<-C+0
Eadis Eaas Ead\s Eaas CN
Rh(111) 0.67 0.65 1.17 1.84 9
Rh-step 0.32 0.59 0.30 1.18 7
Rh-kink 0.20 0.49 0.21 1.09 6
Pd(111) 0.66 0.68 1.87 1.98 9
Pd-step 0.38 0.63 0.57 0.68 7
Pd-kink 0.41 0.53 0.38 0.49 6
IS i 2 The least coordination number (CN) of the metal atoms involved in
I Q the TSs on flat surfaces, steps, and kinks are also listed for comparison.
% The unit of the barriers is eV.

Figure 3. The energgtic diagram for a general ABA + B reaction on 0.41 eV on the Pd-kink. HoweveE2Sof the CH; + H reaction

metal surfaces. The inset shows the energy decomposition of the TS total L

chemisorption energyErS) at TS. All of the terms are defined and discussed N the steps is similar to that on the flat surfaces, and they only

in the text. decrease by-0.1 eV if the reaction occurs on the kinks (Table

3).

optimized distances of the individual Gknd H adsorption, 3.1.3. Discussion of the Reaction Mechanism of CH-

respectively. For example, the optimized-RBH3; bond length CH3 + H on Transition Metals. As mentioned before, for CH

(CHs sitting at a top site) is 2.107 A, while the RIEH; distance dissociation on close-packed surfaces, for example, Ni(111) and

atthe TS is 2.206 A (Table 2). It should be mentioned that the Ru(0001), the barriers calculated from DFT are about 0.3 eV

late TS of methane dissociation is consistent with the experimentlarger than the values measured experimentally. This is also

that CH, dissociation is assisted by vibrational energies. Second, true on Pd(111), as we compared our calculated barrier far CH

each TS mainly involves one metal atom, on which thesCH dissociation on Pd(111) (0.67 eV) to the value recently reported

sits. The H atom, although near the fcc hollow site, does not by Klier et al. (0.36 eV (34.3 kJ/mol)However, we found

bond with the other two surface atoms strongly, as is evident interestingly that for the barriers on the steps and the kinks, the

from the distances of the H atom to the three metal atoms at consistency between our results and the experimental ones

the TS (Table 2). reported by Klier et al. is very good. The effective barriers for
We then located the most stable TSs for &lissociation on methane dissociation on Pd(311) (with steps) and Pd(679) (with

steps, the Rh-step and the Pd-step (see Figure 1a) and kinkskinks) are 0.33 eV (32.2 kJ/mol) and 0.44 eV (43.9 kJ/mol),

the Rh-kink and the Pd-kink (shown in Figure 1b, see Calcula- respectively, and our calculated ones are 0.38 eV on Pd-steps

tion Methods). Figure 2b and c shows the TSs forsCH and 0.41 eV on Pd-kinks. In addition, our barriers on the step

dissociation on the Rh-step and the Rh-kink (the TSs on the and the kink of Rh (0.20.3 eV) are in good agreement with

Pd-step and the Pd-kink are similar to the Rh counterparts). Asthe early experiment work of Ehrlich et &P.who reported the

can be seen from Figure 2b and c, the TSs on the steps and théarrier of methane dissociation on Rh films being.3 eV.

kinks in fact are very similar: Both locate at the step-edge, in  To reconcile the above puzzle, we have done the following

which CHs sits on the top site of one edge metal atom, and the analysis on the reaction rate. Using the Arrenhius equation, we

H atom is near the bridge site of the step-edge. The importantestimated the initial sticking coefficient&j as

TS structural parameters on the steps and the kinks are listed

in Table 2, together with those on the flat surfaces. With a S~ Aexp(—E/RT)[sites]

careful comparison, we found that the TSs on the steps and the

kinks share the same basic features with the TS on the flatwhereT is assumed to be 500 K\ is the preexponential factor,

surfaces (Figure 2a). The TSs on the steps and the kinks alscand [sites] is the concentration of reaction sites. A small change

(i) belong to late TSs and (i) mainly involve one metal atom. in E, will lead to a large change in reaction ra®)( a 0.3 eV

In fact, the TSs on the steps and the kinks may be even “later”. change ing, (e.g., CH, dissociation goes from flat surfaces to

This is reflected in the longer HCHj; distances at the TSs.  steps) will lead tdS, differing by 1@ if everything else is the

For instance, at the TS on the Pd-sté,cr, is 1.595 A; on same. Even assuming the population of the stepped sites is only

the Pd-kink, itis 1.691 A, as compared to 1.540 A on Pd(111). 1% of the flat surface sites arlis constant, we find that the
With all of the states being determined, we then calculated & on steps & is still ~10 times larger tharg on flat

the dissociation barrields) for CH; — CHz + H as well as surfaces &2Y). Therefore, the overafy is dominated by&st",

the association barrieE{9 for the reverse reaction, GH H and the effective barrigES" would be largely determined by

— CH,. Figure 3 illustrates in general all of the energy terms EJs on steps. This means that the measuB#f would

used in Table 3 for a dissociation reaction and the reverse correspond t&.8's on steps, which is-0.3 eV smaller than the

reaction.E;225is 0.59 eV on Rh(111) and 0.62 eV on Pd(111). EJSs on flat surfaces. Therefore, this indicates that the;CH

Itis noticed that the reaction energiégH, the energy difference  dissociation reaction should be structure-sensitive (Table 2). On

between the initial state (IS) and the F8H = E2s — Edis, the other hand, a barrier decrease of-12 eV can only

see Figure 3) are almost zero for ¢+ CHz + H on Rh(111) increase exp{E4/RT) by 10-100 times at 500 K, which is likely

and Pd(111). On the steps and the kinks, we found thaE ffife to be tempered by the number of the active sites. This suggests

decreases considerablgds = 0.32 eV on the Rh-step and that the CH + H association is largely structure-insensitive

0.20 eV on the Rh-kinkE.ds = 0.38 eV on the Pd-step and because its barrielE() variation is small (Table 2).
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(a)

Figure 4. The top view of the calculated TS structures for €0C + O reactions on Rh(111) (a), Rh-step (b), and Rh-kink (c). The side view of the TS
on the Rh-step is shown in the inset in (b). The TSs for€Q@ + O on Pd surfaces are similar to those on Rh. The small gray balls, small red balls, and
big balls are C atoms, O atoms, and Rh atoms, respectively. In particular, the step-edge Rh atoms in the Rh-step and the Rh-kink are shown as big white
balls.
On the basis of these results, we suggest@hétdissociation ethylene hydrogenation (GHCH, + H, — CH3;—CHs) reac-
even on single crystal surfaces may be dominated by a small tions on Pt and Rh were found to be structure-insensitive.
number of defects, especially stepsnsidering that steps always 3.2. CO< C + O on Flat and Corrugated Surfaces.Using
exist on single crystal surfaces. Kinks may not play an important syngas (CO and §)ito produce hydrocarbons is one of the most
role due to their much smaller population than steps and the important industrial processes in heterogeneous catalysis. CO
similar reactivity with steps. This suggestion can be used to dissociation (CO— C + O), which produces the active surface
reconcile the puzzle mentioned before. The experimentally carbons, appears to be an essential step forfGthation (CO
measured barrier for CHlissociation on Pd(111) is lower (0.3  + 3H, — CH4 + H,0) and a FischerTropsch reactionnCO
eV) than the calculated one on the flat surface, but is very close 4+ 2nH, — C,H2, + nH>O, n > 2).2 CO dissociative adsorption
to that calculated on the steps and the kinks. Moreover, theis commonly observed on Ru, Co, Rh, Ni metals (500 K), while
population of stepped sites on a surface is expected to be theCO appears to adsorb only molecularly on late 4d, 5d metals,
controlling factor to the reaction rate. This is indeed what was such as Pd, Ir, and Pt. However, it was found experimentally
observed experimentally. Klier et al. found that £tssociation that on late 4d, 5d metals, Ghb also produced from CO and
on Pd(679) is about 10 times faster than that on Pd(111), the H,.#>~44Pichler and Emmettt proposed a mechanism to explain
magnitude of which is consistent with the difference of the step this puzzle, involving the direct hydrogenation of molecular CO.
population between two surfaces: 13% of Pd(679) are steps,In the last several years, using STM technique and DFT
while there are at least 1% steps on Pd(111). It should be calculations, many worket¥s22 showed that the dissociation
mentioned that on the basis of our calculations, we believe that of some diatomic molecules, such agahd NO, is dominated
the tunneling effect in Clddissociation might not be very by the steps of metals. Thus, one may speculate that CO
crucial, which was also suggested in a recent péper. dissociation is also likely to follow the same mechanism on
It is worth mentioning some nice experiment work of Egeberg late 4d and 5d metals: It occurs on steps, where the reaction is
et al.}8 which was just published very recently. Egeberg et al. much easier as compared to that on flat surfaces. In the following
carefully studied the dissociation of Glén Ni(111) and Ru- subsection, we will examine this possibility.
(0001) to examine whether the stepped sites have a large effect 3.2.1. Reaction Pathways and Barriers of CO~ C + O
on CH, dissociation. They reported that sputtering of the Ni- on Flat Surfaces.We have calculated C& C + O on a series
(111) surface without subsequent annealing was found to of flat 4d and 5d close-packed surfaces, that is, Ru(0001),
increase the initial sticking by-25 times, while the Ru(0001)  Rh(111), Pd(111), Os(0001), Ir(111), and Pt(111)}/atML
deposited by a small amount of Au (Au was observed to occupy coverage previously (see ref 30b). We have shown that on these
the stepped sites) slightly reduces the initial sticking. These new surfaces, the TSs of CO dissociation are similar: They are all
experimental results are consistent with our discussions abovelate TSs. In addition to the previous work, in this work we have
It is interesting to address the reason for the little effect of the recalculated CO dissociation at a low coverage on Rh(111) and
Au deposition on CH dissociation, as compared to its large Pd(111),%s ML (p(3 x 3) unit cell), to better compare the
effect on N dissociation (the deposition of Au on Ru(0001) reactivity between different surface structures (the decrease of
dramatically increases the;Nissociation barrier from 0.4 to  coverage will change the barriers slightly because the TS and
1.5 eV®9). This can be readily explained by our DFT calcula- the FS are more stable at low coverages; for example, the CO
tions: The TS of CHdissociation only involves one metal atom  dissociation barrier on Rh(111) &4 ML is 1.25 eV, and it is
(even on steps), which is different from the TS gfdissociation 1.17 eV at¥/g ML). Figure 4a shows the TS structure for CO
(involving the five-atom on steps). Therefore, the Au deposition dissociation on Rh(111) (the TS on Pd(111) is similar). At the
could not block the dissociation site of GHissociation on steps TS, the C atom is near the hcp hollow site, and the O atom is
(may have some electronic effect, see discussion in section 4),close to a bridge site. The important TS structural parameters
but completely blocks that of Ndissociation (also see section are listed in Table 4. It appears that at the TS, four surface atoms
4).

H i (42) Rabo, J. A.; Risch, A. P.; Poutsma, M. L.Catal. 1978 53, 295.
As mentioned before, our calculation results show that the Poutsma. M. Lo Elek. L. F.: Ibarba, P.s Risch H.: Babo, JJACatal.

)
L . . 43

reverse reaction of CHlissociation, CH+ H — CHy, is quite 43) 1978 52, 157. .

inert to the structure change. One piece of evidence to supportgj‘gg Vannice, M. ACatal. Re.. Sci. Eng.1976 14, 153,

. X R L Hall, W. K.; Kokes, R. J.; Emmett, P. H. Am. Chem. Sod96Q 82,
the C—H bond formation being structure-insensitive is that the 1027. Pichler, HAdv. Catal. Relat. Subjl1952 4, 271.
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Table 4. The Important Structural Parameters (Distances,ad) for + O association reaction barriers are remarkably reduced on
the TSs of €O = C + O on Different Rh and Pd Surfaces the defects (Table 3). The magnitude of reduction is more than
Co—~C+0 0.6 eV on Rh, and up to 1.3 eV on Pd. Considering that the
do-metl do-metl de-o CO dissociation barriers are so low on the defects{0.3 eV

Rh(111) 1.890, 1.959, 2.029 2.046, 2.145 1.865 on Rh, 0.4-0.6 eV on Pd), we expect that CO can dissociate
Rh-step 1.904,1.943,1.943 1.966, 1.966 2.090 even on Pd at a normal temperature, for example, 500 K. This
Rh-kink 1.911,1.947, 1.947 1.975,1.975 2090 might be reason for the experimental observation for the CH
Pd(111) 1.885, 1.935, 2.019 2.009, 2.136 1980 ion f CO+ H late 4d and 5d s CO
Pd-step 1.859, 1.897, 1.897 1.930, 1.930 2.724  formation from 2 éven on late 4d an metals:
Pd-kink 1.886, 1.886, 1.901 1.931,1.931 2.500 dissociates on defects first, followed by hydrogenation of

reactions. It should be mentioned that CO can dissociate on the
aThe TSs are shown in Figure 4. In all of the TS structures, the C atom i ig —

is on the three-fold hollow site, and the O atom is on the bridge site (see flat Sulrface of e_ar“er metals’ such as Ru(OO(HJ’{ 0.55

Figure 4a-c). eV atl/, ML). It is obvious that the effect of the steps on the

reactivity turns out to be more important at the late transition

are directly involved in bonding with the TS complex, one of |\ ata)s (we will discuss this later).

the surface atom being shared by the C and the O. After CO
dissociation, the C atom prefers a hcp hollow site, and the O 4. Insight into the Structure-Sensitivity of Catalytic
atom favors a fcc hollow site on both Rh(111) and Pd(111). Reactions
The calculated adsorption energieB,d at Y9 ML are as
follows: on Rh(111)E.((C) = 7.12 eV andE,(O) = 4.78 eV,
and on Pd(111)k.(C) = 6.85 eV andE,O) = 4.39 eV. The
dissociation barriers/,%) and the association barriers of CO
< C + O were calculated and listed in Table 3, together with
those of the Cl< CHs + H reaction.

3.2.2. Reaction Pathways and Barriers of CO> C + O

As discussed above, on different sites of a metal surface, the
barrier of a reaction can vary significantly or be quite constant.
Recent DFT calculations of EichRershowed that the preex-
ponential factor does not change significantly from surface to
surface. Thus, the surface structure-sensitivity or -insensitivity
is much related to the reaction barrier, and to understand how
on Steps and Kinks.We then investigated CO dissociation on the reactiop barrier is affected by the 5””‘?‘?'? structur_e s crgcial

as to predict the surface structure-sensitivity. In this section,

the Rh-step, the Pd-step, the Rh-kink, and the Pd-kink. CO . o o
. e - some gqualitative understanding in heterogeneous catalysis will
dissociation on these defects possesses very similar TS strucy ..~ " o
. . be first introduced. We then employ a more quantitative method
tures. Figure 4b and c depicts the TS structures on the Rh-step” ™ .~ "~ """~ . . .
. . : . to pinpoint individual energy terms in a reaction barrier. On
and the Rh-kink, respectively. At the TSs, the O is at the bridge : . o . . -
. . - the basis of this quantitative analysis, the physical origin of the
site of a step-edge, and the C atom sits on the fcc site of the . 4
. i ) surface structural effect will be discussed.
terrace near the step. It is obvious that there are five atoms . . )
involved in bonding with the TS complex, while it is only four 4.1. A Qualitative Understanding: Electronic and Geo

on flat surfaces. The important structural parameters for the TssMetrical Effects. In heterogeneous catalysis, two effects, the
are listed in Table 4. These types of TS structures on steps Orelectronlc and geometrical effects, have been used to understand

kinks are similar to N and NO dissociation on Ru-steps, as qualitatively the activity of a catalyst for reactions. First, the
calculated by Dahl et 4° and Hamme?2 We also noticed that electronic effect, for example, the change of work function at
the C—O distances at the TSs are longer, ranging from 2.09 to different surfaces, can affect the adsorbate chemisorption energy.
2.5 A (Table 4) as compared to those on the flat surfaces, which Consequently, catalytic reactions may be facilitated or hindered

strongly implies that the TSs are “late” and are close to the PY the change of the chemisorption as shown in our recent paper
FSs. and others: It was found that the dissociation barrier is a linear
function of the total chemisorption energy of dissociation
productsi®@Second, the geometrical effect can affect the reaction
pathway. Somorjdi suggested that a catalytic reaction that
occurs at low coordinated sites, such as an atop or bridge site,

is likely to be structure-insensitive, and the reaction’s concentra-

always more stable on the flat surfaces as compared to the fections do not changg markedly from sur.face to sqrface. Qn th.e
hollow site near the step (the bonding site of C at the TS). contrary, the reaction that occurs at high coordinated sites is

Therefore, Ex(C) on the (111) surface is taken as the FS likely to be structure-sensitive. Applying these two effects to
chemisorption energy on both Rh and Pd. (i) On the Rh-step understand the reactions we have studied, we obtained some

and the Rh-kink, the bridge site of the step-edge (the EB or useful hin'Fs. For instar_lce, the_adso_rbates, su_ch asa0th O, )
KB site in Figure 1) is a more stable site for O atom generally increase their chemisorption energies on steps. This

chemisorption as compared to that on the flat surface. Thus is mainly due to an upshift of the d baff® which is the

the O atom on the bridge site of the step-edge is taken as theelectronic effect. As for the geometrical effect, the €OC +

FS for the O atom (On the Rh-stelﬁac(O) = 4.99 eV; on the (a) Bleakley, K.; Hu, PJ. Am. Chem. Sod999 121, 7644. (b) Zhang, C
Rh-kink, Ea{O) = 4.97 eV, on Rh(111)Ea(O) = 4.78 eV). J. Hu, P.; Lee, M-HSurf. Sci.1999 432, 305. (¢) Lynch, M. Hu, P.

i Surf. Sci.200Q 458 1.
(”I) Onall Pd Surfaces’ the O atom is more stable on Pd(lll) (47) Mortensen, J. J.; Hammer, B.; Norskov, J.3urf. Sci.1998 414, 315.

than that on the bridge site of the step-edge. Theretey€0) (48) (a) Newns, D. MPhys. Re. 1969 178 1123. (b) Hoffmann, RRev. Mod.

on Pd(111) (4.39 eV) is taken as the FS energy for the O atom. gﬁ’s 1988 60, 601. (c) Hammer, B.; Norskov, J. iSurf. Sci.1995 343
The reaction barriers for C& C + O on the steps and the  (49) (a) Shustorovich, E.; Baetzold, R. C.; Muetterties, EJLPhys. Chem.

kinks of Rh and Pd were then calculated and listed in Table 3. 198387 1100. (b) Hu, P.; King, D. A.; Lee, M.-H.; Payne, M. Chem.

o . ; ) o . Phys. Lett1995 246, 73.
Itis interesting to find that both CO dissociation barriers and C (50) Eichler, A.Surf. Sci.2002 498 314.

To find the most likely FS for CO dissociation on the defects,
we have calculated individual C and O chemisorption energies
at several possible sites after dissociation, including flat surfaces,
considering that flat surfaces are always available. Our results
are summarized as follows: (i) On both metals, the C atom is

(46)
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O reaction can be considered as a process requiring a high7able 5. The Decomposition of the TS Chemisorption Energy

coordinated site for its TS geometry, and the,GHCH;z + H

can be considered as a reaction with a low coordination site.

Indeed, CO< C + O is highly structure-sensitive. However,
there are some limitations in this simple argument. It is not
completely correct to state that the &H CHs + H is structure-
insensitive. In fact, the forward and reverse reactions of, CH
< CHs; + H are quite different with respect to the structure-
sensitivity.

It is obvious that the above argument, due to its simplicity,

does not provide a comprehensive picture of the structural effect rp(111)

on catalytic reactions. We believe that the following two

questions need to be answered to provide a real insight into the rp-step

structure-sensitivity. (i) Why is the reaction type (a dissociation

or association reaction) important to the structure-sensitivity?

(il) What are the individual contributions of the electronic effect
(defined asE) and the geometrical effect (defined @sto the
reaction barrier? Without knowing these, it is very difficult to

(E™S) of CH4 — CH3 + H and CO — C + O on Rh(111) and the
Rh-Step (see Figure 3 and Eqgs 1—4 for the Meaning of All of the
Symbols)?

CH;—CH3 +H Echs = SE Ein B B
RNLD (S 1S4 aso a. 067 06
RIS e p1s 2o 510 o 0% 09
CO—C+0 Eo Ec SE Bn E» EF
AR IE U e w e
IR S O ew

a For comparison, the chemisorption energies of the individual products,
say CH and H in the CHH— CHs + H reaction, C and O in the C& C
+ O reaction, at the FSs are also list§tE = Ecy, + E4 or Eo + Ec in
each reaction, respectively. In the gas phase, thél®onding energy of
CHjy is calculated to be 4.81 eV, and the-O bonding energy of CO is

predict whether a reaction is structure-sensitive or not, becausel1.23 eV. All of the energies are in eV.

there are four possible combinations, that iE+( G+),
(E—, G-), (E+, G—) and E—, G+), whereE+ (E—) means
that the electronic effect reduces (increases) the barrieGand
andG— are defined in a similar way.

4.2. Barrier Decomposition: A Quantitative Understand-
ing. To answer the above questions, we have utilized the

following energy decomposition method (also see our previous
work, ref 30a,b) to analyze the reaction barriers. For a general

reaction of AB<> A + B starting from an AB molecule in the

gas phase to the adsorbed A and B on surfaces (A and B
represent atoms or fragments), one can write the dissociation

barrier,Eid's, as (Figure 3):
dis _ — bond _ TS
Ea s — Eg ona __ E

@)

whereEg”°"dis the A-B bond energy in the gas phase, &lid

where EAFS and Eg™S are the FS chemisorption energies of A
and B, respectively. The interaction energy of A and B at the
FS, that isEin"S, is not included in eq 4. This is because under
the reaction condition we studied (low coverages),™s is
normally zero: a large separation between A and B ensures no
repulsive interaction between them.

Because all of the TSs we studied are late TRSS and
Eg'S reflect largely the A and B bonding ability on the metal
surface. In other word€A™s and Eg™S are quite close to their
FS counterpart£a™ andEgFS. It is thus expected th&a ™S +
EsS is by and large determined by the local electronic effect
of metals. The interaction energlii'S, is usually an energy
cost due to the repulsive nature between A and B at the late
TS. TheEn"S consists mainly of two parts: (i) thieonding

is the total chemisorption energy of A and B at the TS. Because COmpetition Whi§0h4:33 caused by A and B sharing bonding with
catalytic reactions on metal surfaces generally belong to the Surface atoms?*04%and (ii) thedirect Pauli repulsiorbetween

“late TS” reactionsE™® can be further decomposed into three
terms (Figure 3):
—E TS

int

ETS = EATS + EBTS @)

whereEATSis the chemisorption energy of A at the TS geometry
without B; Eg'S is defined in a similar way; anéi'S is a

A and B. Both are closely related to the TS structtiréhus,
En'S is a guantitative measure of the geometrical effect on
catalytic reactions.

We used eq 2 to decompose B of the CH; < CHz + H
and CO< C + O reactions on Rh(111) and the Rh-step. The
individual energy components are listed in Table 5, and the FS
chemisorption energies are also listed for comparison. From

quantitative measure of the interaction between A and B at the Table 5, one can see how the surface structure affects the

TS. It is usually a positive energy term due to the repulsive

reaction barriers:

nature between A and B at the TS geometry in heterogeneous (i) For CH, dissociation, the barrier reduction (about 0.3 eV)

catalysis. Thus, by combining eqs 1 and 2, we arrive at
Eadis — Egbond_ ETS — Egbond_ (EATS + EBTS) + EintTS (3)

Equation 3 suggests that the dissociation barkgl consists

of three parts: (i()Es”°" the bonding energy of AB in the gas
phase; (ii) EA™S and Eg'S, the individual product (A, B)
adsorption energies at the TS; and (Hj),'S, the interaction
energy between A and B at the TS. In a similar way, the

from the flat surface to the step is due to the increadecaf™s

+ EX'S (JE'S), which is the local electronic effecEf'S's are
almost identical on these two surfaces). For dissociation
reactions, the barrier reduction on steps should be generally true
because steps always bond adsorbates more strop@{s (
increase) andEin'S on steps is not lower than that on flat
surfaces (the TS geometry on steps is similar to that on flat
surfaces, if not energetically better). For the association reaction
of CHz + H — CHy, althoughEcp,™ + E4™S on the step

association barrier can be written as the energy differenceincreases by~0.3 eV, Ecy,™S + E4FS also increases by-0.3

between the TS and the FS:

EaaS: E°—-E= (EAFS+ EBFS) - (EATS+ EBTS) T En

int

(4)

eV as compared to their counterparts on the flat surface.
Therefore,E2S has almost no change from the flat surface to
the step considering that tHg&,"S's are similar on these two
surfaces.
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(i) For CO dissociationEc™ + Eo' on the step is about
0.23 eV larger than that on the flat surface (the electronic effect),
and, remarkablyEi"S decreases from 1.11 eV on the flat
surfaces to 0.47 eV on steps. In tot@lds on the step is 0.87
eV smaller than that on the flat surface. This large reduction of
EJs consists of two components: the electronic effect (0.23
eV) and the geometrical effect (0.64 eV). The geometrical effect
is obviously much more important. For the association reaction
of C+ O— CO,EcFS+ EoFSon the step is also 0.21 eV larger
than that on the flat surface. Thus, the electronic effect stabilizes
the TS and the FS in a similar magnitude, the same as that in
the CH, < CHs + H reaction. Therefore, the reduction Bfs

el
|mRh

g lapd|

(=]

£

w

Cc-C C-N Cc-0 C-H
atomic pairs

Figure 5. The calculatedE,° for different atomic pairs on Ru(0001),

(eq 4) on the step is mainly caused by the large decrease inrn(111), and Pd(111) using eq 5.

Eint'S, the geometrical effect.

The barrier-decomposition results can be summarized as
follows. First, the local electronic effect stabilizes the TS and
the FS in a similar magnitude, which is not surprising,

repulsion between A and B is believed to be negligible. Thus,
Ein® measures mainly the bonding competition effect between
A and B. We have calculateB, for different atomic pairs,

considering that the catalytic reactions on metal usually possessC—C, C—N, C—0, C—H on the 4d metals Ru(0001), Rh(111),

late TS. As a result, it always plays a positive role in reducing
the dissociation barrier (eq 3), but little role in reducing the
association barrier (eq 4). It should be mentioned that the
magnitude of the local electronic effect on the dissociation
reaction is found to be smaly0.3 eV for both CH and CO

dissociations. Second, the geometrical effect, if it plays a role,

and Pd(111). The values are shown in Figure 5. Two general
trends can be seen in Figure 5: (i) For each pair, B¢
increases from the left to the right in the periodical table >Pd
Rh > Ru. (ii) As the adsorbate valency decreases, Epé
decreases, €C > C—N > C—0 > C—H.

It is interesting to note that thi,° of the C-0 pair has a

can reduce both the dissociation and the association reactionajue of 1.13 eV on Pd, which is almost twice as big as that on

(no role in CH, <= CH3 + H, a significant role in CO~> C +
0O). The magnitude of the geometrical effect can be quite large,
for example, 0.64 eV in the C® C + O reaction.

4.3. Origin and General Trends of the Geometrical Effect.

Rh(111) (0.65 eV). This is well consistent with what we have
found for the barrier reduction in CO dissociation from the flat
surfaces to the steps: on Pditis 1.30 eV, which is nearly twice
as big as that on Rh (0.70 eV). Therefore, the larger barrier

Because the contribution of the geometrical effect on both reduction on Pd as compared to Rh can be attributed to its larger
dissociation and association reactions can be significant, in thisg; 0, a consequence of the bonding competition effect. For the
subsection we will focus on the origin of this effect and reveal CH, <> CH; + H reaction, we can use Figure 5 to understand

its general trends. As mentioned abokzg;'S contains mainly
two components, that is, the energy cost from the bonding
competition effect and the direct Pauli repulsion. The Pauli
repulsion is by and large determined by the distance between
two reactants. It is noticed that, say in G®& C + O on Rh
surfaces, because the—© distances at the TSs on flat
Rh(111) (1.87 A) and the Rh-step (2.09 A) are not so different
(as compared to the 1.13 A of the CO molecule), the Pauli
repulsion contributions t&,"S for the reaction on flat Rh(111)
and that on the Rh-step should be quite similar. Therefore, the
major difference ofE,"S between the flat Rh(111) and the
Rh-step, that is, the geometrical effect, should originate from
the variation of the bonding competition effect from the flat
surface to the step.

We have done the following analysis on an A B
coadsorption system to quantitatively investigate the magnitude
of the bonding competition effect. First, we definstandard
bonding competition enerd¥i°) for the A+ B coadsorption
system:

EimO= EntEg—Ears (5)
where Ea4g is the total chemisorption energy of A B
coadsorption in which A and B are placed at two neighboring
hcp sites in (2 x 2) unit cell (thus they share surface atoms),
with the positions of A and B corresponding to their individual
optimized adsorption positionsEa (Eg) is the individual
chemisorption energy of A (B). In such a structure, the distance
between A and B is about 2.7 A, at which the direct Pauli
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why the Ej"S of CHs <= CH3z + H is so small, only 0.2 eV
(Table 5). Both CH and H only have one valency, and thus
they do not induce a large bonding competition effect.

4.4. Where a Catalytic Reaction Should Occur: A General
Discussion.From the above results, the following rules can be
generalized regarding where a catalytic reaction should occur:
(i) Dissociation reactions always occur preferentially on surface
defects. (ii) Association reactions wiltigher-valencyreactants
are more likely to occur on surface defects than those with
lower-valency reactants. (iii) Association reactions onléter
transition metalssuch as Pd and Pt, are more structure-sensitive
than those on the earlier transition metals.

These rules can be used to explain why ammonia synthesis
is highly structure-sensitive: one of the most important elemen-
tary steps in ammonia synthesis is thedissociation in which
the product, N atom, possesses a high valency. According to
the rules above, theNissociation should be structure-sensitive
(prefer to occur on steps), which is consistent with experiment.
The fact that the FischefTropsch synthesis, for example, on
Co, is structure-sensitive may also be explained. Our recent
calculations have shown that the barriers for C/C coupling
reactions on Ru, such as-€ CH and C+ CH, in which one
of the reactants (i.e., C) possess high valency, are much lower
on steps than those on flat surfaé&s:or the same reason,
association reactions involving H atoms (small valency), that
is, hydrogenation reactions, are structure-insensitive. In other

(51) Hammer, BJ. Catal.2001, 199, 171.
(52) Liu, Z.-P.; Hu, PJ. Am. Chem. So002 124, 11568.
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words, the barriers of hydrogenation reactions on flat surfaces (v) The association barriers of GH- H on the flat Rh(111),
will be similar to those on steps. the Rh-step, and the Rh-kink are very similar (0.65, 0.59, and
Finally, it is interesting to discuss the structure effect of CO 0.49 eV, respectively). They are also similar to that on the
oxidation on metals. As mentioned in the Introduction, CO Pd(111), the Pd-step, and the Pd-kink (0.68, 0.63, 0.53 eV,
oxidation on transition metals seems not to be very sensitive to respectively). In contrast, the association barriers of the G
the surface structure change. The reasons are as follows: Firstpn the flat surfaces are very different from those on steps and
it belongs to the association reaction, which is quite insensitive kinks. On the flat Rh(111) and Pd(111), the barriers of ©
to the electronic effect. Second, the bonding competition are 1.84 and 1.98 eV, respectively. On the Rh-step and
between CO and O atom was found to be quite small becauseRh-kink, the barriers are similar (1.18 and 1.09 eV, respectively),
of its TS geometry® Therefore, the barriers of CO oxidation but are significantly lower than that on the flat Rh(111). This
on flat surfaces and steps of the same metal will be similar. is also true for the barriers on the Pd-step and Pd-kink (0.68
For example, the barrier reported for COO — CO, on Pd- and 0.49 eV, respectively).

(111) atY/, ML is 0.93 eV by Zhang and Hep, and on Pd-step On the basis of our reaction barrier decomposition, we obtain
the barrier was reported to be 1.0 eV by Hamser. the following understanding of the barrier on different sites:
5. Conclusions (i) For CH,4 dissociation, the reduction of the barrier §9.3

eV on the steps as compared to on the flat surfaces is mainly

This work represents one of the attempts to obtain a gye 19 the local electronic effect. The geometrical effect plays
comprehensive picture of the surface structure effect on catalytic|ityie role in affecting the barriers. Because of the barrier

reactions. Two types of reactions, &+ CHs + H and CO- reduction on steps, steps are always favored foj @issocia-
C+ O, on two transition metal surfaces were chosen as modelyjon O the other hand, there is essentially no difference in

systems aiming to address in general where a catalytic reaction,rier for the association reaction of GH H on the flat

should occur. The dissociations of ¢H CHs + Hand CO g 3065 and defects, because the extent of the local electronic
— C+ Oand their reverse reactions on flat, stepped, and kinked gtfect on the initial state is almost the same as that on the TS

Rh and Pq surfac.es were studied in detail. The rgactlon pathyvaysand no geometrical effect exists.

and reaction barriers were calculated. The following conclusions
regarding chemisorption energies of reactants and reaction
barriers are obtained:

(i) The H chemisorption energy on the flat Rh(111) is 2.92
eV, which is very similar to the H chemisorption energies on
the Rh-step and the Rh-kink. On the flat Pd(111), Pd-step, and
Pd-kink, the H chemisorption energies are also similar (3.05
evV).

(ii) The CH; chemisorption energy on the flat Rh(111) is 1.88
eV, and on the Rh-step and the Rh-kink the chemisorption . . . .
energies are identical (2.16 eV) and slightly larger than that on Flnal!y, we arrive at some simple rules with respect to where
the flat surface. On Pd surfaces, the &iHemisorption energy a r_eact|on should occur as follows: ] o
is in the following order: Pd-step (2.01 eV Pd-kink (1.88 0] !Defects such as steps are always favored for dlsso_mathn
eV) > Pd(111) (1.78 eV). r_eactlons as compared to flat surf_a_ces. In other words, dissocia-

(iii) The CH, dissociation barrier on the flat Rh(111) is 0.67 Uon reactions are structure-sensitive.
eV. The barriers on the Rh-step and Rh-kink are similar (0.32 (i) Association reactions can be either structure-sensitive or
and 0.20 eV, respectively), but significantly lower than that on Structure-insensitive. The structure-sensitivity, that is, where a
the flat Rh(111). Similarly, on Pd the GHlissociation barrier ~ reaction should occur, is largely related to the bonding competi-
is reduced by~0.3 eV from the flat surface (0.66 eV) to the tion effect, which is determined by the reactant and metal
steps (0.38 eV) and kinks (0.41 eV). valency. First, reactions with high valency reactants are more

(iv) The CO dissociation barrier on the flat Rh(111) is 1.17 Structure-sensitive, as compared to reactions with low valency
eV, and it is dramatically reduced on the Rh-step (0.3 eV) and reactants. Second, the reaction on the early transition metals is
the Rh-kink (0.21 eV). On Pd(111), the CO dissociation barrier less structure-sensitive than that on the late transition metals.
is very high (1.87 eV). Again, the barriers on the Pd-step (0.57
eV) and the Pd-kink (0.38 eV) are much lower than that on the
flat Pd(111). The TSs for CO dissociation on the flat surfaces
involve four metal atoms, and the C and O share bonding with
one metal atom, while the TSs involve five atoms on steps and
kinks with no metal atoms being shared. JA0207551

(ii) For the CO— C + O reaction, the geometrical effect is
more important than the local electronic effect in reducing the
barrier from the flat surfaces to the defects. The electronic effect
is ~0.3 eV, while the geometrical effect is more than 0.6 eV.
Because of a large amount of barrier decrease on the steps and
kinks as compared to on the flat surfaces, defects are much more
favored for CO dissociation. In contrast to the £SHH reaction,
the C+ O association reaction also preferentially occurs on
steps and kinks due to the geometrical effect.
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