Downloaded from orbit.dtu.dk on: Aug 25, 2022

DTU Library

=
=
—

i

A theoretical study of CH4 dissociation on pure and gold-alloyed Ni(111) surfaces

Kratzer, P.; Hammer, Bjark; Ngrskov, Jens Kehlet

Published in:
Journal of Chemical Physics

Link to article, DOI:
10.1063/1.472399

Publication date:
1996

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Kratzer, P., Hammer, B., & Nagrskov, J. K. (1996). A theoretical study of CH4 dissociation on pure and gold-
alloyed Ni(111) surfaces. Journal of Chemical Physics, 105(13), 5595-5604. https://doi.org/10.1063/1.472399

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://doi.org/10.1063/1.472399
https://orbit.dtu.dk/en/publications/c65220e3-e4d3-437f-bda8-cc85a3b65a59
https://doi.org/10.1063/1.472399

A theoretical study of CH , dissociation on pure
and gold-alloyed Ni(111) surfaces

P. Kratzer

Center for Atomic-scale Materials Physics and Physics Department, Technical University of Denmark,
DK-2800 Lyngby, Denmark and Physik-Department, Technische Univelsitachen, D-85747 Garching,
Germany

B. Hammer

National Center for Supercomputing Applications, University of lllinois at Urbana-Champaign, Urbana,
lllinois 61801 and Joint Research Center for Atom Technology (JRCAT), 1-1-4 Higashi, Tsukuba,
Ibaraki 305, Japan

J. K. Ngrskov
Center for Atomic-scale Materials Physics and Physics Department, Technical University of Denmark,
DK-2800 Lyngby, Denmark

(Received 25 April 1996; accepted 21 June 1996

We present a density functional theory study of the first step of &dtborption on the N111)
surface, dissociation into adsorbed C&hd H. The rupture of the C—H bond occurs preferentially

on top of a Ni atom, with a dissociation barrier of about 100 kJ/riotluding zero point
correction$. The transition state involves considerable internal excitation of the molecule. The
active C—H bond is both stretched to 1.6 A and tilted relative to the methyl group. A normal mode
analysis shows that the reaction coordinate is mainly a C—H stretch, while the orientation of the
C—H bond relative to the surface is responsible for the highest real mode. Alloying the surface with
gold also affects the reactivity of the Ni atoms on adjacent surface sites. The dissociation barrier is
increased by 16 and 38 kJ/mol for a Ni atom with one or two gold neighbors, respectively. We
attribute these changes to a shift in the local density of d states at the nickel atoms in the
neighborhood of gold. ©1996 American Institute of Physids$S0021-960€06)02136-3

I. INTRODUCTION nal excitation of the Ciimolecule is apparently a key factor
) ) ) determining the sticking coefficient. The importance of inter-
The breaking of a C—H bond in methane is the key top5| excitations was attributed to a sizable stretch of the C-H

transform the resources of natural gas into useful productg,ng 4t the transition state. Such an interpretation was cor-

like hydrogen and petrochemicals. However, the high Sta,b”'roborated by calculations of the dynamics of CtHssocia-

ity of methane makes the C-H bond activation a cha_llenglnqion on model potential energy surfacésAdditional infor-
technological problem. Industrially a nickel catalyst is usedmation about the activated adsorption of Citan be

to transform methane into hydrogegsand ca_rbon_mpnoxide iIESbtained from high pressure experiments. Here a gas con-
the catalytic steam reforming processhe dissociative ad- taining CH; is in equilibrium with the adsorbate on a nickel

sorption of CH is thought to be the rate limiting step in thlsafurface. The temperature dependence of adsorption is often

reaction. Due to its industrial importance, much experiment [ oressed as an apparent activation ener Betlnd
as well as theoretical work has been devoted to an undef " bp gy .

standing of the dissociation and chemisorption of methamgtUd'ed the '\“mo)' N'(_llo)_’ and N(l.lD surfaces in this
on nickel surfaces. way and obtained activation energies of 27, 58, and 53

Experimentally, seeded molecular beam experiments 011_<J/mol, resptlaoctivel)?.m a later e_xpe_riment, however, Chork-
fer the possibility to gain insight into the details of dissocia—endorff etal"" reported an activation energy of 52 kJ/mol

tive adsorption of Cii Such experiments were performed for the Ni(100 §urface. In view of t_his experimentgl r_esul_t, it
for the Ni(112)22 and also for the NLOO*® surface. Ceyer aPpears plau5|blg that the physics of ApHissc?uatlo.n is
and co-worker&® used electron energy loss spectroscopy to>iMilar on all low-index nickel surfaces. By using mixtures
probe the adsorbed fragments, and attributed the features #f CHa With different buffer gases, Hanley, Xu, and Y"ﬁj?s
the loss spectra to adsorbed i the primary product of Showed that Cifadsorption on the Ni1D) surface is a di-
the reaction. In the regime of low sticking factors r€ct process also at high pressures, and that translational and
(s<10 %), an exponential increase of the sticking with the Vibrational excitations of the molecule are both kinetically
translational energy of the molecules normal to the surface ignportant.

observed for both Nil11) and Ni{100. This suggests that Due to its importance for catalysis, there is a rich litera-
the dissociation of Cljon these surfaces is a direct, highly ture of theoretical studies related to gHissociation. Early
activated process. However, the sticking coefficient orwork concentrated on the insertion of a single Ni atom into a
Ni(100) is found to be an order of magnitude higher than onC—H bond in metharté or followed a semiempirical ap-
Ni(111).2 Besides the translational energy in the beam, interproach to cluster models of adsorptithSeveralab initio
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5596 Kratzer, Hammer, and Ndrskov: CH, dissociation on Ni(111)

studies addressed the chemisorption of; @i the N{111) solved by alternating conjugate gradient minimizations of the
surface modeled by medium-sized clustér® In recent total energ§® and subspace rotatioi$Occupation numbers
years, Yang and Whitten treated the dissociative chemisorg@re found according to a Fermi-function distribution. In order
tion of CH, on Ni(111) in a large cluster model at the CI to stabilize the numerical procedures, a fictive electronic
(configuration interactionlevel® They report a barrier of 71  temperature is introduced. A value &ET = 0.3 eV and
kJ/mol for adsorption of Ckland H into separated threefold KsT = 0.1 eV is used for the 4-layer slabs and the 6-layer
hollow sites. Burghgraef, Jansen, and van Santen studieglabs, respectively. All total energies are extrapolated to zero
both the insertion of a Ni atoth and the dissociation of electronic temperatur.
CH, on various clustef&°within the framework of density To describe the Ni and C atoms we use pseudopotentials
functional theory. They observe that calculated barrieconstructed in the way suggested by Troullier and Marins.
heights in their cluster models are very sensitive to the clusFor Ni, the 3, 4s, and 4 states are included, with
ter size, ranging from 214 kJ/mol for a Neluster to 121  =2.08, 2.30, and 2.08 bohr fa,p andd, respectively.
kJ/mol for a Nij cluster, but generally higher than the bar- The 4p potential is constructed from the excited ionic con-
rier for Ni atom insertion, which they determined to be 41 figuration Ni*(4s%73d®4p®29. The pseudopotential for
kJ/mol. In a recent study of the dynamics of CHissocia- carbon includes the £ and 2 valence states, with
tion on Ni(]_]_]_),zo Jansen and Burghgraef argue that ther.=1.50 and 1.54 bohr, respectively. The pseudopotentials
Ni;5 cluster is probably closer to the physical properties of aare brought to the fully separable Kleinman—Bylander
real surface than the Nicluster. For the dynamics they as- form.?® As the local part of the potential we use the potential
sumed a barrier of 93.2 kJ/mol in order to obtain quantitativén the 4s channel for Ni, and the {2 channel for C. Hydro-
agreement with experimental sticking data. For comparisogen is described by its full Coulombic potential. Plane wave
it should also be noted that Swang and co-worKeimund a  basis states with kinetic energy up to 50 Ryd are used to
barrier in the range of 63—71 kJ/mol for the(MDO) surface ~ represent the wave functions. The vacuum region between
treated as a Nji cluster on theab initio Cl level. repeated slabs was larger than 12 A. Methane is adsorbed on
In this paper, we report density functional calculations ofone slab surface only. This procedure avoids errors originat-
CH, dissociation for a slab model of the (1i11) surface. We  ing from spurious interactions of adsorbates through the slab.
discuss the reaction pathway and determine the normaihe different work functions of the two slab surfaces are
modes at the transition state. The consequences of the caldi@ken into account by allowing for a consistently adjusted
lated potential and its relation to the experimental data is alsgiscontinuity of the potential in the vacuum region right be-
briefly discussed. Finally, we calculate the adsorption barriehveen the two surfaces.
for different atomic sites in a disordered surface alloy of  In the calculations we use the nonspin polarized version
nickel with gold. We demonstrate that the barrier height isof the exchange-correlation functiorfdThe neglect of spin
sensitive to the local environment of the active nickel atompolarization is mainly motivated by the wish to limit the
computational costs. It is known that adsorbates, e.g., hydro-
gen generally reduce the magnetic ordering of niékdlhus
spin polarization is less important for the adsorbed phase.
Potential energies for a GHmolecule dissociating over However, the additional stabilization of the clean nickel sur-
Ni(111) are obtained by means of total energy calculationdace due to magnetic ordering is not taken into account in
using pseudopotentials in connection with a plane wave bast§is calculation. A non-spin-polarized calculation therefore
set. The substrate is represented by a rigid Ni slab of théends to overestimate binding energifs hydrogen adsorp-
truncated bulk geometry at the calculated equilibrium latticetion, for instance, this can be inferred comparing Refs. 30
constanf, = 3.47 A. Unless otherwise stated, the results re-and Ref. 31
fer to a four layer slab with a lateral unit cell consisting of
four Ni atoms. This corresponds to a distance betweep CH
molecules in neighboring unit cells of#A . 18 kpoints are  11l. DISSOCIATIVE ADSORPTION OF METHANE
used to sample the whole Brillouin zof@ (6) k points in ~ ON Ni(111)
theCs, (CZU_) irreducible part of th'e Brill'ouin zornleSeveral A. Isolated H , and CH, molecules
test calculations for selected configurations are performed for
a slab with six Ni layers. For improved convergence a In order to test the adequacy of the supercell and basis

Brillouin zone sampling with 54 points in total is us¢d  Set, we determine the properties of an isolated molecule in
(15) k points in theCg, (C,,) irreducible part of the Bril- the same supercell as used for the surface calculations. Using

louin zond. the gradient-corrected functional and a plane wave cutoff of
The exchange and correlation effects within the electroryO Ry, we obtain for K the bond length of 0.75 A and the
system are described in the density functional theory apvibrational quantum of 522 meV. For the binding energy we
proach. In particular, we use the gradient corrected funcobtain 4.26 eV including zero-point energ¥PE) correc-
tional of Perdew and co-worke(&GA-11),?? applied to an  tions. The experimental values for bond length, vibrational
electronic density which has been calculated selffrequency and binding energjncluding ZPB are 0.74 A,
consistently using the local-density approximaff# for 512 meV, and 4.476 eV, respectivéfyCH, is calculated to
exchange and correlation. The Kohn—Sham equations aeave a bond length of 1.09 A and a vibrational quantum for

II. CALCULATIONS

J. Chem. Phys., Vol. 105, No. 13, 1 October 1996
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TABLE I. Convergence tests for the GGA barrier hei@ﬁf*“ (in kJ/mol) of
CH, dissociation and for the exothermicity of,Hlissociation on Nil11).
The number of Ni layers in the slal,, the total number ok points,
N, in the entire Brillouin zone and the plane-wave cutgff, (in Ry) are
varied.

N, Ny Ecut EEHA E:jzs

4 18 50 108 104
4 18 70 116 o

6 54 50 109 96

the symmetric C—H stretch of 354 meV. The corresponding 150

experimental values are 1.09 A and 361 meV. over bridge

B. Hydrogen on Ni(111) 100
The stable adsorption site for H on (1) is known to

be the three-fold hollow sit& In this study, we use an equi-

librium distance of 0.93 A above the surface for the adsorbed

H atom in a fcc hollow site. This is slightly smaller than the

H-surface distance of 1.18 A obtained in Cl cluster ; , .

calculations®® From experiment, a value of 1.39.05 A has -5 0 s

been derived* For H on Ni{110), an increase of the calcu- Reaction coordinate

!ated bond 'eQ%th Is observed When spin polarization is takeEIG. 1. Potential energy for CHapproaching Nil11) along two possible

into account® Therefore} th_e dlgcrepancy could be due toreaction pathways. Dissociation on top of a Ni atom into opposite hollow

our neglect of spin polarization in the present calculationsitesfull circles) gives rise to a barrier of 108 kd/matot including zero

We find a binding energy of 277 kJ/mol for H in the three- point energies Dissociation over a bridge sitepen circlegis unfavorable

fold hollow site of N(111). This is in agreement with density because the tvyo adjacent hollow sites are too close together to allow fqr a

functional calculations for a Né cluster. that obtained a stable adsorption of_both the hydrogen and the methyl group. Data points

' were connected by lines to guide the eye.

binding energy of 272 kJ/mdRef. 19, footnote Table V)

and also compares well with a value of 257 kJ/mol from CI

cluster calculationd® An experimental value for the H reaction CH— CH+H2% is endothermic by 18 kJ/mol.

chemisorption energy on Nill) is 264 kJ/mol, and bidis-  Similar findings were reported from density functional cal-

sociation is found to be exothermic by 95 kJ/mMioFrom the  culations on clusters, which obtain an endothermicity for this

atomic chemisorption energy of hydrogen we calculate thateaction of 142 and 30 kJ/mol on aNand a Nig cluster,

H, dissociation is exothermic by 96 kJ/m@kee Table), not  respectively*® This is in contrast to CI cluster calculations

50 f

Energy [kJ/mol]

including vibrational zero point corrections. by Yang and Whitten, who find that the reaction is exother-
mic by 12 kJ/moft® Experimentally, CH was detected as a
C. CH; on Ni(111) reaction product on a surface held at 140 K, after exposure to

] o a beam of CH molecules with translational energy of 71
We find that the three-fold hollow site is the stable ad-| /mq|2 This demonstrates that the methyl species is at least

sorption site for CH adsorption on Ni111) in accord with  metastable, but does not rule out an endothermic adsorption
earlier investigations***The carbon atom is located 1.56 A process.

above the surface. Again, this bond distance is somewhat

lower than the result of 1.84 A from ClI cluster calculatidns. D. Reaction pathway

Adsorption on top of a Ni atom, with the carbon atom 1.94 A . . o _

above the surface, is 24 kJ/mol higher in energy. In the pre- We have restricted our investigations to reaction path-
ferred orientation of the CHgroup in the hollow site, the Ways where the center of mass of the Qirlolecule moves
hydrogen atoms point towards the Ni atoms. The orientatiodn @ (112) plane(see Fig. 1 perpendicular to the surface
of the methyl group where the hydrogen atoms point towardéntersecting both the fcc and hep hollow sites. These sites are
the bridges is less favorable by 16 kJ/mol. We calculate dhe final adsorption sites for H and GHWe further assume
frequency of 16 meV associated with the hindered rotation ofhat the (12) plane is a mirror plane containing the C—H
the CH; group around an axis perpendicular to the surfacebond that is disrupted during dissociation.

In the adsorbed methyl species, the C—H bond length is 1.18 We have studied the interaction of adsorbed H and
A. The CH, pyramid is somewhat squeezed, with a H-C—HCHj in two adjacent hollow sites in the {2) plane. If the
bond angle of~100°, compared to 109.5° in GHTaking  hollows are opposite to a Ni atom, the interaction is repulsive
together the chemisorption energy of a separate H atom araly 28 kJ/mol compared to adsorbates infinitely separated on
a separate methyl group on(lL1), we find that the overall the surface. For Ckand H sitting in two hollow sites con-

J. Chem. Phys., Vol. 105, No. 13, 1 October 1996
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FIG. 2. Geometry of the transition state for dissociation of,@H Ni(111).

a~80° and®=55° denote the orientation of the C—Ni and C—H bond

relative to the surface normal. The;Csymmetry axis of the CHgroup  FiG. 3. Selected snapshots during the dissociation of @MNi(111). The
(note that one H atom is hiddeforms an anglgs~30° with the active  npymbers refer to the geometries listed in Table II.
C—H bond.

nected by a bridge, the repulsion is as much as 112 kJ/mof€SS the transition state, the molecule is reoriented so that
making this configuration very unstable. Therefore we as®ne bond is tilted towards the surface, while two others are
sume that the most likely pathway for reaction of Onlith ~ @lmost parallel to the surface plane. At the transition state the
the Ni(111) surface involves dissociation above a Ni atomactive C—-H bond gets stretched and reoriented towards the
into a metastable intermediate state where H and, Gi¢ adjacent hollow site, while the GHadical retains its orien-
adsorbed in opposite hollow sites next to this Ni atom. Thigation relative to the surface. Finally both the H and CH
first step will be followed by diffusion of H and diffusion 9roup reach their equilibrium positions, and the adsorbed
and/or further dissociation of the GHyroup on the surface. CHs radical reorients itself such that all three C—H bonds
The transition state of CHdissociating on top of a sur- Point away from the surface. To plot the potential energy
face Ni atom has been examined in further detail. Apart fronlong such a sequence of snapshots, we introduce a mass-
the required (12) mirror symmetry plane, all molecular de- ngghted reaction coordinate All masses are measured in
grees of freedom of CHare included in the transition state Units of the mass of a hydrogen atomy;. Thus the total
search, while the position of the surface Ni atoms are heldhass of CH is M =16, while the reduced mass of the active

fixed. The atomic configuration in the transition state com- atom relative to the methyl radical j8=0.9375. Each
plex is shown in Fig. 2. The active C—H bond is not orientegconfiguration is described by the position of the carbon atom

parallel to the surface, but forms an angle@#55° with relative to the surfacex=(X,Y,Z), and the distance vector
the surface normal. This is in contrast tg Hissociation on oM the carbon to the active hydrogen= (x,y,z). A mass-

(112) surfaces, where the transition state is oriented paralief/¢'ghted six-dimensional “distance” between configura-
to the surface. The C—H bond has been stretched to 1.59 A §PnS i introduced byas = [M(AX® + AY" + AZ7)
the transition state, as compared to 1.09 A in the, @ibl- + p(Ax7+ Ay” + Az7)]™ The reaction coordinateis the

ecule. The carbon atom has formed a bond with the surfaciUM Of small displacementss, starting froms=0 at the
Ni atom that is 2.22 A long and tilted away from the surfacetransition state. Figure 1 shows a plot of the potential energy

normal. The potential energy surface is rather flat with re_along the reaction coordinate. The potential governs the mo-

spect to the tilt and therefore it is difficult to obtain a preciselion Of a fictitious particle of massn,y moving along the

value for this tilt anglea. From our data we estimate Multidimensional reaction path.

a=80x10°. The orientation of the methyl group with re-

spect to the active C—H bond is different from the free mol-

ecule. The transition state configuration corresponds to

bending of the active C—H bond h§~30° relative to the The CH, molecule as a whole has 15 degrees of free-

C3, symmetry axis of CH. To summarize, a sizable amount dom, consisting of three translational, three rotational, and

of deformation of the Cl molecule, both bond stretching nine internal coordinates. To simplify the analysis, we will

and bond bending, is required to promote dissociation. Thisreat the methane molecule in this paragraph as a dimer

has important dynamical consequences to be discussed latét—CH;. In this way we may split the nine overall internal
Once the transition state has been determined, we mayodes into six internal modes of GHwhich will not be

use a strongly damped dynamics to let the transition stateonsidered here, and three remaining modes of the active

complex “creep down” to the initial or final state of the C—H bond. These are two bending modes of H relative to the

reaction. Snapshots along the reaction pathway are obtain€2H; pyramid, and one stretch mode. The internal ;CH

in this way. A series of such snapshots is shown in Fig. 3modes were studied previously in the literature. A softening

The molecule approaches the surface above a nickel atoof these modes during adsorption has been féutidhas

with three C—H bonds pointing towards the surface. To acheen explained as due to charge donation from the surface

E' Normal modes at the transition state

J. Chem. Phys., Vol. 105, No. 13, 1 October 1996
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TABLE Il. Potential energy and geometry for a giholecule dissociating  TABLE Ill. Frequencies of the normal modes of the transition state com-
on top of a Ni atom for selected configurations along the reaction pathplex on the Nj111) surface. The labeling of the modes refers to the main
Ryic is the distance between the active Ni atom and the carbon atom imontribution in the respective eigenvector. Numbers quoted refer to the mass
CH, and Reyy is the bond length of the active C—H bond. A graphical of a hydrogen atom.

representation of the configurations is given in Fig. 3. For the definition of:

the anglesy, B, and®, see Fig. 2. TS CH,
Normal mode fiw (MmeV) fiw (meV)
Ryic RCHam a 0 B E —
No R A) deg deg deg  (kJ/mo) In (112) plane
C—H stretch 1110 362

1 “ 1.09 T T 0 0 C—H orientation @) 270 0
2 3.61 1.10 90 73 0 0.2 (111 translation 70 0
3 3.06 1.11 90 73 6 8.7 (110) translation <10 0
4 2.52 1.11 90 73 6 38.6 C—H bending B) 80 189
5 2.34 1.11 90 73 6 56.9
6 2.22 111 89 70 10 71.4 Out of (112) plane
7 212 1.29 88 50 15 88.8
8 2.13 1.45 85 54 31 95.5 C-H bending 50 162
9 2.06 1.59 79 56 29 108 (112) translation <10 0
10 2.04 1.72 81 59 36 100 wagging 40 0
11 1.98 2.13 78 59 49 69.5 rotation (111 axis ~0 0
12 2.19 2.93 50 75 74 46.3
13 . % ... 90 90 18.3 z 530 713

with the vibrational frequencies at the transition state of
CH, on a Nij cluster’® Here, the reaction coordinate was
determined to be mainly a C—H stretch wittD8 meV. The

into the methyl group? or alternatively by a displacement of
the methyl radical away from the hollow site that brings one

H atom into a Ni itiofr
ato to a Ni atop positio authors report real modes at 80 and 45 meV, and several soft

Thus we are left with 9 degrees of freedom of the : . ) ; i
H—CH, dimer, that may be decor%posed into three transla[nodes. The highlying mode associated with the active C—H

tions, three rotations, and three orientations of the; Gidli- bg)nd orientation was not included in their analysise Ref.
cal relative to the C—H bond. The calculations presented her% 'I th t calculation. th £ all | mod t
concentrate on four coordinates, the motion of the C atom) n the present calculation, the sum ot all real modes &
. . — . the transition stat€530 me\} is considerably lower than the
and active H atom in the () plane, which are strongly . :
. . ] sum of the corresponding modes in the free mole¢idb

coupled. The following procedure is employed: We calculate : . : :

) ; meV). This results in a zero point correction to the calculated
the total energy for some 30 test configurations close to th

transition state in this four-dimensional subspace and fit it t Barier height of approximately 10 kJ/mol (- 100 meV. In

. he free CH molecule, there are nine additional modes that
second-order polynomials. The four normal modes are deter-

mined by diagonalizing the dynamical matrix. Only one fur- map onto internal modes of the Glgroup at the transition

ther mode, excitations in the bending angleobeys mirror state. The sum of their vibrational quanta amounts to 1625

" he (12) ol gh eh y ‘ meV. It is therefore conceivable that a slight softening of the
symmetry: in t.e (12) plane. Further, there are four joiomg CH modes at the transition state, we have neglected
symmetry-breaking modes, which we assume as decoupl

from gach other and from the rgmaining modes. Their f.re-zer:;apr)ol?mogc:r?er::?ilgilfé ?ﬁ:lga?rli\;er sgige;g.dltlor(alegatlve)
guencies have been determined independently from configu-
[iaotrl](?ns slightly displaced from the transition state conﬂgura-F. The role of molecular orientation
The results of the analysis are summarized in Table lll.  During the normal mode analysis at the transition state
The reaction coordinate, associated with an imaginary frewe have encountered two kinds of orientational effects: Lat-
guency of 110 meV, is almost purely a C—H stretch. Theeral corrugation, i.e., rotations around the surface normal
highest real mode corresponds to change®jri.e., in ori-  have little effect on the energetics. However, the angle be-
entation of the C—H bond relative to the surface. This modeéween the C—H bond broken during adsorption and the sur-
involves motion of the active hydrogen atom, leading to aface normal is important for the efficiency of the bond break-
high vibrational quantum. We find several soft modes: theng. Does this mean that only a small fraction of the
translations of the transition state parallel to the surface, anthcoming flux of molecules with the correct bond orientation
a rotation around an axis pointing away from the surface. Irnwill dissociate, or do steering forces exist which drive the
particular, we have compared two possible transition statenolecule into the favorable orientation for sticking? In a
complexes that differ by a 90° rotation around the surfaceecent dynamical study on the basis of a LEPS potential for
normal: In the first case the active C—H bond points to thehe molecule-surface interaction, Jansen and Burghiraef
hollow site, in the second it points to a bridge site betweerfind that including a rotational degree of freedom reduces the
two nickel atoms. We find a negligible energy difference forsticking coefficient by about a factor of five. Further, they
these two situations. Our results are in qualitative agreememeport a strong tendency to de-excite rotationally excited

J. Chem. Phys., Vol. 105, No. 13, 1 October 1996
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TABLE IV. Energy differences for different orientations of a rigid ¢H
molecule 2.34 A outside a Kill) surface placed on top a Ni atom. For
illustration of the molecular configurations, see Fig. 5.

() AE (kJ/mo)

g \ 125.4 0
—54.6 45

54.6 8.3

354 17
[112] [110]

FIG. 4. lllustration of the angle® and® used to define the orientation of G- Discussion
CH, relative to the surface.

From the calculations presented here we conclude that
the barrier for CH dissociation on a static Kil1) surface is
CH, in collisions with the surface. For Hlissociation, simi- ~about 100 kJ/mol, including zero point corrections. This
lar considerations concerning the sticking dependence on imlue is higher than the barriers of roughly 70 kJ/mol found
pact parameter have been addressed by Darling ari@ Cl calculations for Ni111)* and Ni100),?* but lower

Holloway®® and by Grosst al3"38 than the results of nonlocal density functional calculations on
In order to determine the torque exerted on the moIe(:uIef,ﬂUSterSl-9 . ' .
we calculate the potential energy of a rigid Ciolecule on In order to make contact with experimental observations,

top of a nickel atom for various high symmetry orientationswe can compare our results to data from molecular beam
of the molecule. The carbon atom is placed at a distance g#xperiments and thermal adsorption experiments. In prin-
2.34 A above the Ni atom, and all C—H bonds are kept fixeciple, beam experiments allow the extraction of more infor-
at the equilibrium bond length of 1.09 A. The orientation of mation about the dissociation process. The elongated C—H
the C—H bond relative to the surface normal is denoted by aRond we find at the transition state is clearly in qualitative
angle®. The value®=0 corresponds to a molecule with agreement with the strong vibrational enhancement of stick-
one of its H atoms pointing directly towards a nickel atom.ing that is experimentally observed. Further, from our calcu-
Changes in orientation are achieved by a rotation with angléations we also expect a contribution to sticking from exci-
around the (12) axis, followed by a rotation withb tation of the bending modes of the molecule. Because of the
around thez-axis perpendicular to the surfatgee Fig. 4 for ~ Strong contribution of molecular excitation to sticking, how-
illustration). The results for the high symmetry configura- €ver, an extraction of the barrier height in the ground state
tions shown schematically in Fig. 5 are summarized in Tabldrom molecular beam data is difficult. Lee, Yang, and Ceyer
IV. We find that the CH molecule is strongly repelled if one found that sticking of Cli from a nozzle beam at 640 K is

of its H atoms points directly towards the nickel atom. In thebelow the detection limit 0S~5x10"° at a translational
most favorable configurations, two hydrogen atoms point to€nergy of 50 kJ/mol, but rises by two orders of magnitude
wards the bridge or hollow sites next to the active Ni atom for a translational energy of 70 kJ/mol. Internal excitation of
There is a sizeable difference in energy between the modhe molecule was found to be at least as efficient as transla-
favorable and unfavorable configurations, up to 80 kJ/moltional energy. In an attempt to describe their data within a

We therefore expect that rotational steering effects play &ne-dimensional tunneling model, they obtain a barrier
role in CH, dissociation. height of 109 kJ/mol. Recent measurements of Holmblad,

Note that the two configurations wit®)=125.4° and Larsen, and Chorkendoffat nozzle temperatures of 550 and
@: _546° can be mapped onto each Other by a rotanorloso K are II’] agreement W|th the ear|lel’ data. Of EEGJAI
with ® =90°. Thus the energy difference of 4.5 kcal/mol is athe lowest translational energies used, around 50 kJ/mol, the
measure for the lateral corrugation, i.e., for the differenceSticking coefficients al ,,,~ 550 K andT o= 1050 K differ
between the hydrogens pointing to hollow sites or bridgely two orders of magnitude. This suggests that sticking at

sites on the surface. Again, we find the effect of lateral corfhese translational energies is dominated by molecules with
rugation to be small. one C—H stretch quantum excitéahd possibly one quantum

in the bending mode, tgoTo determine the adsorption bar-
rier for molecules in the ground state, an internal-state-
resolved analysis of the data is required. Holmblad,
/l\ Wambach, and Chorkendatfhave performed this type of

Y /‘\ analysis for sticking on NLLOQ) for a scenario where only the
O C—H stretch moddquantum numbew,) is assumed to be

1254 546 54.6 0 important. From a parametrization of their data they obtain

sticking coefficients as function of kinetic energy for the

FIG. 5. Schematic illustration of the four molecular orientations in Table thre€ lowest vibrational states. These curt@sRef. 5, Fig.

Iv. 10) show that sticking at the 1% level for molecules in the
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statesv;=0, v;=1, andv, =2 sets in at translational energy We further note, that the dissociation barrier calculated
thresholds of 90, 40, and 15 kJ/mol, respectively. Internalfor a static surface might not be completely adequate to the
state-resolved data for Mill) is not yet available. We ex- experimental situation in sticking. A nickel atom is about
pect similar thresholds for Kil11), though slightly higher, three times heavier than a GHnolecule. From time scale
because sticking factors for GHon Ni(111) are generally arguments, we can not exclude that the Ni atoms of the sur-
somewhat lower than on Ni00). face have enough time to adjust their positions during an
The activation energies for GHadsorption on nickel encounter with Ci. On the contrary, some coupling be-
surfaces from a thermal gas are generally lower than théween the methane and the surface atoms can be inferred
thresholds discussed above, in the range of 50—60 kJ/fol. from the dependence of sticking on surface temperature ob-
However, as has been pointed out earlier by Luntz angerved in the experimentsEarlier work by Luntz and
Harris/® caution is required when comparing activation en-Harris” has attributed this surface temperature dependence to
ergies to calculated barrier heights. For example, an onset @ mechanical coupling between the Ni atom and the scattered
sticking at~90 kJ/mol for molecules in the ground state, asCH, molecule by its recoil.
we reported above for Ki00), is not necessarily at variance To conclude this discussion, we note that the calculated
with the measured apparent activation energy for,Gid-  barrier height of~100 kJ/mol is compatible with the results
sorption from a thermal gas. The parametrization used ifrom beam experiments if we assume that internal molecular
Ref. 5 reproduces the apparent activation energy of 52 kJXcitations and tunneling contribute to sticking for the ener-
mol of Ref. 10. This is possible because of a sizeable congies used in these beam experiments. At present too little is
tribution from excited states to the sticking coefficient of aknown about the role of dynamics to give a reliable theoreti-
thermal gas, and the large energy width of the state-specifieal determination of the tunneling width. Therefore, the role
sticking functions used to parametrize the beam data. Leef tunneling versus thermal excitations in the adsorption of
and Ceyer have tentatively assumed that tunneling of théhermal CH remains an open question.
active H atom through the barrier is responsible for the width
of the sticking functions. Isotope experiments show that the
sticking is a factor 5-10 lower for Cpthan for CH,
both on N{111)? and on N{100.° However, experimentally, |v. MODIFICATION OF THE REACTIVITY BY
the logarithmic slope of the sticking curve, ALLOYING
d(log s)/dE=0.19+0.02 kJ * mol is identical for both CH
and CDO, within the experimental error margin. This is at
variance with a simple one-dimensional tunneling model Gold atoms alloyed into the Kill) surface offer an
which would predict a factor 2 difference in the slopes. Fromideal system to study the effect of alloying on the chemical
the thickness of the calculated barrier, we can estimate theeactivity of a catalyst. Although the phase diagram of gold
contribution of one-dimensional tunneling to the energeticand nickel exhibits a miscibility gap, gold atoms deposited
width of the sticking function. Using the imaginary on the N{111) surface do not form islands, but substitute
mode Zw=110 meV and the WKB expression for nickel atoms in the surface layer. Because of the huge barrier
tunneling through a parabolic barrier, we obtaintowards gold diffusion into the bulk, the stochiometry of the
d(log s)/dE=27/(fw)=0.59 kJ * mol for CH, and 1.18 surface alloy is relatively stable in the presence of reactants
kJ~! mol for CD,. The sticking curve deduced from the and over a range of surface temperatures. STM images allow
calculated potential via a one-dimensional tunneling modethe determination of the distribution of Au and Ni atoms
rises too steep compared to the experimental curve. Statedlative to each other at different Au coverages and thus the
with other words, one-dimensional tunneling can only par-statistics of local atomic ensembles on the surface.
tially account the energetic width of the sticking function. Noble metals, in particular gold, are unreactive with re-
More detailed dynamical calculations including three de-spectto CH dissociation. Substituting Ni surface atoms with
grees of freedoR! find that a one-dimensional tunneling Au atoms will therefore block at least one active site for
model is not a particularly good description of the dynamics.CH, dissociation, and possibly other sites in the neighbor-
However, even their 3D dynamical model gives an energetitiood of the Au. We investigate how much the barrier for
width too small compared to experiment. Recent model caldissociation of CH above a Ni atom changes for Ni atoms
culations by Luntz for NiL00)® attribute part of the width to  that have one or two Au neighbors. In the 4-layer slab de-
a distribution of barriers encountered by molecules in differ-scribed earlier, we replace one of the four Ni atoms in the
ent internal configurations. These calculations also suggesinit cell of the topmost layer with gold, corresponding to a
that the isotope effect is mostly due to different vibrationalgold coverage o® ,,=0.25 ML. Each surface Ni atom now
zero point energies for CHand CDOy. We therefore specu- has two Au neighbors and four Ni neighbors. After inserting
late, that more complicated dynamics in a higher-the Au atom, the positions of all atoms in the two outermost
dimensional configuration space, i.e., tunneling combinedayers of the slab are relaxed. To investigate the properties of
with redistribution of internal energy within the molecule, a Ni atom with one Au neighbor, we use a 4-layer slab with
could be active in Cladsorption dynamics. This is already six atoms in the lateral unit cell. One atom in the unit cell of
the case for the much simpler moleculs,, ldee for instance the surface layer is taken to be a Au atofd,(,=1/6 ML).
Refs. 36, 37, 38, 39, 40, and 41. Surface relaxations are taken over from the slab described

A. Surface alloy with gold

J. Chem. Phys., Vol. 105, No. 13, 1 October 1996

Downloaded-07-Dec-2009-t0-192.38.67.112.-Redistribution-subject-to-AlP-license-or-copyright;~see-http://jcp.aip.org/jcp/copyright.jsp



5602 Kratzer, Hammer, and Ndrskov: CH, dissociation on Ni(111)

TABLE V. Relative sticking coefficient of methans, /sy, for Ni atoms

with N Au neighbors, normalized to the sticking coefficient on the pure
Ni(112) surface,s,. Numbers in the first column are obtained by fitting
experimental data of Ref. 3 to the ensemble model expressed {2)Eqhe
second column gives the numbers predicted from the calculated barrier
heights on the basis of the measured energy dependence of the sticking
coefficient.

150 |

100 |

Expt. Theor.

Energy [kJ/mol]

50 f

$1/Sy  Tne=550 K 0 0.07
$1/Sg Tno=1050 K 0.27 0.22
Sp/Sy Tne=550 K 0 <0.001
Sp/Sy Tnos=1050 K 0 0.026

Reaction coordinate

FIG. 6. The calculated energy along the reaction path foy @isociating . . .
over a Ni atom in the NiL11) surface. Results from similar calculations for the adsorptlon dynamlcs. We Only have to assume that stick-

dissociation over a Ni atom with one or two Au nearest neighbors are alséNg iS solely determined by the kinetic ener@y of the
included. During the reaction the surface atoms are kept fixed at their posincoming moleculerelative to the barrier height, if the de-

tions on the corresponding free surfaces. The rightmost data gdessed gree of internal excitation of the molecule is unchanged
curves refer to infinite separation of the dissociated H and;@rbup on '

the surface. The dissociation geometry for the three chemical compositiongOr sites  with a barrier which ISAEy h'gher than
is indicated by the insets, with gold atoms gray-shaded. for pure Ni(111), we then get sy/sp

=so(ET—AEN,Thod/So(ET,Tho) at a given nozzle tem-
peratureT ., and beam kinetic enerdy. In Table V, val-

previously. The Climolecule is placed at the transition state UeS forsn/so derived by using the calculateiEy and the
above the active Ni atom at the same relative distance angfcKing functions(Ref. 3, Fig. 5 are compared to the ex-
orientation as on the clean (4iL1) surface. The final adsorp- perimental values obtained directly from fitting the measured
tion sites are hollows surrounded by three Ni atoms in alf(®au)/So to the form of Eq.(2) (cf. Ref. 3. The good
cases describetsee inset in Fig. 5 The potential energies agreement shows that the density functional calculations ac-

along the reaction path are displayed in Fig. 6. We find tha{:urately describe the differences in barrier height for Ni at-

the dissociation barrier is increased relative to the clea®MS N chemically different environments. _
Ni(112) surface byAE,=16 kJ/mol andAE,=38 kd/mol The ratiossy/sy also contain interesting information
for a Ni atom with one and two gold neighbors, respectively.2P0ut the dynamics of adsorption. If we take the point of

Recently, Holmblad, Larsen, and Chorkendorffer- ~ ViEW that the total sticking can be decomposed into contri-

formed a molecular beam study on the effect of gold on thé)utions from molecules in different vibrational states related
sticking of CH, on Ni(111). The decrease of the relative to the C—H stretch, the numbers of Table V together with the

sticking coefficientnormalized to its value on the clean sur- calculated barrier height suggest that the translational energy
sed in this particular experiment, about 75 kJ/mol, is

face was measured as a function of gold coverage. The datd® ) .
is analyzed in terms of local ensembles consisting of seveﬁ"ghtly higher than the translational energy threshold for the

atoms, one central Ni atom surrounded by a ring of six’1~ 1 State, butclearly above the threshold fgr=2. At the
neighbors, which may be either Ni or Au. The probability Iewer noz_zle. temperature, molecules with mult|ple v'|bra.-
py of finding a particular ensemble consisting of a Ni atomtional eXC|tat|ons in the beem are rare, and the Sthk}l’lg is
with N gold neighbors on the alloyed surface is known fromd€términed by molecules in the;=1 state alone which
STM images for various gold coverag¥sFor gold atoms have just enough energy to overcome the barrier. This con-

distributed randomly on the surface, one obtains tribution to the sticking is very sensitive to the barrier height,
and already a slightly increased barrier, as is found for Ni
atoms with one Au neighbor, inhibits sticking efficiently. At
high nozzle temperature, strongly vibrationally excited mol-
Probabilities calculated with this simplifying assumption al- ecules contribute significantly_ 1o th? sticking. Sinc_e their en-
ready give a close description of the experimentally deter&rY clearly exceeds the barrier height, they contribute to the

mined ensemble probabilities. The normalized sticking coef—Overall sticking factor even at the Ni sites with one gold

- . ! neighbor. The barrier at sites with two Au neighbors is too
ficient as a function of gold coverage may then be written . . o I .
high to give any significant contribution to sticking even

S(Oau)/So=Po(Oau) T P1(Oau)S1/S0o from highly excited molecules.

In summary, the modelling by statistical ensembles com-
bined with the knowledge df Ey, allows the reproduction of
Here,s,; /sy ands, /sy denote the relative sticking coefficient the whole functiors(0 4,)/sg solely from the energy depen-
at sites with one and two Au neighbors, respectively. Thedence of the sticking curve. This was demonstrated already
ratios sy/s, can be directly compared to the calculatedin an earlier publicatiof? Fig. 4 in Ref. 42 clearly shows
changes in barrier heigiEy, independent of the details of that the model developed above quantitatively describes not

6!
PN(O ) = m(‘)ﬁu(l—@m)”"\”- 1)

+p2(Oau)Sz /S0t . 2
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only the variation of the sticking probability with the Au d states of surface atom C-Hantibonding  C-H bonding
content of the surface, but also the variations with the nozzle ' ' '
temperatureT,y,. Although we have used ensembles to
model the adsorption, the effect described here should not be E,
confused with the well-known ensemble effect in reaction
kinetics. The effect reported here is rather due to a change in
electronic structure at the active Ni atdire., comparable to
what is usually called a ligand effect in physical chemistry
We note that the effect of alloying can also increase the
reactivity of nickel in some cases. For the same transition
state configurations as used above, but on top of a Ni atom at
a substitutional site in a QLl1l) surface, we find a barrier
for methane dissociation which is 0.05 eV lower than on the

clean Ni surface. The same trend has been observed in ex- = [~ ™ (zzfu"ne;%hhbggs)
periments on bulk alloy catalysts made of nickel with mod- —— pure Ni 3
erate admixtures of coppét. 2

-10.0

B. The role of the nickel d states FIG. 7. Left panel:;py, the density of statefin arbitrary unit3 projected

; ; : :«_Onto the d orbitals of a nickel atom with zero, one and two gold neighbors
It is pOSSIble to relate the effect of aIonlng on the dis (full, dotted, and dashed line®n the clean alloy surface. Right pang|;,

sociation barrier of Chito the general ability of transition e gensity of states projected onto the bond overlap of the active C—H bond
metals to catalyze surface reactions. Dissociation off @H at the transition state at nickel atoms in the different chemical environments.
frequently described as oxidative addition of nickel to a C—HThe Fermi energy has been chosen as common zero of the energy scale. The

: : : .center of thed states is lowered by the presence of gold atoms. As a result,
bond. This means that the nickel surface prowdes electroni e interaction of the molecular antibonding level with the d states decreases

states near the Fermi levéirom the partia”)_/ occupied d  yith the number of gold neighbors and the transition state is less tightly
bangd that may “substitute” molecular states in the course ofbound.

adsorption. To visualize this effect from the calculations, we
define a bonding orbitalc) and an antibonding orbital
|o*) for the active C—H bond by symmetric or antisymmet-

ric linear combination of the hydrogers brbital with a suit- . . - L
ydrog From such a picture of dissociative adsorption it is plau-

ly chosen &p® orbital of carbon. T he role of the . ”» .
ably chosen &p" orbital of carbon. To assess the role of t eS|bIe that the position of the center of thestates is a key

nickel surface in breaking the C—H bond, the relevant quan=

tity is the density of states weighted by the overlap popula_quantity for the ability of a surface metal atom to promote

tion of this bond** This orbital-projected density of states, dissociation. Interaction with the unoccupied antibonding
molecular state is favored by a narrow and high-lying band

of d states. From this argument, trends in the dissociation
barrier on an alloy surface above atoms in chemically differ-
, . , L ent environments can be estimated by looking atdfstate

is plotted for the transition state of GHlissociation in the  qfjles of the relevant atoms. Figure 7 displays the situation
right panel of Fig. 7. Herel’; are the calculated wave func- tqor nickel atoms with zero, one, or two gold neighbors in the
tions for the adsorption system at the transition state, wit lloy. The lowering of the states for an increasing number

the indicesi andk denoting the sum over occupied bands ¢ 4o14 neighbors correlates with the rise of the dissociation
and over the Brillouin zone, respectively. In the left panel,;,o iar The center of the states. defined by
the density of states projected onto thed 3states ’

[nIm)=|32m) of a nickel atom at a free surface are shown c c
for comparison, i.e., the quantity Eng FEpd(E)dE/ JLde(E)dE

+2 —o

Pa(E)= 2 2 [(Wi(B)|32m)[?.

pU<E>=§ (W (B)| o) 2= KW i (E)|a*)[?),

is lowered relative to the pure nickel surface by 15 and 46
The graphs show that the overlap between the hydrogen 1meV for Ni atoms with one and two gold neighbors, respec-
and carbon 8p® orbital acquires antibonding character in tively. Simultaneously, the dissociation barrier for Ciikes

the range of energies of the nicleeband. In other words, an by 16 and 38 kJ/mol, respectively. The density of states pro-
antibonding level of the ClHmolecule starts to interact with jected onto the C—H bond overlgpight panel of Fig. 7

the nickeld states and partially evolves intodaband reso- illustrates this trend. Due to the weaker interaction between
nance as the molecule approaches the surface. The mixing tife o* level and thed states of the surface atom with in-
the antibonding orbital with thd-band lowers the energy of creasing gold concentration, the transition state complex be-
the transition state and finally leads to dissociation. The incomes less tightly bound to the surface. This is in qualitative
teraction of the bonding orbital with the states will further agreement with the role of* —d interaction for the disso-
stabilize the transition state. ciation of H, on late transition and noble met4fs.
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