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ABSTRACT

-
A comparative study of mode-selectivity of water dissogiation gn 1(100), Ni(110) and Ni(111)

surfaces is performed at same level of theory us@a fully“quantum approach based on the

reaction path Hamiltonian (RPH). Calculation{:hdb—the barrier to water dissociation on the
d

Ni(110) surface is significantly lower compaie its close-packed counterparts. Transition
\
states for this reaction on all three r%es ipvolve elongation of one of the O—H bonds. A
~
significant decrease in the sym eziC\retching and bending mode frequencies near the
transition state is observed in a ee cases and in the vibrational adiabatic approximation,
excitation of these softenéd es results in significant enhancement in reactivity. Inclusion of
non-adiabatic couplings et modes results in the asymmetric stretching mode showing

similar enhancement_of ctivity as symmetric stretching mode. Dissociation probabilities

calculated a lQace temperature of 300K showed higher reactivity at lower collision energies

compare tHat c} static surface case, underlining the importance of lattice motion in enhancing
-

reacti"ty\Méjie selective behavior is similar on all the surfaces. Molecules with one-quantum of

% r;ior%l excitation in the symmetric stretch, at lower energies (up to ~0.45 eV), are more

%t&e on Ni(110) than the Ni(100) and Ni(111) surfaces. However, the dissociation

probabilities approach saturation on all the surfaces at higher incident energy values. Overall,

Ni(110) is found to be highly reactive toward water dissociation among the low-index nickel
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Publishisigfaces owing to a low reaction barrier resulting from the openness and corrugation of the
surface. These results show that mode-selective behavior does not vary with different crystal

facets of Ni qualitatively, but there is a significant quantitative effect.
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. INTRODUCTION

Controlling the outcome of chemical reactions has \})een the longstanding goal of
chemists. When most of the scientific community ‘r;ar ing towards this goal using different
techniques, attention is drawn to the main qugstion ommently investigated by the gas-phase
and gas-surface dynamics communities: nte al states best speed up a reaction? Early
experiments in the field of laser e X{ molecules showed that in unimolecular and

~

bimolecular gas-phase reactionsw nal excitation of the reagents can lead to an
enhancement in reactivity.'” B&I@ﬂe- and bond- selectivity is possible. In mode-selective
reactions the enhancemeft ilkastivity depends upon the nature of the vibration, and not simply
the energy. Bond-selectivity “occurs when a specific vibrational excitation leads to the

preferential cleaé\@ nd. With the availability of improved laser methodologies, mode-

le De studies of many gas-phase and gas-surface reactions have become possible.
A

and bond-

These expe ents’ have enabled the possible control of reactions at the level of individual
quaﬂu stat&, and brought into question the statistical behavior of many reactions. While
e ’tati01§ of one of the vibrational normal modes is necessary for studying mode-selectivity,
wdeﬂelectivity is realized only under the condition that the intra-molecular vibrational energy

redistribution (IVR) is slow compared to the reaction time scales. Within this context, owing to

its industrial and fundamental importance and also due to the availability of well characterized

2
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Publishisy@:tra, methane and its isotopolologues have been the playing ground for studying mode-
selectivity and bond-specificity both in gas-phase as well as gas-surface reactions.” " These
experiments and theoretical studies were conducted using collisions of CH4, CH3D, CH;,D;,, and
CHD; with CI, O, H, and also with nickel and platinum surfaces. TI?/following recent reviews

give a detailed discussion of the theoretical and experimental aspegts %mo nd bond selective

chemistry of CH4 and H,O in the gas phase as well as on surk&x "’ 1t is to be noted that
since the dynamics of gas-phase and gas-surface reactionswinvolving the same molecule are
_—

similar in most cases, models used to explain gas -phase reactions are generally applicable to
reactions at surfaces with necessary precautions.'?

Similar to methane, gas-phase collisi expe ents of water molecules with halogens,
oxygen, and also with metal surfaces 0\6 stlng chemistry, and the reactions involving
metal surfaces are important in the con R‘bﬁf& rogeneous catalysis. Owing to this importance,
there has been a surge in the nu ﬁ\ investigations of the dynamical aspects of water
dissociation on metal surfaces. Sln er based catalysts are used industrially, initial quantum
dynamical studies conc rz@\)nn understanding water dissociation on Cu(111) surfaces.'”
These studies 1nva /suggested that the vibrational excitation of the water normal modes
resulted in si 1lca enhancement in reactivity for H;O and HOD molecules on Cu(111)
surfaces u ng (6 D) and reduced (3-D) dimensional potential energy surfaces (PES). In
addition,.th als(f emphasized that rotational excitation increases reactivity, and the reaction
i 0 varies with the initial orientation of water molecule. Recently, in a combined
ex rimeltal and theoretical study, it was shown that D,O molecule, similar to methane

?oﬁation exhibits mode selective behavior on Ni(111).?' Using molecular beam experiments

and a scaled 6-D PES they showed that the asymmetric stretching frequency has a larger efficacy
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Publishifeg promoting reaction compared to an increase in translational energy. A semiquantitative
agreement was found between the theoretical and experimental results. Very recently, a 9-
dimensional PES for water dissociation on Ni(111) was constructed by Guo and coworkers®
using permutation invariant polynomial neural networks (PIP-NN)BZA. In a series of studies,

they examined the effects of impact sites, incident angles and elecgfon- ole pair excitation on the

reaction probability using quasi classical trajectories and quaSiz7 uantum dynamics. A
surface site-averaging model using the 9-D PES was succ ‘)m reproducing experimental
trends® while electron-hole pair excitations, include usmgs the friction approach, did not
significantly modify the dynamics.”® More recen ly(;.Lwa‘STrgued that the theoretical results did
not quantitatively reproduce the experiments due to t deﬁ01ency of the PW91 functional used
to construct the PES.?”*® Though usage &Q‘M@E functional increased the barrier to reaction,
quantitative agreement was not achie a’%Wh e an accurate 9-D PES should give reasonable
results for water dissociative chemi \PQQ on metal surfaces, assuming that the results can be
corrected for the effects of lattlce , constructing such a surface and performing quantum
dynamics is computati I}answe This has led to a search for alternate methods involving

less computatlonal 4vh1 ill capturing the physics underlying the problem. With quantum

effects accuratel M semlclasswal and quasiclassical descriptions of the dynamical events

are promisifig. s suggested in a recent review, approximate methods are required while the
limitations p /ed Ky them are to be studied, understood and appreciated.’’ One such approach is
based thé reaction path Hamiltonian (RPH) proposed by Miller et al. for polyatomic
m cule}.3 ? Recently, Jackson and co-workers have used the quantum form of the RPH to study

> dissociative chemisorption of CH; on Ni and Pt surfaces.””® They were successful in

explaining mode-selectivity and bond-specificity in methane and its isotopologues on various
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Publishiniglel and platinum surfaces.” >

Very recently, they studied H,O, HOD and D0 dissociation
dynamics on Ni(111) and were able to explain the D,O/Ni(111) experiments with acceptable
success by performing quantum dynamics using the coupled wavepacket method on the reaction
path PES.* They also included lattice site averaging and surface latfice motion using sudden
models developed earlier for methane dissociation on metal surf: es‘.")‘43 In“a similar spirit, the
mode-selectivity of CH4 on Ni(111) was studied by KrishnaN al who computed the
vibrationally adiabatic PESs.** Using Massey velocities ani ‘;n"e'eers, they estimated transition

rates between these surfaces at the avoided crossings. ir reg)llts suggested that the excitation

of symmetric stretching is three times more efﬁc'e&g; pm}mting reaction than the excitation of
L -

the asymmetric stretching mode. \\

The studies mentioned above hawx\mated mainly on the close-packed {111} facets
of nickel or copper surfaces. Howgver, ms‘n'ially employed catalysts expose several different
facets to reacting molecules, n@\a study of the differences in reactivity each facet has
to offer. Studies revealing.crystallographic specificity for the three low-indexed planes of few
fcc-metal surfaces ar aél% in literature. On bare Pt(100), Pt(110) and Pt(111) surfaces,
measured mean sguare (p].a’cements of surface lattice atoms are largest for motion along the
surface normal, a?ly the values are found to be largest for the (110) facet.*” This type of motion is

known t stropgly fect reactivity’> . The stepped nature of the fcc(110) plane provides more

variet i‘ﬁ‘posgl ¢ adsorption sites than is available on flat surfaces. In this sense, it is noted that

the (110) ¢ is the most highly symmetrical of all possible fec stepped surfaces.*® In earlier

Qgh f water on the (111), (100) and (110) surfaces of Ni, differences in behaviour were
N

identified by Benndorf and Madey using electron stimulated desorption ion angular distributions

(ESDIAD), thermal desorption spectroscopy (TDS) and low energy electron diffraction (LEED)
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Publishitrg} niques.?” However, these studies do not give any evidence of water dissociation on the (100)
and (111) planes while dissociation takes place at higher temperatures on the (110) face of
Ni.*”** The row-and-trough structure of Ni(110) provides sufficient corrugation for formation of
strong H,O-Ni bonds, and a weakening of O—H bonds in the adsorbe?/érater molecule facilitates
dissociation. DFT studies from our group also showed that Ni(1L0) @'nore active among the
three low index nickel surfaces.”® Recent DFT studies of the,water gas shift reaction on

Ni(111), Ni(110) and Ni(100) surfaces also observed a 10 }arﬂer for H,O dissociation on

Ni(110), consistent with our findings.”' 3

Similar trends are observed with other aﬂ%&s‘)ﬂ(e H, and CHy4. DFT studies of H,
dissociation, and sticking found that the re%\

Ni(110)** where dissociation occurs over te more favorably on a rougher surface than

1(111) is activated while it is direct on

on close packed surfaces. Studies of th sﬁbmatlon dynamics of H, on Ni(111), Ni(100) and
Ni(110) surfaces using many b@d X@n n potentials and classical trajectory methods showed
that Ni(110) is highly reactlvehd to the close packed surface.”® Again, higher reactivity is
attributed to structur ly h surfaces showing strong electronic corrugation where huge
variations in the tenti aloﬂg the crests and troughs of the surfaces are seen. A comparatively
large amount 61 1 1)0 ormation on crystallographic specificity is available for methane dissociation
on nicke and/pla um surfaces. Alignment dependent chemisorption studies of vibrationally
excitell CH, on i/(IOO), Ni(110) and Ni(111) showed that the alignment along the plane of C-H
stretch gave-highest reactivity while the alignment along the surface normal showed lowest
"'Qtf ity. Moreover, the largest alignment contrast between the maximum and minimum
r ct.i:ity was found for Ni(110).>* On the reconstructed Pt(110)-(1x2) surface®, the motion of

both first and third layer atoms were shown to effect the dissociation of methane, and while the
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Publishiefect of this lattice motion was strong, it was not significantly larger than that for dissociation
on smoother surfaces.” Experiment has shown that methane is more reactive on the Pt(110)-
(1x2) surface than on Pt(111) and Pt(100) surfaces.” The polar angle dependence of reactivity
for molecules incident parallel to the missing row yields state-resoly€d site specific reactivity
information consistent with Pt(110)-(1x2) reactivity in which the p.%ler Ptiatoms located near
the ridge sites dominate the reaction. For CH4 on Pt(110)-(1 X2),\“!% rted role of stretch and
bend excitation was also reported.” From these reports it f\ derstead that the higher reactivity
of Pt(110)-(1x2) is due to lower coordination number (Wﬁdge atoms compared to terrace

-
surfaces towards various molecules and emphagize that the open, corrugated surfaces are more

atoms on Pt(111). These studies clearly show Q(di;fere’ce in reactivity of low index metal

reactive compared to the close packed oﬁs.\kﬁfm there are no dynamics studies comparing

the reactivity of H>O on different facet w& tal surfaces.

Earlier studies from 01%1 overed the differences in reactivity across the low-

index nickel surfaces towards water dissociation, using DFT.**" In those studies, the reaction
path was assumed to egxe d parabola and only information from the transition state was
used to calculatf/he ¢ icléssical tunneling probabilities. The effect of lattice motion was
included usi %sud model, and an increase in surface temperature was shown to

significantly ipcre reactivity in all cases. Other studies have reported that similar to CH4 on

metal (surfaces, 4,0 on metal surfaces exhibits mode-selectivity and bond-specificity and the
t@jzr jorial modes exhibit similar efficacy towards promoting the reaction.”"*® This study is
@e comparing the reactivity of water on close packed Ni(100) and Ni(111) surfaces with

t ;;Ni(l 10) surface using the RPH approach. Although the results for H,O dissociation on

Ni(111) were published earlier®, they are included here to compare and contrast with that of the
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Publishisgcr two surfaces at the same level of theory. Quantum dissociation probabilities are calculated
using an ab-initio PES for molecules in the ground state or with a one-quantum pre-excitation of
various vibrational normal modes. The effect of lattice motion is included using a sudden model,
and impact site averaging is treated using a harmonic energy-shifting approximation. The
differences and similarities in reactivity of these surfaces toward % dissociation are studied
in detail. While close packed surfaces behave similarly in many%ﬁ mparison with an open
and ridged Ni(110) surface will also give some insights intQ ‘water interactions with stepped

_—

surfaces, and improve our understanding of surface co ation§ffects on mode selectivity.

The paper is organized as follows. SectionJI gi\ie:s)he details of the electronic structure
calculations, methods to construct the readﬁ%@m&h otential and implement the wavepacket
dynamics. We also briefly describe the n‘h?@u‘ lattice motion using a sudden model and the
harmonic energy-shifting approxiriti;nﬁsﬁks are presented and discussed in Section III. The

paper concludes with the imp@ and a discussion of possible future work in Section

\

1. METHODS y

IV.

All total= erg alculations have been performed using the DFT-based Vienna ab initio
ck (VASP).”** A plane wave basis set is used with an energy cutoff of 400 eV.

simulationga
Spm— larizati /éfas included in all the calculations. Nonlocal exchange-correlation effects are

in 5the Perdew—Burke—Ernzerhof (PBE) exchange-correlation functional within the

aliz)d gradient approximation (GGA).**®!

Fully nonlocal optimized projector augmented-
ave\(PAW) potentials are used to describe the interactions between the ionic cores and

electrons.”*® A slab supercell with periodic boundary conditions is used to model the nickel


http://dx.doi.org/10.1063/1.4976133

! I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |

Publishisgface. The substrate and its repeatable images are separated by a vacuum space of 13 A to
avoid interaction with the adjacent slabs. The Ni(100), Ni(110) and Ni(111) substrates consist of
four layers with 2 x 2 unit cells, corresponding to four metal atoms per layer. An equilibrium
lattice constant of 3.522 A for Ni was found from bulk geometry dptimization, and used to
construct the initial slabs. All four layers of the slab were thed a XO fully relax. The

Brillouin zone was sampled by an 6x6x1 I'-centered grid of A-pointsi For the calculation of

molecule-surface energies, calculations are considered converged“when all forces are smaller

_—

than 0.01 eV/A. )

The Climbing image-nudged elastic band‘(ﬁ@memod is used to identify molecular
geometries along the reaction path.** The di N een these points along the MEP is given
by the reaction path coordinate s, wherekonE‘Z?zl dx?, and the x; are the mass-weighted
Cartesian coordinates of the wate ¢. By convention, s = () denotes the transition state
while negative and positive val x espond to reactant and product states, respectively. A
PES is constructed by first.calculati the total energy V) at various points along the reaction
path. Normal mode a 1ys1 ‘Xagonahzlng the force constant matrix was preformed to extract

the normal mode an m/espondlng frequencies wy(s) at these points. The normal modes Oy,

with s, form et 0 oordlnates related to the x; by,

/ 8
- X = () + ) L) (M
y

—
@,‘y) describes the configuration of the molecule at point s and the eigenvectors from the

\opmal mode calculation are L;(s). The Hamiltonian in reaction path coordinates is written:
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g H = Epsz + VO (5) + Hvib - Z (bssps? + Zpsbssps + pszbss) - E (psns + T[sps)

where,

8
H =) |57 + 3 0t5)02] < \\

where p; and P; are the momenta conjugate to s and Oy respectively, a

d
8 \
2 =§;%Pj3k,j(s)
k=171

The vibrationally non-adia@i?gs, By j(s), are defined:

8
dL;
.\ Biy(s) = ) = Ly5(5)

7y are not important.3 6,65

through thefco

with t red lon ¢dordinate (curvature coupling) is given by the operator by, through Byo.

% 1 )Nhich is written as follows
~

P(s;t) = z Xn(s; )P, ({Q}; )

10

)

3)

“)

)

(6)

Energy flow between all modes k and j

ngs By is described by the 7, operator and coupling of the vibrational modes

—~ ose-coupled wave packet approach is used to describe the total molecular wave
n

()
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Publishiw#cre @, are the eigenfunctions of H,;; , with eigenvalues given by

i Ao (s) (nk + %) )]
=1

The index n denotes vibrational state corresponding to the set of qu@mbers {ni}. These
vibrationally adiabatic eigenfunctions are products of 1D harm Doscillator eigenfunctions

which have a parametric dependence on s. Using the Ha 1 the coupled equations of

motion for the wave packets, y,(s; t) are defined by K

8
1
(5 8) = |52 + Vo(s) + ) ooy (et éj (SO + ) Fantn(si) ()
= nl

k=1
In this formulation, n=0 corresponds to th X&mnally adiabatic ground state, while n=k
corresponds to a state with one vibrati m exmted Moreover, two quanta excited states
are also included. The effectlv atlonally adiabatic potential, V.5 on which the

wavepackets propagate, is glven

@9 = Vo(s) + Z () (e +5) (10)

These potentials am\ﬁhK the zero point energy (ZPE) corrected MEP, plus the energy of any
vibrationa exc1 on which can change along the path. The operators F,,  contain by and 7
wh1ch 1br{1t10nally adiabatic states differing by one and two quanta, respectively. The

ametric d endence of @, on s leads to derivative coupling terms that are responsible for
cu cr&sing between the vibrationally adiabatic potentials at higher velocities and for larger

}pnhg values.****” The equations are given in detail elsewhere.*’

11
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Publishing  Only six of the nine modes having highest frequencies near the transition state (TS) are
included in the vibrationally adiabatic basis set. The other two modes with very low frequency
correspond to the azimuthal orientation of the reacting O—H bond and the PES varies weakly
with this motion. Given the equations of motion, standard techniqu?/ were used to evolve the
wavepackets in time.”>** At large values of s, the reactive flux is ou%@sformed to give the
vibrationally state resolved and energy resolved reaction probabilities™’, which we denote the
static surface reaction probability Py(E; n). The reaction Off fthathe O atom more or less on
the top site on Ni(100) and Ni(111), where the barrier i owes?) whereas on Ni(110) the oxygen
atom at the transition state is located between two(n,ﬁthe"ﬁ)p layer atoms and one second layer
atom. For our normal incidence conditions, }bb?:i-(;n of the molecule in the X and Y
directions (parallel to the surface plane) K&g\s&tle as it follows the minimum energy path in
the entrance channel and up to the TS! ']‘hsrqo\t ional motion is treated adiabatically as the low
frequency modes describing rotati&é\io ion remain in the ground state and are not coupled

A

with the other modes.

Studies of met al§&htrogen70 and hydrogen’' 7, and lately water dissociation*"*’ on
Y.
h

metal surfaces in(\%riab oed that the effect of lattice motion is important. The importance of
including lat cejnotio when modeling gas-surface reactions is emphasized in a recent

perspectiye th?t € ines the dissociative chemisorption of CH, , H,O and CO; on smooth and

rough metal sutfaces.’* In this study, a well-accepted sudden model is used to include the effect
of sutfac perature.*'*> This approach involves the calculation of two linear parameters, o
{%GC ical coupling), and f (electronic coupling), defined by AEy,rrier = —FAQ, and
A a::ier = aAQ, where, Q is the lattice degree of freedom. AE} ;prier, and AZy,prier account

for the change in barrier height, and relative collision velocity, respectively, with the change in

12
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Publishitug position of lattice atom from equilibrium position (Q = 0). These parameters are calculated
at the TS using DFT. On Ni(100) and Ni(111), the TS is modified, to a good approximation, only
by the motion of the atom over which water dissociates. Put another way, the force on this atom,
with the molecule at the TS, is significant while that on the other lattigg atoms are comparatively
very small. On the other hand, H,O on Ni(110) is more complicat d,%motl of more than one
lattice atom can modify the TS. A similar observation was N reported for methane
dissociation on the reconstructed Pt(110)-(1x2) surfa(z& ?e‘n--compared to Pt(100) and
Pt(111).*° The electronic coupling parameter, £ on Ni(100) an&)Ni(l 11) surfaces was calculated
as 0.75 and 0.65 eV A™', respectively whereas o N(QIO)W =0.50 and -0.65 eV A" for top and

-

second layer atoms, respectively. Since, on Ni(410), the transition state is located on three atoms,

the dissociation probabilities on Ni(ll@%erage of the values calculated with the S
corresponding to these three atoms. ﬁ'ﬁ)(e A lues of £ describe the puckering of the lattice
atom outside the surface, when t&m&: atoms are allowed to relax, and thus decrease in
barrier, while the negative S Vak%‘ibe the motion of lattice atom into the bulk (when lattice
atoms are relaxed) Whi% in an increase in barrier height. The dissociation probability
calculated using ?s%cte} tential is Boltzmann averaged over all possible values of O for
a substrate te perah\T( 00 K in this case) using the lattice distortion energy calculated by

>

probabilities thus obtained are further improved by including the mechanical

DFT. DissgCiati
coupling,. o, ¢ Xveraging over the lattice atom momentum P, as described earlier.*” The
mechanical cbupling parameter, a, was calculated to be similar on Ni(100) and Ni(111) surfaces
wi Vah}es, a = 0.82 and 0.84 while on Ni(110), @ = 0.42. The final dissociative sticking
wbability is calculated by averaging the reaction probabilities over the impact sites X and ¥V

away from top sites using an energy-shifting approximation as given below:

13


http://dx.doi.org/10.1063/1.4976133

! I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |

Publishing Py(E;, ng; X0, Yo) = Po(E; — AVyxy (Xy, Yp), ng; Xog = Yy = 0) (11)
where AVxy is the increase in barrier height at some position (X, Y,,) with respect to the top site
calculated using the prescription in an earlier study.” This method worked well for methane
dissociative chemisorption on Ni and Pt surfaces,”>° while it was 02/ qualitatively successful

in calculating the impact site-averaged reaction probabilities or)ater issociation on Ni

surfaces.”®* Since this description of site-averaging byﬁh\h onic energy-shifting

N

approximation takes into account only the increase in energy‘barrier relative to top site, this
_—

approximation is not sufficiently accurate to describe al as-su’)face reactions. Recent studies of

-

7

water dissociation on Ni(111) *****7 and Cu(11 0W€g that the reactivity depends not only

| -
on the barrier height but also on other features _of the, PES. These studies showed that it was

more accurate to implement the site-avelﬁﬁiﬁ\m%clel by treating a ‘sufficient’ number of impact
a

sites individually and at a high level Of\w\ then averaging. Here, we attempt a qualitative

full dimensional comparative study ter dissociation on three low-indexed Ni surfaces using

a simple yet physically meaningful*teaction path approach. We feel that it is sufficient to use the
harmonic energy-shifti &Q‘ ation to account for impact site averaging effects, rather than
using a quantitatiy@?u ate but computationally expensive model.

1.  RES 'I’%A}*DISCUSSION

A. Reaction path and normal mode analysis

Potentialsenergy, Vy as a function of reaction coordinate, s is plotted in Fig. 1 for H,O on

1(100), Ni¢110) and Ni(111) using 31, 26 and 25 grid points along the reaction path,
S

sg;e vely. A shallow well of 0.25, 0.38 and 0.17 eV was observed for the physisorption of
-
on Ni(100), Ni(110) and Ni(111) surfaces, respectively. However, it is to be noted that the

PBE functional does not include van der Waals forces, and therefore these values may not be

14
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Publishisgrate. We find that adsorption of H,O is stronger on Ni(110) than on Ni(100) and Ni(111)
surfaces. Corrugation in morphology has facilitated stronger adsorption on this surface.
Transition states (TS) for water dissociation on the close packed Ni(100) and Ni(111) surfaces
are similar while the open and corrugated Ni(110) is different from the close packed ones. On

Ni(100) and Ni(111), at the TS, the oxygen atom lies more or ove aji atom, while on Ni(110)

the oxygen atom lies in between two Ni atoms constituting bridge site, and the

dissociating H atom lies in the middle of the four-fold hgl site<interacting with the second

layer Ni atom. On all the three surfaces, the TS involves(@ ion of one of the O—H bonds and

the bond distances are found to be 1.54, 1.35 n£\1.57ﬁ§ on Ni(100), Ni(110) and Ni(111),
A

respectively suggesting that vibrational excita&{ig increase reaction probability.

N

Vibrational frequencies of differ‘e}imra{ modes along the reaction path have been
calculated and shown in Fig. 2 (16@:} For water molecule far above the surface, 3 modes
mc stretching (vss) and bending (v;) are non zero. The

viz., asymmetric stretching (VAS\N;\
frequencies of the asymmetric stretching mode remain nearly unchanged at the transition state

and even beyond th bék hile a significant decrease in the symmetric stretching and
Y.

bending mode fréquenecies A5 observed near the transition state in all three cases. Other

translational d'?jml modes at the asymptote become frustrated translations and rotations

on interagtion /wit e surface and the frequencies of these modes do not change appreciably.

HOWE:QilC ée concern here is only vibrational mode-selectivity, these low frequency
1 modes are not important in this study. Softening of symmetric stretching and bending
4% goests that the excitation of these modes would lead to a significant enhancement in
r ct.i:;n probabilities. In the vibrationally adiabatic approximation, excitation of symmetric

stretching mode should increase the reaction probability more than any other mode.

15
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Publishing  Vibrational ZPE corrected potentials and the potentials corresponding to one-quantum
excitation of vibrational normal modes of water are plotted in Fig. 2 (right panel). Barrier heights
(Ep) calculated with respect to the water molecule far away from the surface on Ni(100), Ni(110)
and Ni(111) are 0.71, 0.24 and 0.76 eV, respectively while Vibration?/ zero-point energy (ZPE)
corrections reduced the barrier by ~0.12 eV to 0.59, 0.12 and 0.63 V}%vely. These values
agree well with our previous results*’ while it slightly differs N esults of Farjamnia et
al*® and Hundt er al.*' This difference is most likely u&mge of a 2 x 2 supercell in
contrast to the 3 x 3 supercell used in other studies. The arrieryeights reported in this study are

-

approximately 0.04 eV less on Ni(100) and Ni(111)than thﬁse reported in our previous studies.*

[ -
This slight decrease is attributed to the preseneg of a Wide barrier in the minimum energy paths.

In earlier studies, CI-NEB with few imaé\m%is\ed to locate one point at the barrier, while in
this case, we believe, calculations wi Whgrg\l ages have converged to a better value for the

energy barrier. The points alon t&b&ﬁ n paths are spline fitted to obtain the points on the

grid used for wavepacket dynamic.\

B. Reaction probabi 3
£

£
Static sué reaction probabilities for H,O dissociation on Ni(100), Ni(110) and

Ni(111) surfa Qr the vibrationally adiabatic and full coupling cases are calculated and plotted

in Fig. 3. the yibrationally adiabatic limit, reaction probabilities for the ground vibrational
=

state (e\t}leyowest. Among the one-quantum vibrationally excited modes, the symmetric

-

s tchin% mode shows the largest enhancement in reaction probability compared to ground state,

X;e\only a slight increase was found for excitation of the asymmetric stretching mode. The
be

ing mode excitation showed higher reactivity compared to asymmetric stretching, while it

was less than that obtained with the symmetric stretching mode. There is a sudden fall in the
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Publishifegction probabilities vs. incident energy, at energies just below the energy barrier, where
tunneling is the only way the reaction could proceed. All of this behavior, in the vibrationally
adiabatic limit, can be explained by the significant decrease in the effective barrier height for the
vibrationally excited modes with respect to the ground state (Figd 2 (right panel)). These
observations can be correlated with the mode-softening behavi oB}erve or the symmetric
stretching and bending modes at the transition state. On the_othes hand, no appreciable mode-
softening was observed for the asymmetric stretching‘\ ?‘e-n all the surfaces, in the
vibrationally adiabatic limit, reaction probabilities are 1(%) er: Vep<Vau<Vp<Vy. However,

the probabilities for symmetric stretching and bengmg m’ade excitation in case of Ni(110) are

-
very close to each other owing to negative b&z@\'}h respect to the gas phase. Although the

barrier height with respect to water in th%is negative, it is worth noting that the barrier

height is positive with respect to the w EH? EEe hysisorbed state.

Switching on the couplg“g\ekfe the modes, By, and the curvature coupling, By ¢ and

thereby removing vibrational adiabatieity, changed the behavior significantly. Coupling between

the states became possi

reaction path allozt/ing

lower energi fs}%ﬂ\anﬂy increased in all cases. Though excitation of v,; mode showed

lowest re ctiop probabilities among the vibrationally excited states in the adiabatic conditions,

Liie:: ing values between the symmetric and asymmetric stretching modes allowed these
4% couple in the entrance channel and show similar probabilities for these stretching
vibrational modes. The behavior of H;O/Ni(110) is exactly similar to that found on close packed

surfaces, except that exciting the bending and symmetric stretching modes leads to a negative

17
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Publishibgrier with respect to the gas phase, which was not observed on close packed surfaces. Such
high reaction probabilities were not observed for any of the close packed surfaces. Such high
probabilities can be attributed to low reaction barriers for water dissociation on Ni(110). It is
interesting to note that this reaction goes barrierless with respect to ga(g/ hase H,O, (though there

is a barrier of 0.137 eV with respect to H>O in adsorbed state) e?)itatio of the symmetric

stretching and bending modes. This plot reveals clearly the mode-selectivity in the case of water
dissociation on low-index nickel surfaces within the vib Qn‘aﬂy adiabatic approximation.

~

Similar mode-selective behavior was reported earlier fo(%()/gu(l 11)'"7 and H,O/Ni(111)*"4

using both RPH and high dimensional quantum ygagnics"g)ethods. Overall, the mode-softening
| -

behavior is qualitatively similar on Ni(100), Ni(110) and Ni(111) surfaces and mode-selectivity

does not vary significantly between diffe@dex facets of nickel.

Final dissociative stickin prowmliﬁes calculated by site-averaging Py(E;, n) and
including surface temperatur eﬁkw 300 K (following the experiments’') using sudden
models are plotted in FiﬁTh inclusion of lattice motion enhanced the dissociation

probabilities, especia g\q ies below the barrier while the site-averaging decreased the
Y.
reaction probabilities atall erfergies, with a significant effect at higher energies. The individual

effects of el tr&)tkt\pling (#), mechanical coupling (a) and site-averaging are explained

below. The elpctro ic coupling parameter, f, increased the reaction probabilities at all energies

£

comp red to thegtatic surface case. The increase at lower energies is particularly large, as lattice

€3

otion ng over-the-barrier pathways to reaction possible. However, inclusion of the recoil
fectswthrough the mechanical coupling parameter, «, further increased the dissociation
~

prebabilities at lower energies and decreasing the reaction probabilities at high incident energies.

This reduction is attributed to the recoil effects of the metal atom due to higher incident energies

18
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Publishiefthe incoming water molecule. Increase in surface temperature from 0K to 300K increased
reaction probabilities on all three surfaces, while the effect is pronounced in the case of Ni(100)
due to the larger electronic coupling (/) values. Both mechanical (&) and electronic () coupling
parameters are of equal importance for water dissociation as oppos?t( to methane wherein the
effect of f coupling was shown to be prominent. Comparing eﬁ)tttice otion effects for
methane and water, it was also noted that the surface temperature\% pears to be weaker for
water than it is for methane dissociation on metal surfacei itc-averaging, on the other hand,
decreased the reaction probabilities at least by an order g@ﬁimde in Ni(100) and Ni(111). A
decrease by approximately 2 orders of magnitu e%s fc"nd on Ni(110) as the barrier height
increases very rapidly when moving away fi the e:ﬁ—sition state on this surface. While the
site-averaging model seems reasonablyl\'uksa\;ve on the close-packed Ni(100) and Ni(111)
surfaces, on Ni(110), where the barri “?ss}oq\i nd the reactivity drops from ~1 to ~10 when
averaging over different sites, itS&N is questionable. It is likely that this decrease in
reactivity is too large, suggestingsthat“the harmonic energy-shifting approximation does not
accurately capture the v 'a@ reactivity with impact site for an open surface like Ni(110).

Nevertheless, thes difigs }e terate the need of including lattice motion and site-averaging

effects in gas-surface reactions to compare the reactivity with the molecular beam experiments.
%&qd the differences between the reactivity of the three low-index nickel

T%
surfa s,\dissg 1ation probabilities at 300 K for ground state and one-quantum excited states in

and asymmetric stretching, and bending vibrational modes are plotted in Fig.5.

“Q;:rg
% ground vibrational state (Fig. 5a), the reactivity on Ni(110) is clearly large at all
~

idence energies, rapidly approaching saturation at higher incident energies. On Ni(100) and

Ni(111), the dissociation probabilities increase with incident energies in the studied energy
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Publishiragize. The values gets closer to that calculated on Ni(110) at high incidence energies. A similar
trend is observed for the one-quantum excitation of the bending vibrational mode (Fig. 5c).
However, for the bending mode, the reactivity on Ni(110) saturates earlier (~0.25 eV) than for
the ground vibrational state, and the reactivities of Ni(100) and Ni(%l) surfaces show similar
values at ~0.8 eV. The trend in reactivities for both ground vi at@al and the one-quantum
excited bending modes is Ni(110) > Ni(100) > Ni(111). Dissocklat'g{ babilities exhibited by
one quantum excited symmetric and asymmetric stretchii i?r‘aﬁen modes are similar at all
incidence energies. Although the values follow the Ni(1 (QQNXIOO) > Ni(111) trend at incident
energies up to ~0.4 eV and ~0.5 eV for symmetri a(nd.asyn)metric stretching states, respectively,
the reactivity of Ni(110) falls below the Valu% tta on Ni(100) and Ni(111) for energies
above that. This decrease in reactivity, ere, i1s mainly due to the site-averaging model
used. Given a model that more accura Wp\tu s the impact site effects, it is expected that the
reactivity of the Ni(110) surfacew igher than that seen on the Ni(100) and Ni(111)
surfaces, owing to lower energy bargiers on this open, corrugated surface. More accurate models
for including other imp%‘ may show a qualitatively different behavior in the case of
Ni(110). The reayfx%pr(?c es saturation at very high incident energies i.e., well above the

barriers to reac ionNthe surfaces. Moreover, vibrational excitation by one-quantum reduces

>

een the reactivities of the three surfaces at low incident energies.

V.

CBmpa the reactivity plots reveals that for all vibrational states studied here, the

the huge gap be
£

rdactivity ofH,O on the Ni(110) surface is very high compared to that calculated for close

™

-;%k 1(100) and Ni(111) surfaces at the low collision energies relevant to real reactor
~
couditions. This is primarily due to the difference in the energy barrier to the reaction. Ni(110)

surface showed a very low barrier compared to other close packed surfaces due to its low-
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Publishieg-dination number and corrugated geometry of the surface. Comparing the mode- and bond-
selective behavior of methane on Ni and Pt surfaces, Crim suggested that changing the identity
of the surface (different metal) has a greater effect compared to changing the crystal facet.'” Our
results on different crystal facets of nickel are consistent with this obsefvation. To the best of our
knowledge this is the first study to report a comparison of reactivity of fow-index nickel surfaces

towards water dissociation using a quantum dynamics approach.
C. Sudden vector projection (SVP) model

To explain the non-statistical nature of mode-selectivity, Guo and coworkers proposed a
model based on the coupling between a reactant mode and the reaction coordinate mode at the
transition state, called the ‘sudden vector profection® (SVP) model.”””® The magnitude of this
coupling determines the ability off a_particular vibration to promote reaction. This is
approximately quantified by the ‘prejection of the reactant normal mode onto the reaction
coordinate, at the transition statesxThis.umodel is valid in the sudden limit where it assumes that
the collision time is fastér tham _the time required for internal vibrational redistribution (IVR).
Given the simplicity, this nmedel predicted mode-selectivity for various unimolecular””, gas
phase’’ and gas-stirface® reactions well. The SVP values calculated for HO on Ni(100), Ni(110)
and Ni(111) sucfaces are shown in Table I. The symmetric and asymmetric stretching modes
have similag SVP everlaps in contrast to the vibrationally adiabatic picture which predicts that
excitation of'only the symmetric stretching mode enhances reactivity. SVP overlaps for the
beénding fnodes are seen to be lower than for the stretching modes on these surfaces. In contrast,
full quantum studies on a 6-D PES and RPH found similar efficacies for all the three normal
vibrational modes for D,O/Ni(111).2"** We find the same result here for the full coupling case.

The vibrational efficacy values calculated using the scaled 6-D potential were ~1.6 while those
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Publishisgculated with the RPH are close to 1 for all these vibrational normal modes. Since the bending
and rotational mode frequencies are very low at the transition state, the SVP model is not able to
predict the efficacy of these modes in a reliable manner. The SVP model predicts that mode-
selectivity for H,O dissociation on all nickel low-indexed surfaces z(ill be similar, consistent
with our quantum dynamics studies. Therefore, it is concluded th. th%orru tion and openness
of the Ni(110) surface is mainly responsible for reducing the baN igsociation and does not

affect mode-selectivity of the reaction. —~
_—

IV.  CONCLUSIONS C 5
3

Water dissociation on Ni(100) and Ni(l 11) surfdees was studied and compared with that
mi

nian approach. The minimum energy path

on the Ni(110) surface, using a reaction ath\Ha\
\
ces

for water dissociation on all three s r% s calculated and a normal mode analysis was

s
performed on all the points along b&'on path. This normal mode analysis showed that the
symmetric stretching and bendi frequencies decreased significantly near the transition
state (and beyond), whil no\ap%eciable change was found in the frequencies of the asymmetric
stretching modes. THe deereasein vibrational frequencies of various normal modes along the
V.
s a

reaction path fi IO\ milar trend on all surfaces. Within the vibrationally adiabatic

approximationy,excitation of vibrational normal modes by one quantum reduced the energy
barrier fo@?ion resulting in higher reaction probabilities. Negative barriers with respect to

-

gas-phase HZ‘S) were observed upon exciting symmetric stretching and bending modes, for
-

réaction Sn Ni(110). However, on all the surfaces, excitation of the symmetric stretch reduced

%e.fﬁective (vibrationally adiabatic) barrier significantly and led to considerable enhancement

in the reaction probability. Excitation of the bending modes led to a moderate enhancement in

reactivity while the asymmetric stretching mode only slightly enhanced the reactivity compared
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Publishitg he ground state. Under the static surface approximation, owing to a very low barrier,
dissociation probabilities on Ni(110) showed values close to one on excitation of the symmetric
stretch and bend modes. Inclusion of non-adiabatic couplings significantly enhanced the

reactivity of the asymmetric stretching mode on all the surfaces. l\%de selective behavior of

water dissociation was observed on nickel surfaces and again isﬁj similar on all surfaces

studied. Surface corrugation was found to have little effect OHN -selective behavior. On

all the three surfaces, full-dimensional dissociative sticking,probabilities were calculated by
—
including surface temperature effects and by averagin%ﬁmpact sites. This modified the

probabilities significantly and hence these effects %uld‘?e included in gas-surface scattering
[ -
calculations in order to compare with molec@xperimems. Overall, the Ni(110) surface

clearly shows a higher reactivity toward%sociation compared to close-packed Ni(100)
t1

and Ni(111) surfaces. But, the followi quﬁs-f remains elusive and needs further investigation

— Is the reaction barrierless on Ni(1 hen H,O is vibrationally excited?

Y

Owing to the openness of the'Wi(110) surface, the interaction energies and thus the PES

show complexities fo Ni(110). The RPH approach was used to compare reactivity on all

[\

Y.
ilaf footing. However, from the previous studies of CH4 on Ni(110)

three surfaces ungér a St
and Pt(110)(L%2), hﬂs study, it is clear that open surfaces are complex and offer a variety of
effects like al}'gn t and site specific reactivity, to mention a few. These effects can only be

£

captu edQBy d§ oping a full-dimensional PES with reasonable accuracy and more importantly,

efperime eed to be performed to verify the predictions. To have complete understanding of

45@/‘56 issociation on the Ni(110) surface, one needs to develop a full dimensional PES on which
~

quantum dynamical calculations can be performed. It is also hoped that this study will stimulate

experiments in this direction in the near future.
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Publishimgples

TABLE 1. Vibrationally adiabatic barrier heights (E,), and sudden vector projection (SVP)
values for H,O dissociative chemisorption in the ground state or with one quantum of vibrational
excitation, on Ni(100), Ni(110) and Ni(111).

Barrier heights (Ep) , eV < Wlues

&N

Vib. state Ni(100) Ni(110) Ni(111) Ni(100) /" Ni(110) Ni(111)

gs 0.71 0.24 0.76 & - -

PR

Vas 0.57 0.08 0.61 -‘0.6;9'5\ 0.647 0.618

N
Ves 0.28 -0.23 030 [ | 0653 0.669 0.657
on
Vo 0.49 0.01 0.53\1._, 0.203 0.317 0.252
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