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Abstract: The adsorption properties of Au and Pt metal nanoclusters on TiO, anatase (101) were calculated
using density functional theory. Structures and energetics of adsorbed Au and Pt monomers, dimers, and
trimers at clean anatase TiO,(101) terraces and two major step edges, as well as O-vacancies, were
systematically determined. The theoretical predictions were tested by vapor-depositing small coverages of
Au and Pt on anatase (101) and investigating the resulting clusters with Scanning Tunneling Microscopy.
On the clean surface, Au shows a strong tendency to form large clusters that nucleate on step edges. A
preference for adsorption at type D-(112) steps is observed, which is probably a result of kinetic effects.
For Pt, clusters as small as monomers are observed on the terraces, in agreement with the predicted large
binding energy of 2.2 eV. Step edges play a less important role than in the case of Au. Oxygen vacancies,
produced by electron irradiation, dramatically influence the growth of Au, while the nucleation behavior of
Pt was found to be less affected.

1. Introduction prototypical SMSI (strong metalsupport interaction) systeff.

Model catalysts in the form of metal clusters supported on Similarly, gold nanoparticles supported on Fi€urfaces have

well ordered metal oxide surfaces can provide important insights t_>een extensively investigated in recent years_for_their appli_ca—
into the properties and behavior of real catalysts and have thus!ions as catalysts for low-temperature CO oxidation, selective
attracted a great deal of attention over the past detddi. propene oxidation, and other catalytic and photocatalytic oxida-
; - i ion9-11,13-18 ; :
these model systems, the interaction between the metal clustefion reactions 1111 Among the various Ti@polymorphs,
and the support has a crucial role both in the nucleation and "utile, and especially its (110) surface, is the most widely used
initial growth of the metal and in the geometric and electronic 1N Surface science studiésOn the (;gher hand, anatase is of
structure of the resulting cluster/oxide interface, which in turn Particular interest in photocatalysi?° and noble metals like
has a strong influence on the catalytic activity. Au and espeua_lly Pt are often employe_d to enhance its
In this paper we focus on the interaction of small Au and Pt Photocatalytic efficiency? The (101) surface is the most stable
clusters with the (101) surface of the anatase polymorph of termination of anatasé.Scanning Tunneling Microscopy (STM)
titanium dioxide (TiQ). TiO, is a versatile oxide material with ~ Studies of this surface show the presence of numerous mono-
important applications in many field8,and as a support for atomic-height steps and a variety of point defects, including
metal clusters, it is often found to promote their catalytic surface oxygen vacancies and various not well-identified surface

activity.11.12|n this respect, platinum is one of the most studied and subsurface impurities. These step and defect sites are

metals on single-crystal TiOsurfaces, and Pt/TiDis the expected to have an important influence on the interaction of
the anatase (101) surface with metal clusters.
! Princeton University. For rutile TiOx(110), numerous investigations have addressed

* Tulane University. .
s Present address: Research Institute of Industrial Catalysis, East Chinath€ role of surface defects on the structural, electronic, and

University of Science and Technology, 130 Meilong Road, Shanghai catalytic properties of deposited metal particles (see, e.g., refs
200237, P. R. China.
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7—-9, 22-40). By contrast, studies of metal particles on well-
defined anatase surfaces are scéfc# The purpose of this

2. Computational and Experimental Details

2.1. Calculations. The total energy DFT calculations have been

work is to understand the role of different surface sites, carried out within the generalized gradient approximation (GGA) using
specifically terraces, step edges, and oxygen vacancies, in thehe PWScf code included in the Quantum-Espresso pacR&dectron-
nucleation and growth of small Au and Pt clusters on anataseion interactions were described by ultrasoft pseudopoterttiaidth
TiO,(101). Experimentally, metals on oxide substrates are electrons from Pt and Au 5d, 6s; O 2s, 2p; and Ti 3d, 4s shells explicitly

usually deposited by evaporation. The key steps in the growt
are the nucleation, corresponding to the adsorption of a single

h included in the calculations. Plane-wave basis set cutoffs for the smooth

part of the wavefunctions and the augmented density were 25 and 200
Ry, respectively. The anatase B{@01) surface was modeled as a

metal atom, and the formation of a critical size cluster, i.e., @ periodic slab with six layers of oxide, and the vacuum between slabs

cluster whose size can only grow or remain constafft.In

is ~10 A. A (2 x 2) surface cell with a corresponding»2 2 x 1

many cases the critical size cluster is simply a dimer or k-point mesh was used. Steps were modeled using appropriate vicinal
sometimes a trimer. To get insights into the nucleation and initial Surfaces. In particular, we considered the vicinal anatase(T#3)

growth of Pt and Au on anatase, we have performed a
comparative study of the adsorption of Pt and Au monomers

(P, and Au), dimers (Pt and Aw), and trimers (Rtand Au)

and TiGy(301) surfaces for the steps denoted D-(112) and B-(100) (see
below), respectively. We used a {12) surface cell together with a 2

x 3 x 1 k-point mesh to study the adsorption of metal clusters on the
vicinal TiO,(301) surface. For monomer adsorption on anatase-TiO

at terraces, step edges, and O-vacancies on the anatase TiO(134), we employed a (k 1) surface cell with a corresponding>2
(101) surface. For step edges, we rely on the structures that we3 x 1 k-point mesh, while, for dimer and trimer adsorption, we used
have recently analyzed in detail by STM measurements and DFTa twice as large (k 2) surface cell with a 2 2 x 1 k-point mesh,

calculations’’ The theoretical predictions were tested by

evaporating small coverages of Au and Pt on clean anatase (10121
and on surfaces that were first irradiated with electrons to

produce oxygen vacanciésThe preferred adsorption sites of

in order to avoid interaction between clusters in neighboring cells. To
odel the reduced Ti§101) surface, we created a surface O-vacancy

y removing one bridging oxygen in either ax22) or (3 x 2) surface

cell. These cells were then used to study the adsorption of the metal
clusters. In all cases, the clusters were adsorbed on one side of the

the resulting small clusters were analyzed with Scanning slab only. During structural optimization, all the atoms of the slab and

Tunneling Microscopy (STM). When trying to compare total-

clusters were allowed to relax, except those on the outmost layer on

energy calculations with experiments, one has to keep in mind the clean side of anatase T{@01). The force threshold for the

that kinetic effects can prevent lowest-energy configurations to

form and lead to kinetically limited structurésWithin this

caveat, the experimental results agree well with the theoretical

predictions.
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optimization was 0.05 eV/A.
To estimate the adsorption energies, two different expressions were
consideretf43

ds__
E?/Ins_ - (EMn/TiOZ - ETio2 —Ew)

E§A0:= —(Burio, ~ Erio, — NEW)/N

in which Ey, /TiO; is the total energy of the interacting,vhetal cluster

+ TiO, support;Erio, is the total energy of the clean TiGlab;Ey,, is

the total energy of the metal cluster in its most stable gas-phase
conformationt?52 and Ey is the total energy of a single metal atom.
Clearly, E2% = E*" for n = 1; for dimers and trimers* represents

the adsorpr"[ion (onr desorption) energy of the cluster as a whole while
Eﬁ,?h is the average adsorption energy per atom.

2.2. Experimental Details.The experiments were carried out in an
ultrahigh vacuum (UHV) chamber (base pressure of less thail @ 1°
mbar) equipped with experimental facilities for low-energy electron
diffraction (LEED) and scanning tunneling microscopy (STM). The
anatase single crystal, a natural mineral sample, was cléaséd by
repeated cycles of Arion bombardment (1 keV) at room temperature
and annealing at 866900 K. Surface cleanliness was probed with X-ray
photoelectron spectroscopy (XPS) in a separate UHV chamber. A well-
defined (1x 1) LEED pattern was observed on the clean surface. The
STM experiments were carried out using an Omicron UHV-STM-1 at
room temperature. All STM images were recorded in constant current
mode at a positive sample bias in the range 1 to 2.2 V and with feedback
currents between 0.3 and 3 nA. Electrochemically etched W tips,
cleaned by argon sputtering and by applying voltage pulses during
operation, were used in the STM.

Electron irradiation was performed with a thoroughly outgassed low-
energy electron gun. The electron beam was rastered across the surface
with a current density of~7.7 x 10% electrons/crrs and had an

(50) Baroni, S.; De Gironcoli, S.; Dal Corso, A.; Giannozzi, P. Quantum-
Espresso, http://www.democritos.it.

(51) Vanderbilt, D.Phys. Re. B 1990 41, 7892.

(52) Xiao, L.; Wang, L. CJ. Phys. Chem. 2004 108 8605.
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Figure 1. Calculated structures of (a) clean terrace, (b) O vacancy, (c) step D-(112), and (d) step B-(100) at anata8#&)E@faces. The Ti atoms are

in gray, and O, in red. This notation is used throughout this paper. (e) STM image of a clean anatase (101) surface with the atomically resokred structur
shown in the inset. The bright protrusions located on the bright@vs indicated by white circles are tentatively assigned to hydroxyl groups, and the dark
features indicated by black circles are probably impurities.

electron energy of 300 eV. Pt and Au were vapor-deposited on the density of 1.5x 10 Pt atoms per cAand an Au(111) packing density
well-ordered (sputtered and annealed) and e-irradiated anatase (101pf 1.39 x 10'> Au atoms per crh

surfaces at room temperature. The pressure during metal deposition

remained below 6« 10~ mbar in the UHV chamber. The deposition 3. Results

rates of Pt and Au were & 10°% A:s? and 4 x 10* A-s,
respectively. The deposition rates of both metals were initially calibrated

with a quartz-crystal microbalance and cross-checked by depositing . .
small amounts of both metals on a rutile F(@11) crystal, which is exposes both fully saturated 3(6)-fold O(Ti)sdTiec), and

easier to handle experimentally than anatase (101). Quoted coverage§O0rdinatively unsaturated (cus) 2(5)-fold O(Ti)2Jisc),
are based on a statistical analysis of cluster densities and heights2{0mMs. In the optimized structure,QOs) atoms are displaced
measured with STM. The height of the clusters on the terraces was inward (outward) by~0.08 (~0.2) A with respect to their bulk-
measured from the top of each cluster’s cross sectional profile to its truncated positions, while 34(Tiec) atoms are displaced inward
base; for clusters at the step edges their height was measured to théoutward) by~0.15 (~0.2) A52 The partially reduced surface
lower terrace. The width of the clusters was measured on the cluster’s (Figure 1b) was modeled by removing a bridging &om from
profile cross-section at mid-height level taking STM tip convolution a (2 x 2) surface supercell (vacancy coveragé/4 ML). This
effect into account. The concentration of deposited Pt is given in
monolayer equivalents (ML), which corresponds to a Pt(111) packing (53) Lazzeri, M.; Vittadini, A.; Selloni, APhys. Re. B 2001, 63, 155409.

3.1. Anatase TiQ(101): Terraces, Steps, and Oxygen
Vacancies. The anatase Tig)101) surface (see Figure la)

372 J. AM. CHEM. SOC. = VOL. 130, NO. 1, 2008
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The Pt atoms are dark blue, and Au atoms are yellow.

f dtoh f ti f4.81 eV luated Table 1. Calculated Structural Parameters (in A) and Adsorption
was tound 10 have a rormation energy of 4. eV (evaluate Energies (in eV) of Pt and Au Monomers at Terraces, Step

with respect to @in the gas phase) and gives rise to important D-(112), Step B-(100), and O Vacancy of Anatase TiO2(101)

local structural relaxations: the neighboringcknd Tic atoms, Surfaces?

which become five- and fourfold Ti (Jisc and Ti-a40), M-O  M-0Op M=Ti E figure

respectively, are relaxed inward by0.2 A, while the exposed Pt  TiO(101) 2.044 2.044 2,780 220  Figure 2a

subsurface @ is relaxed outward by-0.2 A. Test calculations step D 2101 2117 2443 268  Figure 2c
; i step B 2.007 2.006 2.643 274 Figure 2e

using a (2x 3) surface cell gave very similar results both for O vacancy 2405 471  Figure 5a

the relaxed structure and for the vacancy formation energy (4.71

eV, 1/6 ML). The structure and energetics of steps on anatase Ut~ 110(101) ~ 2.358 2747 0.25 = Figure 2b

. . . step D 2.030 2004 2830 0.78 Figure 2d
(101) have been described in detail recefflffhe two most step B 2024 2.025 1.07  Figure 2f
stable steps, shown in Figure 1c and d, expose undercoordinated O vacancy 2.548 3.16  Figure 5d

T?SC and Q. atoms, similarly to the (1.01) terrace;. The step in a2 M indicates the metal (Pt or Au) atom, and0,¢*, and Ti are the
Figure 1c, whose computed forma_‘t'on energy is 0.04 e\_//A_' O and Ti atoms the metal atoms directly bihdingcwithc. In the case of steps,
occurs at the two nonparallel sides of the characteristic O, and Q¢ refer to the O atoms at upper and lower terraces, respectively.
trapezoidal islands on the (101) surface. It exposes a(TiQ)
facet and will be called D-(112). The step in Figure 1d, with a (101) surfaces; we thus have resorted to creating them by
formation energy of 0.10 eV/A, is the longer of the two parallel electron bombardment (see below).
sides of the islands. It exposes the low-index anatasg(T0) Also marked on Figure 1le are the two types of step edges
facet and will be called B-(100). considered in the calculations. The structure of step D-(112) is
Figure 1e shows an experimental STM image of the clean consistent with the computed one (Figure 4c)lometimes,
surface prior to metal deposition. In empty-states STM images additional bright adsorbates are located along these step edges.
Oz are typically observed as bright atoms, with an elliptical Step B-(100) appears with two terminations of roughly equal
shape slightly elongated toward the neighboring. Tihe exact occurrence. The straight parts are consistent with the unrecon-
appearance of atomically resolved STM images is a strong structed step edge in Figure 1d. Other parts are decorated with
function of bias voltage and tipsurface separatiott.Various additional features that have axl 3 periodicity. We tested
types of defects are present on the surface. The bright featuresyhether these periodic features could possibly be ordered arrays
(marked with white circles) located on the oxygen rows are most of water molecules or hydroxyls, as our previous work has
likely hydroxyls, typically 0.7 A higher than thefrows. The shown that step edges are quite reactiidowever, purposely
dark features (indicated by black circles) are of unknown origin. exposing the surface to water/heating the sample in oxygen did
Sometimes we observe that they become covered by a brightemot lead to addition/removal of these features. A step edge
atom (a hydroxyl group) in consecutive scans. We suspect thatreconstruction, or added Ti@eatures that grow at the step edges
these are impurities of the anatase mineral sample. Theirduring our sputtering/annealing preparation procedure, appears
concentration is below the detection limit of XPS, but a to be a likely cause for these features, which was not considered
reasonable guess of their identity would be alkali or alkali earth in the calculations.
atoms. These are common impurities in natural anatase minerals 3.2. Calculations of Pt and Au adsorption on ter-
and segregate to the surface upon annealing; K atoms appearaces and steps of stoichiometric anatase Tig101).
as dark spots in empty-states STM images ofsTi@ile (110)5° 3.2.1. Pt and Aus. Our results for the adsorption of single Pt
The density of oxygen vacancies is low on well-annealed anataseand Au atoms are summarized in Figure 2, showing the
optimized structures, and Table 1, providing relevant structural

8&‘3 E%Z'egﬁnt cﬁj,l?r;‘:]”bé O Inpreparaion, @z He Haycock, 5. A; Parameters and adsorption energies. The preferential adsorption
Dhanak, V. R.; Thornton, GSurf. Sci.2005 583 L147. ' site for a Pt atom on “flat” anatase Ti(101) is a highly

J. AM. CHEM. SOC. = VOL. 130, NO. 1, 2008 373
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L Ll M =
Figure 3. Calculated structures of adsorbed Pt/Au dimers at (a)/(b) terraces, (c)/(d) step D-(112), and (e)/(f) step B-(100) of anéi@de JiEfaces.
coordinated site in between two,{and close to two Ei and Table 2. Calculated Structural Parameters and Adsorption

: : : Energies of Pt and Au Dimers at Terraces, Step D-(112), Step
tv,vo Tiec surface atoms, with average ;e and .Pt_TI B-(100), and O Vacancy of Anatase TiO,(101) Surfaces?
distances 0f~2.04 and 2.78 A, respecitively (see Figure 2a).

—| — _Ti ds ohg:
The high coordination of the adsorbed Pt indicates a strong : MM M0, ML B Eﬁﬂzf'.g“re
interaction with the anatase surface. Indeed, the adsorption Pt TiOz(101) 2.640 2.049 2.726 1.87 2.52 Figure 3a

energy is quite large, 2.20 eV. At variance with Pt, the Au atom igg g 2.659 22 '011030 22 5815 22 1312 22 '67:1 ,:Fi'gguur;egg
prefers to sit~ 2.75 A above a single 3i, the closest oxygen Ovacancy 2.515 2001 2544 452 3.84 Figure 5b
being a nearby & at a distance 0f-2.36 A (see Figure 2b). Ay, TiO(101) 2493 2082 2983 098 1.68 Figure3b
This structure suggests that the interaction of; Awith the step D 2.499 2100 2852 1.06 1.71 Figure3d
anatase surface is weak, consistent with the calculated adsorption step B 2.486  2.082 1.02  1.68  Figure 3f

energy of only 0.25 eV. Altogether, our calculations for;Au Ovacancy 2.710 2.623 241 247 FigureSe

TiO2 and PY/TiO; are in agreement with previous theoretical  afor the Pt dimer, M-O,c and M—Ti are the average distances between
studies?~4 Interestingly, our computed Aladsorption energy the two Pt atoms of the dimer and their closet O and Ti atoms, respectively.
is also similar to the values obtained in recent theoretical studies0r the Au dimer, M-Ozis the length of the single AtO bond and M-Ti
. A . is the distance between the terminal Au without direct contact with the

for a gold monomer on the stoichiometric rutile L{@10) surface and the nearest Ti.
surface?®3%We notice, however, that the;Rtdsorption energy
on stoichiometric anatase Ti(101) obtained in refs 43 and 44  adsorbs more strongly at step D-(112) than on a (101) terrace,
(2.8 eV) is somewhat higher than our value of 2.2 eV, which the adsorption energy change for & relatively much less
may be due to the different surface cell and GGA functional important than that for Au This suggests that D steps should
used in the current work. have a much more important role in the adsorption of Au than

At step D-(112), Rtbinds to two Q, both at distance of in that of Pt atoms. At the B-(100) step, the Au monomer binds
~2.1 A, one at the step edge and the other on the terrace belowwith two O, (at distances of~2.0 A) and has almost no
and with one Td; on the lower terrace (Figure 2c). The—Pt interaction with Ti atoms (see Figure 2f). The calculated
Tisc bond length,~2.44 A, is much shorter than the -PTis. adsorption energy for Ay 1.07 eV, is much higher than the
distance on the (101) terrace, which may explain why the Au adsorption energy on (101) terraces and also about 40%
calculated adsorption energy at step D-(112), 2.68 ex28% higher than that at step D-(112).
higher than that on the terrace (2.20 eV). A similar adsorption  In general, by comparing the adsorption of Bhd Au on
energy, 2.74 eV, is found also at the B-(100) step, where the Pt(101) terraces and steps, we can conclude that, while steps are
atom binds with two @; (bond lengths of~2.0 A), one at the favored for the adsorption of both metal monomers, the step
step edge and the other on the lower terrace, and tyd@ond promotion effect is more significant for Adhan for Pi.
lengths of~2.6 A) (see Figure 2e). 3.2.2. Pt and Au,. The most stable adsorption structures of

Similarly to P&, a Au monomer at step D-(112) also binds Pt and Au dimers are shown in Figure 3, while structural
to two Oy, one at the step edge and the other on the lower parameters and adsorption energies are reported in Table 2. For
terrace, and to the terracesJatom as well (see Figure 2d). Pt on the flat anatase (101) surface (Figure 3a), one of the Pt
However, surface atoms are found to rearrange significantly atoms of the dimer is at almost the same site as a single Pt
upon Au adsorption; the terraces0atom binding with the Au while the other Pt atom binds with both the first Pt (Pt
monomer actually breaks the bond with thecThelow. The distance of~2.64 A) and three surface Ti atoms {Ffi
average Au-O,. distance is about 2 A, while the AtTis. distances of-2.7 A). The adsorption energy per Pt atdEﬁ‘,’zh
distance is 2.83 A, similar to that on a terrace. TheiAu = 2.52 eV (see Table 2), is higher than that of a Pt monomer
adsorption energy at step D-(112), 0.78 eV, is much higher than (2.20 eV), indicating that a second Pt atom arriving on the
that, 0.25 eV, on a terrace, indicating that step D-(112) is much surface prefers to bind to an already adsorbed Pt atom rather
more favorable for Auadsorption. Note that although;Rilso than to a surface site far away.
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Table 3. Calculated Structural Parameters and Adsorption

Energies of Pt and Au Trimers at Terraces, Step D-(112), Step
B-(100), and O Vacancy of Anatase TiO,(101) Surfaces?

M-M  M-O  M-Ti  Ef B figure
Ptz TiO»(101) 2.496 2.061 2.672 275 294 Figure4a
step D 2.653 2103 2.639 245 2.84 Figure4b
step B 2599 2045 2751 261 2.89 Figure4c
Ovacancy 2.629 2153 2.621 505 3.71 Figure5c
Auz TiO(101) 2.617 2.049 1.63 1.79 Figure 4d
step D 2.611 2.051 1.87 1.87 Figure 4e
step B 2.606 2.038 1.82 1.85 Figure 4f
2.617 2.061 1.79 1.84 Figure 4g
Ovacancy 2.559 2770 3.10 2.30 Figure5f

aM~—M is the average PtPt or Au—Au bond length. For the Pt trimer,

M—0,. and M—Ti are the average distances between the trimer atoms and
corresponding surface atoms they bind to. For the Au trimer, only average

@ A4

Figure 4. Calculated structures of adsorbed Pt/Au trimers at (a)/(d) terraces, (b)/(e) step D-(112), and (c)/(f, g) step B-(100) of anét@d¢ Judaces.

i

Comparison of our Agpladsorption/desorption energﬁ’f:in
Table 2) to recent calculations for gold clusters on stoichiometric
rutile (110) shows good agreement with the results of ref 30
(see also ref 56), whereas the 2adhesion energy reported in
ref 23 appears to be substantially smaller.

At step D-(112), one Pt of the Rdimer has a position similar
to that of Pt in Figure 2c, while the other Pt binds with the O
atoms at the step edge and terrace and thealithe edge (see
Figure 3b). The PtPt distance,~2.66 A, is close to that on
the (101) terrace, and the computed average adsorption energy
per Pt atom, 2.74 eV, is only slightly higher than the adsorption
energy, 2.68 eV, of Rt step D-(112). For Ay the optimized
structure at step D-(112) is similar to that on the (101) terrace
(see Figure 3d). In particular, also at step D-(112) Adsorbs

Au—0O2 (Au—Ti) bond lengths are given for structures at stochiometric mainly through one At-O,c bond, and it interacts with other

surfaces (O vacancy).

Unlike Pt, the gold dimer interacts with the (101) surface

mainly through a single, rather short (2 A) Au—O,. bond
(see Figure 3b). The AuAu bond length is~2.49 A (vs 2.497
A in gas phase). The average adsorption energy per Au atom, Results for Ptand Ay adsorption at step B-(100) confirm
E}f,,":= 1.68 eV, is much higher than that of AuThis increase

originates from the AdrAu interaction and indicates a strong
tendency for this metal to form aggregates on the surface. (56) Chretien, S.; Metiu, HJ. Chem. Phys2007, 127, 149902.

surface atoms very weakly. The Adu distance,~2.50 A, is
almost identical to that of the dimer on the (101) terrace, and
the adsorption energy per Au atom, 1.71 eV, is very similar as
well.

that Pt interacts much more strongly with the surface than.Au

J. AM. CHEM. SOC. = VOL. 130, NO. 1, 2008 375



ARTICLES Gong et al.

In fact, Pt is dissociatively adsorbed at the B-(100) step edge terrace, at step D-(112) and at step B-(100), respectively. The
(see Figure 3e), and the average adsorption energy per Pt atomhigher adsorption energy for fon terraces than at steps can
2.64 eV, is even slightly smaller than that of a Pt monomer be also attributed to the different, 3D vs 2D, structure for the
(2.74 eV). Thus formation of a Pt dimer is unfavorable at step two cases.
B-(100). By contrast, the two Au atoms of Aare strongly The most stable Agstructures at terraces and steps are shown
bonded together at step B-(100), and,Aorms only one bond in Figure 4d-f (at step B-(100), two structures with very similar
with a surface @. at the step edge, similar to the case on a stabilities are found). In all cases Auakes a triangular
(101) terrace and at step D-(112). The average adsorption energgonformation, in which two Au atoms bind with two surface
per atom, 1.68 eV, is also similar to that of the Au dimer at O, and the third Au atom sits above the first two and has no
other sites. contact with the surface. The structural parameters{Au and
3.2.3. Pg and Aus. For Pt and Au trimers, the most stable Au—O,. distances) and adsorption energies for the adsorbed
adsorption configurations are shown in Figure 4, while structural trimers are also very similar in the various cases.
parameters and adsorption energies are given in Tables3. Pt  3.3. Calculations of Adsorption on the Partially Reduced
adsorbed on the flat (101) surface takes a triangular configu- Anatase (101) SurfaceThere is experimental evidence that
ration with nearly identical PtPt bond lengths 0f~2.50 A the concentration of surface oxygen vacancies on anatase TiO
(Figure 4a). Only two Pt atoms of the trimer form bonds with  (101) is significantly lower than on the more extensively studied
the surface. The average adsorption energy per Pt atom, 2.94utile TiO, (110) surfacé’ This is supported by the calculated
eV, is 0.74 and 0.42 eV higher than that of the monomer and vacancy formation energy of 4.81 eV, about 1 eV higher than
dimer, respectively. This indicates that three-dimensional (3- that on the rutile (110) surfad&>39Still, it is interesting to study
D) growth of the clusters is favored on (101) terraces. Similar the adsorption of metal clusters at vacancy sites of anatase TiO
results hold also for Au(see Figure 4d), with an average (101) in order to obtain a comprehensive understanding of the
adsorption energy per Au atom, 1.79 eV, 0.11 eV higher than role of different surface sites in the nucleation and growth of
that of supported Au Our results for the gold trimer on the  supported metal particles.
anatase surface are also qualitatively similar to those far Au  The most favorable adsorption structures of Pt and Au
on rutile (110) (see, e.g., refs 23 and 30). monomers, dimers, and trimers on partially reduced anatase
By contrast, the most stable structure for gdPuster at step (101) are presented in Figure 5, and their structural parameters
D-(112) (see Figure 4b) is a “lying” (or “2D”) structure. This  and calculated adsorption energies are listed in Tabte3. 1
can be obtained by adding an extra Pt atom to one side of theFrom these results, we can see that a single Pt atom prefers to
dimer shown in Figure 3c; the extra Pt atom is also bonded adsorb at the position of the missing«@and binds to the two
with Tisc and Q¢ atoms on the lower terrace. The distance neighboring Tj—sc and Ti—4c only, with bond lengths of-2.46
between the extra Pt and the Pt it attaches to is 2.62 A, while and 2.34 A, respectively. The computed adsorption energy, 4.71
that between the other two Pt atoms is 2.68 A. A 2D structure eV, is much higher than the value obtained for the stoichiometric
for Ptz is also found at step B-(100), where all the three Pt atoms surface. When another Pt atom is added, the preferred structure
are directly bonded with Fi and Q. atoms at the step edge has the second Pt atom inserted in between the first Pt at the
(see Figure 4c). The PPt distances are 2.52 and 2.67 A. The vacancy site and one nearby, forming a linear structure,
Pt—Pt bond lengths for Rat steps are similar to those of dimers with Pt—Pt and PtO,. distances of~2.51 and 2.09 A,
at (101) terraces and steps but significantly longer than the Pt respectively (Figure 5b). The adsorption energy per Pt atom,
Pt bond length{2.50 A) for Pt on a (101) terrace. Indeed, Pt
atoms in the 2-D trimers at steps have stronger interactions with (57) ;Oe()”a“igv?%?%g Dotitek, Z.; Ruzycki, N.; Diebold, UJ. Phys. Chem. B
the surface than the Pt atoms in the 3-D clusters on terraces.(sg) wu, X.; Selloni, A.: Lazzeri, M.; Nayak, S. KPhys. Re. B 2003 68,
This difference is also reflected in the average adsorption energy s, 241402.

X . Rasmussen, M. D.; Molina, L. M.; Hammer, B.Chem. Phys2004 120,
per atom, which is 2.94, 2.84, and 2.89 eV fog &h a (101) 988.
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Table 4. Calculated Lowdin Charges (in €) of Each Pt (Au) Atoms

in the Adsorbed Pt (Au) Trimer at Terraces, Step D-(112), Step (@) 70 x 70 nm?%; 1.7 V; 0.5 nA
B-(100), and O Vacancy of Anatase TiO»(101)2 v e - 0.008 ML
A

Pt, Pt, Pt. figure Au, Auy Au figure

(101) 0.99 0.99 0.69 Figured4a 0.06 0.06 0.12 Figure 4d
D-(112) 1.02 1.03 0.97 Figure4b 0.07 0.04 0.16 Figure 4e
B-(100) 1.11 1.05 1.01 Figure4c 0.07 0.08 0.14 Figure 4f
Ovacancy 0.96 0.94 0.78 Figure 5c 0.610.15 —0.04 Figure 5f

a2 The specific atoms are labeled in the corresponding figures.

were tested. The preferred one turns out to be the 3-D
conformation shown in Figure 5c¢. By comparing the trimer and
dimer structures, we can see that the evolution from the dimer
to the trimer proceeds through the addition of a third Pt atom
above the dimer, giving rise to a triangular structure. At variance
with the triangular Rtcluster at terraces, shown in Figure 4a,
all three Pt atoms now bind with the surface via multiple- Pt

Ti and Pt-O bonds at the vacancy site. This may explain why
the average PtPt bond length (2.63 A) is relatively longer than
that at terraces (2.50 A). The calculated average adsorption
energy is 3.71 eV, which is still higher than that of trimers on
stoichiometric surfaces.

The adsorption of Ay(n = 1—3) clusters on partially reduced
anatase Tig(101) has been studied by our group a few years
ago?? In the present work, we confirmed those results by
repeating the calculations for some key structures (see Figure
5d—f). On the partially reduced surface the Aaluster is almost '
linear, at variance with the structures of Aat terraces and
steps. As for the Rtlusters, the calculated adsorption energies
for Au, at the vacancy site are much higher than those for the
stoichiometric surfaces. For example, the Au monomer, which
binds to a single Ti-4 at the vacancy site, has an adsorption
energy as high as 3.16 eV, indicating that Au preferentially
nucleates at vacancy sites.

3.4. Calculation of Charge Transfers between the Sup-
ported Metal Clusters and the Anatase Surfaceln an attempt
to elucidate the origin of the enhanced activity of oxide- S, o aa S
supported metal catalysts, it has been proposed that an importan 0 8 16 24 32 40 48 56
role is pIayeo_I by the c.herge state of the supported metal Distance (A)
clusters?® In this context, it is interesting to determine how the Figure 6. (a) Overview STM image of a sputtered/annealed anatase(101)
charge state of the cluster changes at different adsorption siteSsyface after deposition of 0.008 ML of Pt. (b) Smaller-scale STM image
For this reason we have calculated the Lowdin charges of the with 0.004 ML Pt on anatase (101). The inset and line profiles at the bottom
metal atoms i the supported Pt and Au fimers on diferent S 7L e 8 368 S0 7 TR o e e s
surfaces (see Table 4). Lowdin charges (obtained by Integratlngclusters in the anarged areds-i{i) are tentatively assigned as a (i) Pt
the electronic density of states projected onto atomic stateSmonomer, (i) Pt dimer, and (iii) Pt trimer.
centered at the various atoms) are not quantitatively meaningful,
but trends in their relative values provide useful qualitative transfer from the vacancy to the cluster can occur. By contrast,
information. We can see that, compared to stoichiometric (101) While the charge distributions for Awat steps and terraces are
terraces, steps and O vacancies affect the charges of Pt and Ayery similar, O vacancies have a remarkably strong effect on
trimers in very different ways. Ptadsorbed at steps is the charge distribution and change the overall charge of the Au
significantly more positive than that on (101) terraces, whereas, cluster from positive{0.24e on a terrace) to negative-0.18
somewhat surprisingly, there is no significant change in the total €); i.€., the negative charge is transferred from the vacancy to
charge when Rtis adsorbed at an O vacancy. This suggests the cluster. This result suggests that the properties of Au clusters
that the (occupied) electronic states associated to the oxygernvould be very sensitive to the nucleation site, and small clusters
vacancy are lower in energy than the lowest available (i.e., at O vacancies may exhibit quite different properties compared
empty) states associated to the Pt cluster, so that no chargdo those at terraces and step edges.

3.5. STM of Pt Deposited on Anatase (101igure 6 shows
(60) Wang, J. G.; Hammer, Blop. Catal.2007, 44, 49. STM images of the sputtered/annealed surface after deposition

Height (&)
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Figure 7. STM images after irradiation with 300 eV electrons at fluences of (a)41', (b) 6.8 x 106, and (c) 1.4x 10' e/cn?. Oxygen vacancies
are marked with black circles. The images in-lshow the surfaces from {ec), respectively, after vapor-depositing Pt with coverages of (d) 0.002 ML
and (e, f) 0.004 ML.

of small amounts of Pt (0.0640.008 ML). Pt clusters appear (2.5 A high anl 5 A wide) is shifted closer to the &irows (in
to be homogeneously distributed on the surface. A statistical the downward direction from atomic rows in the STM images).
evaluation (not shown here) indicates that the clusters’ height We tentatively assign this cluster as a dimer. The next bigger
increases with coverage, which is characteristic for 3D cluster cluster in this seriesii() appears as 2.7 A high dr8 A wide
growth® The Pt clusters at terraces in Figure 6b a&3-5.7 and is now clearly elongated along the rows; this might be a
A high and~5—14 A wide; larger clusters are elongated along flat-lying trimer. The calculations (Figure 4a) predict that, in
the [010] direction. The wide size distribution indicates nucle- the lowest-energy configuration, the third Pt atom is located
ation of the Pt clusters at special surface sites; it is difficult to above the first two Pt atoms. In addition to these flat trimers,
determine the reason(s) for nucleation at the terraces experi-we do observe clusters that have a width that is in between
mentally. We can exclude the black impurity spots as trapping those of the flat dimers and trimers but with a larger height; for
sites as these often remain unpopulated next to clusters. Theexample, the cluster located close to step B, marked with a blue
clusters are fairly stable and immobile under the tunneling line, sits 3.3 A above the terrace. Note that this cluster is now
conditions given in Figure 6. When purposely increasing the centered on top of an £ row, which would indicate that
sample current to 3 nA, some clusters could be removed (notdifferently shaped trimers have different nucleation sites.
shown here). The undisturbed lattice became visible, with no  Although some bonding occurs at step edges, there is no clear
apparent special site at the former position of the cluster. How- preference for steps as nucleation sites. Kinks, however, are
ever, an adsorbate that was originally responsible for a clusterquite frequently populated (arrows in Figure 6b). Many clusters
to nucleate at that site may have been swiped away as well. next to step edges are located at the upper terrace (see the line
It is generally hard to determine the exact size of very small profiles of the Pt clusters shown in Figure 6b). Nucleation at
supported clusters with STM because of tip convolution and an upper terrace is often considered an indication for a high
electronic structure effects, which affect their width and apparent SchwoebetEhrlich barrier that prevents the atoms from step-
height, respectively, in atomically resolved STM images. The ping down toward the lower terrace.
assignment of small clusters (Figure 6) was based on the It is well-established that irradiation of TiQwith electrons
observation that the smallest clusters had a similar (monoatomic)causes the desorption of oxyg¥rthe resulting oxygen vacan-
height and showed a monotonic increase in width, and by cies have started to be investigated with STM only receftly.
registry of the clusters with the anatase lattice. The three panelsFigure 7a shows the effect of electron irradiation on anatase
(i—iii) at the right side of Figure 6b show some of the smallest (101). Bright spots (marked as dark circles in Figure 7) appear,
clusters that were observed, the black/faint blue lines in the which are slightly offset from the rows. The density of these
images marking the registry with the,&atoms along the [010])/  bright spots increases with electron fluence (see Figurecy.a
[101] directions. The smallest cluster (2.3 A high and 3.5 A The appearance of @ as bright spots is in agreement with
wide) marked with i) is then tentatively attributed to a Pt Tersoff~-Haman calculation® The Pt cluster density and size
monomer. Its center is located at the rows gf &oms, slightly are similar to those for the clean, annealed anatase (101) surface
shifted toward the neighboring sti Its maximum is located on ~ (compare Figures 6b and 7d); somg,{sites remain unoc-
top of an Q¢ site. The center of the next biggest clustgy (  cupied, even if they are located in the immediate neighborhood

(61) Chen, D. A,; Bartelt, M. C.; Hwang, R. Q.; McCarty, K. Surf. Sci200Q (62) Finazzi, E.; Di Valentin, C.; Selloni, A.; Pacchioni, G.Phys. Chem. C
450, 78. 2007, 111, 9275.
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Figure 8. STM images for (a) 0.009 ML and (c) 0.06 ML Au on the anatase (101) surface prepared by sputtering and annealing as in Figure le. (b) and
(d) Line profiles of 3D clusters on the terraces and the step edges.

of an existing cluster. This is also true for higher electron cut across the fast diffusion directiéh®3For the anatase (101)
dosages (Figure 7c and f), where the surface becomes visiblycase, we expect that motion will occur more readily along the
damaged. A closer analysis of the location of small clusters [010] direction, parallel to the £ rows, providing for a metal
shows a higher propensity for the smaller clusters being centeredflux toward the type D-(112) steps. As has already been seen
on O, rows, however. For example the two clusters pointed for Pt, kink sites distinguish themselves as positions where large
out in red and blue in the inset of Figure 7e are probably trimers clusters are present at smaller coverages.
that have nucleated at an,osite. Oxygen vacancies have a marked effect on the growth of Au
3.6. STM of Au Deposited on Anatase (101)igure 8 shows on anatase (101) (see Figure 9). The Au coverages and image
STM images of the annealed surface with increasing Au sizes in Figures 8c and 9b are similar, yet the cluster size and
coverage. Imaging Au-covered surfaces was challenging, pos-distribution are strikingly different. The clusters on the electron-
sibly due to mobile Au that is present at the surface at room irradiated surface in Figure 9 are much smaller and scattered
temperature. The clusters grow in size, frer8.2—4.3 A high across the whole terrace, with very few located at the step edges.
and 4-10 A wide in Figure 8a to clearly three-dimensional in  For lower coverages very small clusters are observed that are
Figure 8c. The growth behavior is more 3D-like than that for located at the @ rows (Figure 9a, blue circle in the inset); we
Pt (compare Figures 6 and 8). A few clusters nucleate at terracetentatively assign these as Au monomers at vacancy sites. A
sites, but it was difficult to determine their exact size and registry similar effect has recently been observed for Au/rutile (1280);
with the anatase lattice. At variance to the behavior of Pt, where Au nucleated at terraces on a reduced surface, and on a
however, a clear preference for nucleation at step edges issurface where O adatoms were created by exposure of the
observed. Interestingly, steps D-(112) are more populated with reduced surface to molecular oxygen. When the oxygen vacan-
clusters than type B-(100) steps. The total energy calculationscies were saturated with surface hydroxyls, Au nucleated
do not predict such a behavior; it is likely that kinetic effects preferentially at step edges. A comparison of the results of
are the reason for this preference. For oxide systems with
anisotropic diffusion, clusters tend to nucleate at step edges that63) Dulub, O.; Boatner, L. A.; Diebold, Usurf. Sci.2002 519, 201.
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(a) 40 x 20 nmZ; 1.6 V; 1.3 nA

favored, but dimers at steps are essentially as stable as those
on terraces. The stability of the dimers comes indeed from the

strength of the AwAu bond, as suggested also by the
characteristic adsorption structures, where only one Au atom
interacts strongly with the surface.

Turning next to trimers, our calculations indicate that Pt
prefers to take a “standing” (or “3-D”) conformation on (101)
terraces, while at both steps D-(112) and B-(100) it stretches
along the edges forming 2-D structures. Interestingly, the
calculated Rtadsorption energy turns out to be higher at terraces
than at steps, likely because the strong Pt interactions are

i . better optimized in the 3D structure at terraces. Therefore,
®) > 0 nm? 1.5 V; 0.8 p, although steps have a slightly stronger affinity than (101)
‘ y s 2N terraces for Pt monomers and dimers, they actually seem to be
€ . less favorable for the growth and adsorption of bigger
clusters. In other words, larger Pt clusters prefer to have a
3-D conformation and to be located on terraces. This is
consistent with the STM observation that Pt clusters are largely
located on (101) terraces and do not show any preference to be
at steps.

Unlike Pt trimers, Ay clusters are predicted to have similar
3-D structures at terraces and steps. Adsorption at steps is only
slightly favored compared to adsorption on terraces, as the
cluster stability is essentially determined by -A8u and not
by Au—surface interactions. Thus, while Au nucleation (mono-
mer adsorption) at the steps is strongly preferred with respect
to adsorption at (101) terraces, our computed adsorption energies
suggest that Au clusters may not remain at the steps during
growth. On the other hand, experimentally, nucleation at defects
in combination with a distribution of nucleation sites leads to a

o . ) o range of cluster sizes even for the smallest coverages. This
Figure 9. STM images of the electron irradiated surface (300 eV,x.4 . . . .
10'7 e/cn) after deposition of (a) 0.005 ML (b) and 0.06 ML of Au. Circles prevents us frqm following the predicted change in _Slte
in (a) indicate oxygen vacancies (black) and Au monomers (blue) and larger preference that is expected from the total-energy calculations.
Au clusters (red). The STM results are very much in line with the larger

adsorption energy of Pt as compared to Au. Smaller Pt clusters

Matthey et al. and the data shown here suggests that they i 5 less pronounced 3D growth are observed for comparable
nucleation behaviors are similar on the two Fiblymorphs. a5 coverages on similarly prepared surfaces. Pt clusters as
small as monomers are observed. Our images suggest that their
position is on top of a @ site (Figure 6b(i)) rather than in

Our STM results not only confirm many of the theoretical between two @ atoms (Figure 2a), probably because monomers
results but also point out the difficulty of directly comparing are not stable on the nondefective surface at room temperature
total-energy calculations of various adsorbate configurations and the ones that are observed are trapped at special nucleation
with growth experiments, where surfaces are even more sites. The position of dimers (Figure 6b(ii)) is consistent with
inhomogeneous than the well-defined defects considered herethe calculations. For Pt trimers various configurations are
and kinetic effects play a role. observed, possibly again because of different nucleation sites

Our calculations show that single Pt and Au atoms have (Figure 5a). Au grows in much larger clusters starting from the
higher adsorption energies at B-(112) and D-(100) steps thansmallest coverage; thus the preference for different adsorption
on the (101) terrace. For Pt, the adsorption energy increase asites could not be tested on the well-annealed surface. The
the steps is just about 20%, but for Au the increase is by a influence of step edges is much more pronounced than that for
factor of 3-4, from as low as 0.25 eV on the terrace to 0.78 Pt.
and 1.07 eV at step D-(112) and B-(100), respectively. When a  Although the concentration of O vacancies on well-annealed
second metal atom is adsorbed on (101) terraces, the formatioranatase Tig(101) is quite lows” both the calculation and the
of dimer species is always favored with respect to the adsorptionexperimental results show that they still play an important role
of separate monomers. This is especially evident for Au but in the nucleation and growth of metals on the (101) surfaces.
holds also for Pt. At the steps, the behaviors of Pt and Au In fact, P§ (Aup) clusters adsorbed at O vacancies are more
become somewhat different. For Pt at the steps, dimer specieghan 2 (1) eV more stable than the corresponding clusters on
are only marginally more stable at step D-(112) or even slightly stoichiometric surfaces, according to our calculations. This
less stable at step B-(100) than separate monomers, even thougbuggests that whenever O vacancies are present on the surface,
adsorption at the steps is still somewhat preferred with respectthey will become the preferred nucleation and growth sites for
to adsorption on terraces. For Au, dimerization is always the metal clusters. The experimental results show a striking

."."‘. '_ ’
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4. Discussion
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difference between Au and Pt on surfaces with purposely created5. Summary
O vacancies: whereas the Pt cluster sizes and distribution are
hardly affected, the influence of vacancies on Au is very ) ) ) )
pronounced and Au clusters as small as one atom were observedt @nd Pt clusters, including monomers, dimers, and trimers,
at room temperature. A strong influence of surface oxygen 2dsorbed at regular and defect sites of the anatasg(T00)

vacancies on Au cluster nucleation and distribution has been Surface. In combination with these calculations, we have carried
also observed in a recent STM study of gold on the rutile;TiO out room-temperat_ure STM measureme_nts of both well ordered
(110) surfacé? and electroq-lrrad|ated surfapes on whlch Au and _Pt clust_ers
were deposited by evaporation. Calculations predict 3D-like
growth of both Au and Pt clusters at clean terraces, which is
confirmed by experiment. DFT calculations also indicate that

suppressed wheEs> Et, even if more stable adsorption sites steps and O-vacancies have higher adsorption energies and may

are present. For instance, Pt clusters, which have large adsorptior’?Ct as ngcleaﬂon. sites for Au and Pt growth. These r,eS“'tS are
energies on stoichiometric terraces, hardly diffuse toward other only partially confirmed by the STM measurements, which S,hOW
more stable adsorption sites, such as O vacancies or steps. Fotpat steps or! clegn anatase 7((01), as \{vell as O vacancies
Au monomers and dimers the adsorption energy on stoichio- on electron-_lrradlated surfaces, are highly favored by Au
metric terraces is weak (less than 1 eV): thus they easily diffuse C/USters, while Pt clusters do not show any preference for
to steps and O vacancies, where the adsorption is stronger. Fofrowing at _these sites. Both_ energetlc_s and kinetics influence
Au clusters, the role of surface morphology is also evident. On the nu<_:leat|on and aggregation behavior of the metal clusters.
the stochiometric surface, Au clusters are numerous at step! Particular, weakly bonded clusters (Au clusters on clean
D-(112) because diffusion is facile along [010]. Cluster adsorp- t€rraces, for example) are highly mobile, and kinetic effects tend
tion energies at step B-(100) are very similar; however this Stepto favor their aggre_ganon at sites with higher adsorption energies
is not favored because it runs parallel to the preferred diffusion through fast diffusion channels.

channel. Even though we observed the above effects at relatively
low T, it is possible that similar effects are also present in
sintering, one of the most important deactivation mechanisms
affecting the lifetime of metal supported cataly%t§>

We have presented DFT calculations of the structure of small

Our results also suggest that there is a threshgdf¢r the
adsorption energyEd9 of the cluster such that whe#ds <
E!, diffusion can easily occur. In contrast, diffusion is largely
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