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Au,, during soft landing on TiO, surface and its effect on CO oxidation
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(Received 21 June 2010; accepted 11 August 2010; published online 6 October 2010)

We investigate the possible structural transition of a planar Auyg cluster during its soft landing on
a TiO, (110) surface with or with no oxygen defects, The collision between the gold cluster and the
oxide surface is simulated using the Car—Parrinello quantum molecular dyvnamics method. Both
high-speed and low-speed conditions typically implemented in sofi-landing  experiments  are
simulated. Tt is found that under a high-speed condition, the gold cluster Auyy can undergo a
sequence of structural transitions after colliding with a delect-free TiO, (110) surface. When the
Ti0, (110) surface possesses oxygen vacancies, however, chemical bonds can form between gold
and Ti atoms il gold atoms contact directly with the vacancies, As a consequence., one oxygen
vacancy Is capable of trapping one Au atom, and thus can split the Auyy into two parts while
bouncing back (rom the surface. In addition, we study reaction pathways [or the CO oxidation based
on three isomer structures of Auyy observed in the soft-landing simulation: (1) the precollision
two-dimensional structure, (2) a posteollision three-dimensional (3D) structure, and (3) an
intermediate (transient) 3D structure that appeared in the midst of the collision. This study allows

us to examine the structure-activity relationship us

ng the Auy; as a prototype model catalyst.

© 2000 American Institute of Physics. [doi:10.1063/1 3485291]

I. INTRODUCTION

Bulk gold is known o be inert © many chemical reac-
tions. Gold clusters, however. exhibit exceptional catalytic
activities in a number of important chemical reactions, such
as CO oxidation, hydrogenation, dehydrogenation, and selec-
tive oxidation.”™ Previous studies have shown that catalytic
capability of gold clusters can be alfected by a number of
[actors, in particular the size and shape of the clusters, In-
deed, gold clusters with different size and shape can have
structures and local coordination of

quite different electronic

active sites,™ thereby different reaction barriers to chemical
reactions. Hence. it is important o understand the structure-
activity relationship of gold clusters. Another important fac-
tor relevant to the catalytic activity is the interaction between
a gold cluster and its s'.uprurl.g'o Very high activities for CO
oxidation have been reported when Au clusters are supported
by a metal oxide surface, for example, the TiOs. Fe,O5,
CeOs. or Mg().g_g_m_u This support can significantly enhance
ways. such
as through the guantum size effect a charge transfer from
defects.” ar by strains due to the structural mismatch be-
tween Au clusters and the 5~'.Llppurlec.Jﬁ Norskov and co-
workers showed that low-coordinated Auw sites are essential
to the rn:ucli\'il_\_'.”‘IS They used a three-dimensional (3D)
Auyg cluster as a prototype model system and demonstrated
that the small-sized Aupy is capable of catalyzing the CO
oxidation below room temperature, even without the TiO,
support .Jg

their catalytic activities through several different

S Author to whom correspondence should be addressed. Electronic mail:
xzeng | @unledu.

0021-8608/2010/133(13)134707/7/$30.00

Downloaded 30 Apr 2013 to 129.9

183. 1347071

Since the catalytic activity can be strongly dependent on
the structure of Au clusters, deposition conditions on a sup-
port (even the support is inert) may affect the final morphol-
ogy of Au clusters and their activities. In typical sof(-
landing experiments of metal clusters on a support, the gas-
phase clusters are initially generated by laser vaporization,

followed by mass selection through a mass spectrometer, be-
fore deposited on the ecuppurl.EJ The speed of metal clusters
can be lowered by the mass spectrometer prior to their land-
ing on the support, which is a commonly used technigue (o
avert cluster fragmentation during the collision.”""* Even un-
der the “soft-landing” condition, the speed of metal clusters

can still be on the order of hundreds or even thousands

meters per second. Therefore. the collision between metal

clusters and the support can still cause structural deformation
and even structural ransition. For gold clusters, the deforma-
tion and structural transition will likely affect their catalyti
properties, even on an inert support.

Thus far. most previous theoretical studies of gold clus-
ters supported by an oxide surface™®”

? have focused on geo-
metric structure and  electronic structure of the system,
charge transfer to the support, as well as the chemical reac-
tion pathways for the CO oxidation close to the interface
between the clusters and the support. To our knowledge, the
dynamic behavior of the gold clusters under soft-landing

ity relationship
before and alter the landing have not been systematically

conditions and its effect on the structure-activ

studied. Here, we employed the Car-Parrinello molecular
dynamics (CPMD) method to investigate the dynamics of a
madel gold cluster colliding with a TiO, support under two
experimental soft-landing (speed) conditions. Particular at-

@ 2010 American Institute of Physics
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134707-2 Li. Pei. and Zeng

tention 1s placed on effects of initial kinetic energy of the
clusters, initial orientation of the clusters with respect o the
support.,
clusters.

and the oxvgen vacancy on the dynamics of the
We note that classic molecular dvnamics (MD)
simulations have been previously used to study collision be-
225 for example. the
However. due 1o the

tween clusters and various surfaces

landing of Cgy molecules on gruphilc.z'q
lack of highly accurate potential functions for the Au=Ti(,
classical MD simulation cannot realistically
the collision process between Au clusters and the

interaction, the
simulate
Ti0, support. particularly when bond-lorming and  bond-
bregking are involved. On the other hand. in the CPMD
simulation, forces between Au clusters and the TiOs support
“on the [y so that the dvnamic behavior
ol the collision process can be simulated J'culislicully.zb More
importantly, the bond-breaking and bond-making between
the cluster and support or within the cluster can be taken into
account in the CPMD simulation.” Nevertheless.

caleulation involved in the CPMD simulation
time consuming compared to the classical MDD,
particularly for relatively large system as considered here,

can be determined

the elec-
tronic structure

is much more

which involves both a metal cluster and an oxide support.

Fortunately, the time scale for the colli
cally less than 1 ps, which is within the realm of the CPMD
simulation.

slon process Is Lypi-

In this stdy. the Auyg cluster is chosen as a prototype
becanse  of catalytic
activity. 1819 The Auy,” cluster anion has been shown to ex-
hibit rich Iow lying two- Llll'llLl'I’\IUI'I.ll‘("D) structures. both
and experimentally.” " For neutral Auyg,
previous theoretical studies have predicted that a 2D Ds,
isomer 1s most likely the glob: d minimum but a 3D isomer is
competitive
sibility of ohsu\mﬂ a \,LT||I$IL‘II1 induced structural transition
from 2D Auyy” to 3D Auyg when the charge is transferred o
the support. In this study, the TiO,; (110} surface is consid-
ered as the support. In addition, the oxvgen reduced Ti0;

model  system its  exceptional

theor LlILJ“\'

energetically ve

? So there is a strong pos

surface” is considered 1o assess the effect of oxygen vacancy
on the dynamic behavior of the gold cluster during the col-
lision. Finally, we study the catalytic properties of the Auy,
in three different isomeric structures which correspond o the
isomer before, during, and after the collision with the Ti(),
surface. We use the CO oxidation as a benchmark reaction to
test their catalytic capabilities. We consider hoth kinetic and
thermadynamic factors that can influence the CO oxidation.

Il. MCDEL SYSTEM: Au,, AND TiO, (110)
SURFACE

tsomers of both neutral
Auyg and anionic Auyg exhibit diverse structures, as shown
in Fig. 1. Al the coupled cluster theory with single and
double excitations including perturbative triple excitations
[CCSDI(T)] and with inclusion of basis-sel superposition er-
ror correction, the predicted lowest-energy neutral and n-
ionic Augg cluster is the 2D isomer Al (or B3). which has a
planar hum-mndl structure . with  the D, point-group
“ The B3 isomer of Aug” |'I..l\ hLLn detected in the
"' The predicted two

As mentioned ahove, low-ener

\'mectr\'
photoelectron spectroscopy experiment.”
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FIG. |. Low-lving isomers of neutral {A1-A3: Refs.
(B1-Bd: Rel. 31) Auy, cluster.

28 and 29) and anionic

lowest-energy 3D isomers of neutral Auj, are A2 (Ref. 28)
and A3.% In our simulation. the planar A1 isomer is chosen
as the initial geometry prior to the collision because it is
likely the global minimum for the neutral Auy,. To simulate
an infinitely large Ti0O; (110) surface, the periodic boundary
condition is used. Specifically. a supercell (53X 2x2) of
10-terminated rutile TiO,. which contains 40 Tt atoms and
80 O atoms, is built as the oxide support. A vacuum space of
17 is set between the support and its images in the
direction normal to the surface. which is sufficiently large to
accommodate the Aujg. The starting position for the Aujg.
measured from the Au atom nearest to the support, is 5.0
above the support.

The initial kinetic energy (£,)
factor that can influence the dynamic behavior of the cluster
during the collision. In the soft-landing experiment, the im-
pact kinetic energy E; per atom is typically in the range of
0.1-1 eV.”" which means that the mmpact velocity can be
up to 10° m/s for the gold cluster, In this work. we consid-

of the gold cluster is a key

ered two limiting cases for the initial velocity of the gold
cluster: (1) 1000 m/s in the high-speed limit. which
close to the speed involved in the soft-landing experiment.
and (2} 100 m/s in the low-speed limit, which is close to the
mean speed of free gold clusters in thermal motion. The
direction of the impact velocity was set 1© be perpendicular
Lo the support. Another important parameter that can signifi-
cantly affect the dynamic behavior of the cluster during the
elative orientation of the planar Al isomer
with respect to the surface. In our simulation, again, we con-
sidered two limiting cases: one is that the long axis of Al is
parallel to the surface normal (vertical collision), and another
is that the plane of Al is parallel to the TiO, surface (parallel
In the simulation of the collision between Al and
the defected Ti() surface. only the vertical collision in the
high-speed scenario is considered. where the collision point
is exactly at the site of oxygen vacancy.

is very

collision 1s the r

collision).

lll. COMPUTATIONAL DETAILS

The CPMD method based on the plane-wave density-
functional theory (DFT) is -,mplm'od which is implemented
in the CPMD 3.13.2 code.™ Electronic structure caleulations
are carried out within the generalized gradient approximation
with  the  Perdew—Burke—Ernzerhol  exchange~correlation

4 The Goedecker norm-conserving

function.™
L3435 . -
pseudopotential™ ™ is used to maodel the interaction between

T AIP contert is subject to the terms at hitp:ifjcp. aip.org'aboutirights_and_permissions



134707-3 Soft landing of Auyg on TiO, surface
the  valence [Au(5d'"%s!),  Ti(3d?4s?), and
0(2s22p"] and the atomic cores. The plane-wave energy
cutoff is set 10 be 80 Ry for the wave functions. The electron
surface potential (ESP) atomic charge analysis ol the
[Aup=TiO5T system is performed using the RFPEAT pro-
gram developed by Campa et al®

Bath the geometries of the Auyg cluster and the Ti(),
(110} surface are optimized before the CPMD simulations.
All the simulations are carried out in the NVE ensemble. The
initial velocities of all atoms of the system are given accord-
ing Lo the Boltzmann distribution at 298 K. Then these ve-
locities are modified such that the relative velocity between
the center of mass of Al and that of the TiO, substrate is
equal 1o a predetermined collision velocity, v, The time step
is set as 0.12 Is, and the total simulation times are 3.0 and
5.0 ps. respectively, for the high-speed and low-speed colli-
sion scenario, The CPMD simulations are performed using
the supercomputer (Firefly) in University of Nebraska's Hol-
land Computing Center.” 256 CPU cores are used for each
CPMD simulation. The wall time of each tonic step is a little
less than 40 s, and ecach CPMD simulation lasts about
20 days.

To assess the structure-activity relationship with  the
Aupg as the model catalyst. we compute the reaction path-

electrons

ways for the CO oxidation based on three low-cnergy isomer
structures of Auyg: (1) the precollision 2D structure (A L), (2)
a postcollision 3D structure (A2), and (3) a transient inter-
mediate 3D structure during the collision (A3). For this com-
putation, we used the Tao—Perdew—Staroverov—Scuseria
(TPSS) (Ref. 38) functional and the 6-311+G(d) basis sel
for carbon and oxygen and the LANL2DZ effective core
potential basis set’ plus augmentation of two sets of f and

one set of g-polart;
fand g polarization functions are 1.424 69, 0468 34, and
1.1469, respectively), as implemented in the GAUSSIAN 03
software puckugc.'w The good performance of TPSS func-
tional for small gold cluster anions has been reported re-
cently by Johansson ef al®

tion function for gold (the exponents for

IV. RESULTS AND DISCUSSION
A. Simulation of the collision process

As mentioned above. because the global minimum of
anionic cluster Auy™ possesses 2D planar structures,” we
select the B3 (or Al) isomer as the initial precollision Aupg”
cluster. In fact. in all soft-landing experiments with gold
clusters. the clusters must be either negatively or positively

2

ulwu'gul.zj'2 For example. in a recent soft-landing experi-
ment of small-sized gold clusters. Auy, is negatively charged
for mass selection.”! When the Au™ is deposited on the
Ti0, substrate. it is possible that the negative charge is trans-
ferred 1o the Ti0); substr
we first compute the ESP derived atomic charges for the
[ALIm*Ti()z:r 3
the supercell (see Fig. 2). We find that the negative charge of
the entire [Aujo—TiO-] system is mainly distributed on the
Ti0, substrate, with or without the oxygen vacancy. The

ate. To demonstrate this possibility.

stem. with or without an oxygen vacancy in

J. Chem. Phys. 133, 134707 (2010)

|
5

o
T

Atomic charge (e)
z

20 40 60 80 100 120

Atom label

FIG. 2. Electron surface potential derived alomic charges of the
[Au=TiO,] system with or withoul an oxygen defect. The black and red
curves denote the perfect and defected TiO. (110) surface. respectively. The
horizontal axis (atom label) refers o the total number of atoms in the su-
perce Il which include 10 Au, 40 T and 80 O.

gold cluster no longer carries any negative charge. Hence,
during the collision, the negative charge onthe Au~ cluster
should be very likely transferred to the substrate and then
redistributed over the entire (infinite) substrate. Indeed. sev-
eral previous experimental studies have also shown that upon
deposition of charged metal clusters, the clusters usually be-
come neutralized > Thus, we only perform the simulation on
a neutral [Aug=TiO;] system.

During the CPMD simulation, we record the time evo-
lution of the temperature (computed from the average kinetic
energy per ion) and the Kohn=Sham (KS) energy per super-
cell [see Figs. 3(a) and 3(b)]. The high-speed collision pro-
cesses can he separated into three periods in time: precolli-
sion (0-0.3 ps). in the midst of the collision (0.3-0.9 ps), and
posteollision (L9=3 ps). In the first period. the Al isomer
moves downward o the TiO); substrate. and the inters

“tion

temperature (K)

LN A s Ml A e, s IV ey e

—— vertical-1000 m/s
= = - parallel-1000 m/s
- = = - vertical-100 m/s
ey § ~.~ parallel-100 mis
] = -+ = defect-1000 m/s

086 12 18 24
Simulation time (ps)

FIG. 3. (a) Temperature of the ions and (b) the Kohn—Sham energy per
supercell in the course of the colliston between the neutral Auyg and either a
perfect TiOs (110) surface or the TiO; surface containing oxygen defects. In
the high-speed (1000 m/s) case. the contact between the cluster (in either
parallel or vertical orientation with respective to the TiO,) and the surface
occurs within the 0.3-009 ps period. highlighted by a shaded pink band.
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134707-4 Li. Pei, and Zeng

between Al and the substrate is through the weak van der
Waals interaction. Hence, both the temperature and the KS
energy keep more or less constant. At the beginning of the
second period, a significant decrease of temperature and an
increase of KS energy can be observed (see black curve in
Fig.
from the kinetic energy to the KS energy when the collision
starts. The kinetic the

~(0.6 ps. the system temperature
~300 to ~200 K. the relative velocity between the center of
and the TiO; is nearly zero, and the
cluster and the TiO, is also the shortest.
The simulation shows that about 5 eV of kinetic energy is
transferred to the KS energy during the 0.3-0.6 ps period.

3). indicating that there is a substantial energy transfer

value at
decreases from

cenergy reaches lowest

where

mass of the cluster
distance between the

The distribution of the translerred 5 ¢V oenergy between the
cluster and the Ti0, depends on the rigidity of the Ti(),
substrate. Since the Ti—O bonds (computed bond energy is
~0.8 eV) are relatively stronger than the Au—Au bonds
eV for the Augg).
the transferred kinetic energy is largely absorbed by the
Aupg. The absorbed kinetic energy is redistributed within the
Auyg, part of the energy is distributed back o the translation
motion of the whole

(computed average bond energy 1s ~1.5

cluster, and another part is channeled
This latter
than enough o over-

into intracluster vibration and rotation. energy
gain by the cluster appears o be more
come the deformation barrier of the Aujg. which results in
the 2D-0-3D structural transition [see supplemental material
movie S1 (Ref. 41) and Fig. 3(a)]. thus confirming our
speculation.

Beyond 0.6 ps. the Auyg starts to bounce back from the
Ti05. and the system temperature starts to increase again. In
the 0.6-09 ps period, the KS energy is transferred back
mainly to the ascending Auyg in the form of kinetic energy.
Because the initial velacity of the cluster is high, the Auyg
does not stick to the perfect TiO, surface after the collision.
However, when the Al cluster collides with the defected
TiO; (110) surface at the site of o
cant heat release can be detected in the beginning of the
collision [see pink curve in Fig. 3(b)]. suggesting the forma-

tion of a transient chemical bond at the site of oxygen va-

TCn Vacancey. a ‘\I(’Hlll-

cancy during the collision. In the third period, the Auyg is (ar
away enough from the TiO; 1o move freely. The KS energy
in this period exhibits much larger Quctuation than that be-
fore the collision due 1o the transfer of a portion ol kinetic
energy Lo KS energy. There 1s an obviowsly small valley of
the KS energy. concomitant with a small peak of temperature
near (L9 ps in the case of vertical collision (see black curve
in Fig. 3). suggesting that the system jusl crosses over a

transition barrier and arrives at a different isomeric structure
Time-dependent temperature and KS energy of the s
tem in the cases of low-speed collision are
Fig. 3. Because the initial kinetic energy is a hundredth of
that in the high-speed collision, little change n the tempera-
ture and KS energy is observed (see blue curves in Fig. 3)
To gain more insight into the dynamics of the structural
transition, snapshots o CPMD (rajectories (supplemental
material movie S1) of the Al cluster in several time stz
during its collision with the TiO, (110) surface are shown in
Fig. 4. The initial velocity (v,) of Al in each simulation is

also displayed in

Downloaded 30 Apr 2013 to 129.93.64 70. This article is copyrighted as indicated in the abstract.
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FIG. 4. Snapshots of the planar Auyy (A1) in collision with a TiO, (110)
surface in several time stages of MD simulations, with the nitial orentation
of the Al being (a) perpendicular to and (b) parallel to a perfect TiO,. and
() perpendicular to a defected Ti(), substrate, and located exactly on the top
of the oxvgen vacancy. The nitial downward velocity of A1 is 1000 m/s.
Red spheres represent oxygen atoms and gray spheres represent Ti atoms,

1000 m/s. In the first case, the initial orientation of Al is
perpendicular o the TiOs substrate [Fig. 4(a)]. and a large
structural deformation of A1 during and after the collision
within the time frame of 0.48—

can be ohserved. Specifically
1.44 ps. the planar Al isomer folds when in close contact
with the TiO,, where
More

3D isomer similar 10 A3 can be observed. A geometry opti-

the planar structure becomes a double-

layer structure. interestingly. at ~1.44 ps. a transient
mization ol the transient structure (at 1.2 ps) gives exactly
the A3 isomer. Right after the collision, the isomer is still in
a nonequilibrium state, evidenced by the larger fuctuation of
the temperature. As such. of the Auyy is still
evolving until ~2.88 ps at which the transient structure be-
. Geometric

the structure

comes similar to the A2 (postcollision) structure
optimization of this posteollision structur
A2 isomer. To our knowledge.
transitions from 2D to 3D during the soft landing has not
been reported previously.

e gives exactly the
ol structural

this sequence

In contrast, no structural transition is observed when the
initial orientation of the Al isomer is parallel to the Ti(),
[see supplemental material movie S2 (Ref. 41) and Fig.
A(h)]. Only modest structural deformation of Al is observed
mainly in the posteollision period (e.g.. from 1.4 1o
2.88 ps). Beyvond 2.88 ps. the Al isomer recovers so that the
entire collision process essentially behaves like an elastic
collision. The sharp contrast between the vertical and parallel
collision can be understood on the basis of the following

explanation: in the vertical collision scenario, only several
Au atoms at the bottom of the cluster are
TiO; during the collision, but not in a simultaneous Fashion.

in contact with the
As such. when the bottom atoms have changed their velocity
to the upward direction. atoms on the top of the Al isomer
are still in the downward direction. which led to a large
structural deformation. However, in the parallel collision sce-
nario, all the Au atoms are in contact with the TiOs (110)
Hence, only weak structural

surface almost simultaneously.

of AIP content is subject to the terms at httpiljcp.aip.org/aboutirights_and_permissions
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FIG. 5. Snapshots of the planar Auyy (A1) in collision with a perfect Ti0),
(110) surface in several time slages of MD simulations. with the initial
orientation of Auyg being (a) perpendicular to and (b} parallel o the TiO,
substrate. The initial downward velocity of AL is 100 m/s,

deformation is induced mainly by the local atomic structures
of the TiO; (110) surface.

The collision between the Al isomer (initially in the
vertical orientation) and the defected TiO, (110) surface with
an oxygen vacancy (per supercell) exhibits a more interest-
ing behavior [supplemental material movie S3 (Ref. 41) and
Fig. 4(c)]. Tt wms out that one of Au atoms at the very
hottom of the cluster is trapped by the oxygen vacancy when
the remaining Aug cluster ascends after the collision. In other
words, the Ti—Au bonds are formed during the collision [Fig.
4(e)], and these bonds are stronger than the Au-Au bonds.
Hence, in the high-speed limit of the soft landing. the gold
cluster may loss one Au if one of its atoms happens to he
trapped by the oxygen vacancy.

Snapshots of CPMD trajectories in the cases of the low-
speed limit for the soft landing (i.e. v, =100 m/s) are dis-
played in Fig. 5. Regardless of initial orientation of the Al
isomer (either vertical or parallel), no distinctive structural
transition is observed during the collision. More importantly,
the A1 isomer never detaches from the TiO, after the colli-
sion with the perfect TiO; substrate. nor stays in the s
location due to relatively weak interaction between the clus-
ter and the Ti0),. Rather, the Al isomer is tilted and under-
goes a sell-rotation on the TiO5 after the cluster collides with
the TiO, vertically [Fig. 5(a)]. In reality. the relaxation time
for the cluster on the TiO5 may be much longer than the 5 ps
time scale discussed here. When the Al isomer collides with
the perfect TiO, substrate parallelly [Fig. 5(b) and supple-
mental materials movie S4 (Ref. 41)]. the cluster tends ©
have one Au alom in contact with the Ti(,. Hence, in the
real-world experiment. the cluster may drift around on the

nme

substrate right after the collision and may be pinned down by
an OXygen vacancy.

B. Reaction pathway for CO oxidation on three
low-energy isomers of Au,,

In light of the sequence of structural transitions from 2D
Al isomer to 3D isomers. A3 and A2 during the high-speed
limit of the soft landing discussed above. we further exam-
ined the catalytic capability of these three low-lying isomers
using the CO oxidation as a benchmark test. Two possible
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reaction pathways [or the CO oxidation on these gold ¢lus-
ters are considered and depicted in Fig. 6: the Eley—Rideal
(ER) and Langmuir—Hinshelwood (LH).">-1942-% The 1H
pathway can be described  as COpgoyt Opgeey ! COpgg
0249 ! OOCO;gg ! Opaggy+ COxggs). and the ER pathway
as On(gasyt COgagy ! Onpageyt COagy ! CO3¢aty! Oy
+COxgayy- The LH mechanism is initiated from coadsorption
of CO and O,. while in the ER mechanism O is first acti-
vated into two atomic O by the gold cluster, followed by the
attack of CO o an atomic O directly. Our DFT computation
shows that adsorption energies of (5 on the three isomers are
all smaller in absolute value than —0.2 eV (here the more
negative value means stronger adsorption). Because ()5 is
very weakly adsorbed on the gold cluster. 05 molecule can-
not be dissociated into two atomic 0. Hence, the ER path-
way is unlikely. On the other hand. the adsorption energy of
CO is about — 1.0 V. suggesting that the adsorption of CO
should play a key role in the CO oxidation on the gold clus-
ters. Hereafter, we only report the more likely LH reaction
pathway.

The computed reaction pathway for the CO oxidation on
Al A2 and A3 isomers is displayed in [Figs. 6(a)-6(c)].
respectively. After the coadsorption of CO and O, the
Aup—CO3 complex must cross two energy barriers 1o pro-
duce a gas molecule CO,. As shown in Fig. 6. all three
isomers exhibit high catalytic activity: For the planar Al
isomer, the first energy barrier is (.62 eV and the second is
(0,42 V. The higher adsorption energy of CO on the 3D A2
isomer leads 1o a higher first barrier (0.78 €V) than that of
Al or A3, but a lower second barrier (0.34 ¢V) than that of
Al or A3. For the A3 isomer. the first barrier 1s 0.67 ¢V,
close to that on AL, while the second barrier (0.77 ¢V) 1s
much higher than that on A1 or A2. More interestingly, upon
CO adsorption, the A2 isomer undergoes major structural
deformation [Fig. 6(b)]. indicating that the 3D A2 isomer is
fairly fluxional. In fact, after the CO is oxidized, the planar
Al isomer [Fig. 6(a)] and 3D A3 isomer [Fig. 6(c)] remain
intact while the A2 isomer turns into a new structure [Fig.
6{b}]. Besides the reaction barrier. another important quantity
for evaluating catalytic capability of gold cluster is the net
heat release at the end of CO oxidation. which s —3.86 ¢V
for A2 and —3.78 ¢V f[or A3, both are much larger in value
than that (=276 ¢V) for AL, Finally, the CO oxidation reac-
tion involving the atomic O adsorbed on the gold cluster and
a newly adsorbed CO [rom the gas phase is barrierless, as
shown prm-'inusl_v.b

V. CONCLUSICN

In conclusion, we perform Car—Parrinello MD simula-
tions 1o study the collision between a small-sized gold cluster
Auyy and the TiO, (110) surface under two limiting condi-
tions of the sofi-landing experiment. The ellects of the initial
kinetic energy of the cluster, the initial ortentation of the
cluster with respect to the TiO, surface, as well as the oxy-
gen vacancy on the TiO, surface on the dynamics and struc-
ture of the posteollision cluster are investigated. In the high-
speed limit (1000 m/s) of the soft-landing. a sequence of
structural transitions from the 2D A1 isomer to the 3D A2

pout/rights_and_permissions
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and A3 isomers is observed for the first time when Al is
initially perpendicular to the perfect TiO; substrate. When
Al is initially parallel o the perfect TiO, substrate. the col-
lision between the Al isomer and the perfect TiO, (110)
surface 1s akin to an elastic collision without showing any
structural transition. On the other hand, in the low-speed
limit (100 m/s) of the soft-landing. structural transitions are
never observed regardless of the nitial orientation of the
cluster. When the TiO, (110) surface has oxygen vacancies.
chemical bonds may form between Au and Ti atoms when
the cluster is in contact with the vacancy. Still in the high-
speed limit of the soft-landing. the oxygen vacancy is even

Downloaded 30 Apr 2013 to 129.93.64 70. This article is copyrighted as indicated in the abstract.

capable of trapping an Au atom. thereby splitting the Auy,
mnto two parts during the rebounding of the gold cluster from
the support. Hence, il the TiO, substrate contains a ot of
defects, the soft landing may result in some gold clusters
losing a few Au atoms.

Finally, we examine the catalytic capability of both 2D
and 3D isomers of Auyg using the CO oxidation as a bench-
mark test, We find that the CO oxidation on the planar A1
isomer is kinetically more favorable than that on the 30 A2
and A3 isomers. However. the CO oxidation on A2 and A3 is
thermodynamically more favorable than that on A 1. Because
the A2 isomer is quite fluxional. its structure is unstable

Reuse of AIP content is subject to the terms at httpiljcp.aip.org/aboutirights_and_permissions
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against CO adsorption and can be easily transformed into a
new 30 isomer structure upon the CO oxidation. Our results
show clearly that a small-sized gold cluster with diverse 1so-
mer structures can entail rich catalytic behaviors, even if the
support is an inert one.
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