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Abstract

The agglomeration behavior of 0.05 ML of Au deposited as Au+ at 1 eV impact energy on rutile TiO2(110) was

investigated by a combination of ion scattering, X-ray photoelectron spectroscopy (XPS), CO adsorption, and CO tem-

perature-programmed desorption (TPD). Samples were studied over the temperature range between 115 K and 800 K,

and on both near-stoichiometric UHV-annealed TiO2, and TiO2 with a high density of oxygen vacancies created by He+

bombardment. At low temperatures, Au is atomically dispersed, shifting into complexes with oxygen vacancies for

Tanneal around room temperature, and finally agglomerating into small clusters for Tanneal P 450 K. CO adsorbed

on dispersed atoms results in nearly 1 eV shift in the Au4f binding energy to higher energy, and CO desorption peaking

at 280 K. CO adsorbs more weakly on Au–vacancy complexes and on Au in clusters, as indicated by both TPD and

XPS. Comparisons with experiments depositing thermal Au, and implications for size-selected CO oxidation on

Aun/TiO2 are discussed.

� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The Au/TiO2 system has received a great deal of

experimental [1–5] and theoretical [6–9] attention

in the past few years, because it has been found
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to have unique catalytic properties that are

strongly dependent on the size/morphology of

the supported Au. In addition to size effects, activ-

ity of gold catalysts is sensitive to sample prepara-

tion and pretreatment conditions [10–14]. Most

information regarding size effects on catalytic

activity comes from TEM or STM characteriza-

tion, on catalysts or model catalysts with average
particle sizes in the nanometer range [1–3]. These

measurements suggest that catalytic activity for a
ed.
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variety of reactions peaks for particles of a few

nanometers diameter, and the particle size trends

suggest that activity for molecular scale particles

should be low. In contrast, Heiz and co-workers

showed that for CO oxidation on Aun/MgO pre-
pared by size-selected cluster deposition, activity

is significant for clusters containing as few as eight

atoms [15].

More recently, we studied room tempera-

ture CO oxidation on Aun/TiO2 prepared by size-

selected deposition on single crystal rutile

TiO2(110) [5]. Weak activity was found for clean

TiO2, attributed to reaction at oxygen vacancy de-
fects present on the surface at the 7–10% level.

Samples prepared by Au+ and Auþ
2 deposition are

far less reactive than clean TiO2, whereas samples

prepared by deposition of Auþ
n , n P 3 showed sub-

stantial activity, with strong dependence on depos-

ited cluster size. These experiments provide indirect

insight into the behavior of the gold clusters during

and after room temperature deposition, but also
raise some interesting questions. The strong and

sharp dependence on cluster size was interpreted

as indicating that under our deposition conditions,

deposited Auþ
n do not fragment or agglomerate

extensively. The near-zero CO oxidation activity

for samples prepared by Au+ deposition was pro-

posed to result from Au atoms binding at oxygen

vacancies, thereby blocking reactions at the vacan-
cies. This interpretation is consistent with the fact

that the Au+ deposition density in those studies

was sufficient to block all vacancy sites.

The conclusion that gold deposited as Auþ
n does

not agglomerate at room temperature is inconsis-

tent with STM observations by Mitchell et al.

[16] and Wahlstrom et al. [4]. In these experiments,

Au was evaporated onto rutile TiO2(110) and sur-
faces were imaged at different temperatures.

Mitchell et al. report 2–3 nm diameter clusters at

room temperature, even for coverages well below

0.1 ML. Wahlstrom et al. observed atoms ad-

sorbed at oxygen vacancies and clusters of a few

atoms on terrace sites at 130 K. At 300 K, how-

ever, clusters with �30 atoms were observed, pref-

erentially adsorbed at step edges.
It is not surprising that evaporated gold atoms

should diffuse and agglomerate more readily than
the deposited clusters in our experiment, because

the pre-formed clusters have stabilizing Au–Au

bonds that would tend to inhibit diffusion. On the

other hand, it is not obvious why deposited Au+

should have different agglomeration behavior than
evaporatively deposited Au. The purpose of this

paper is to probe the behavior of deposited Au+

over a wide temperature range, using a combina-

tion of X-ray photoelectron spectroscopy (XPS),

ion scattering spectroscopy (ISS), and CO adsorp-

tion. The results are consistent with agglomeration

being a minor process for deposited Au+ at temper-

atures of 300 K and below, rapidly becoming
important at higher temperatures.

CO adsorption is one of the best studied surface

processes, and is a key step in several important

reactions (e.g., methanation or CO oxidation).

One interesting issue is the electronic interaction

of Au and Aun with vacancies, and the effects of

this interaction on CO adsorption. The size se-

lected cluster study by Sanchez et al. [15] indicated
that charge transfer between clusters and defects

on their MgO surface played an important role

on the reaction. Arrii et al. [17] also examined

the influence of different supports with different

levels of vacancies on CO adsorption and oxida-

tion, by deposition of preformed, non-mass-

selected clusters, and concluded that vacancies

are important. Freund and co-workers [18,19] re-
cently studied CO adsorption behavior on different

size gold clusters grown on reducible FeO(111),

Fe3O4(111) supports, and on non-reducible Al2O3.

They concluded that CO adsorption strongly

depends on the size of gold clusters, but that the

reducibility of the support does not affect the bond

strength between the gold particles and the CO

molecules. A density functional study of CO
oxidation on supported gold particles by Lopez

and Nørskov [20] suggests that the reaction center

is more related to cluster structure rather than

the metal-support interaction. In a similar vein,

Gottfried et al. [21] compared CO adsorption

behavior on both single crystal gold and on a

sputtered gold surface, concluding that the CO

adsorption behavior is sensitive to surface struc-
ture and coordination number of the surface gold

atoms.
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2. Experimental

The experiments were carried out in a vacuum

system consisting of a previously described mass-

selected ion deposition beamline [22], coupled to
a new ultrahigh vacuum (UHV) end chamber with

base pressure <2 · 10�10 Torr. The UHV chamber

incorporates facilities for sample preparation,

X-ray photoelectron spectroscopy (XPS), Auger

electron spectroscopy (AES), and ion scattering

spectroscopy (ISS). It also includes a differentially

pumped mass spectrometer (UTI 100C) for tem-

perature programmed desorption/reaction (TPD/
TPR) studies. The sample can be inserted through

a seal and isolated in a second chamber that serves

as a high pressure cell and load-lock. While the

end chamber system is new, our operating and

analysis procedures are essentially identical to

those previously described [23,24].

The TiO2(110) single crystal (Commercial

Crystal Laboratories) was mounted on a molybde-
num back plate (0.2 mm thick) and could be

heated up to 1200 K by resistive heating and

cooled down to 110 K by direct contact with a li-

quid nitrogen reservoir. Sample temperatures were

measured by a K-type thermocouple attached to

the edge of the TiO2 crystal with UHV compatible

ceramic glue (Aremco, Ceramabond 571). The

crystal was cleaned by repeated cycles of Ar+ bom-
bardment and 1100 K annealing, not only remov-

ing contaminants, but leaving the crystal with

sufficient bulk conductivity to perform electron

spectroscopy and ion beam deposition without

surface charging problems. The cleanliness of

the sample was checked by XPS and ISS before

and during deposition experiments. Before gold

deposition, the TiO2 sample was cleaned by bom-
barding with 1 keV Ar+ followed by a 15 min

annealing period at 850 K in UHV. The state of

the surface was probed by Ti XPS and water

TPD, both methods indicating that the TiO2 is

nearly stoichiometric with 7–10% surface oxygen

vacancies [25]. For comparison, some deposition

studies were also performed on a TiOx surface

where a high level of defects, including oxygen
vacancies, was generated by 1 keV He+ bombard-

ment (600 nA 10 min).
Mass-selected Au+ was deposited at a deposi-

tion energy of 1 eV/atom, on TiO2 held at 115 K.

The Au was deposited in a 2 mm diameter spot,

to a density equivalent to 0.05 of a close-packed

Au monolayer (7.0 · 1013 Au/cm2), as determined
by ion current measurement. Deposition times

were 5–10 min. The XPS experiments were carried

out using an MgKa (1253.6 eV) X-ray source, and

binding energies were calibrated using the O1s

peak of TiO2, in turn calibrated against the Au

spectrum of gold foil. The spectra shown in the

figures have been corrected by subtraction of a

Shirley background. Spectral fitting and peak inte-
gration was done using the XPSPEAK package

[26]. For ISS, He+ at 1 keV kinetic energy was di-

rected at the sample spot at a 45� angle of inci-

dence, and scattered He+ was collected along the

surface normal, and energy analyzed using the

hemispherical analyzer. For CO adsorption stud-

ies, 13C18O (ISOTEC) was used without purifica-

tion. For TPD measurements, the sample was
placed in front of the differentially pumped mass

spectrometer and heated at a rate of 3 K/s.
3. Results and discussion

3.1. Ion scattering spectroscopy (ISS) analysis

Fig. 1 shows the results of a series of annealing

experiments on a sample prepared by deposition of

5% ML-equivalent of Au+ on vacuum-annealed

TiO2 at 115 K. After deposition, the samples were

annealed for 5 min to the indicated temperatures,

re-cooled, then probed by 1 keV He+ ion scatter-

ing. The results are given as the ISS signal for scat-

tering from Au, divided by the sum of the ISS
signals for scattering from Ti and O (the ‘‘Au/sub-

strate ratio’’). This ratio obviously depends on the

amount of Au present in the top-most layer of the

sample, but the gold over layer also attenuates ISS

signal from Ti and O. For our ISS geometry (45�
incident angle, collection along the sample nor-

mal), attenuation is significant only for Ti and O

atoms immediately surrounding the Au adatoms.
Attenuation is expected both from scattering by

the Au cores (i.e. ‘‘shadowing’’ and ‘‘blocking’’
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Fig. 1. Dependence of Au/substrate ISS ratio on annealing

temperature.
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[27]), and from decreased ion survival probability

(ISP) in trajectories scattering from substrate

atoms such that He+ must pass through the Au

electron cloud. Because ISP varies for scattering

from different types of atoms, it is not possible to

interpret the absolute ISS intensities, however,
the Au/substrate ratio is sensitive to the gold

morphology.

The maximum Au/substrate ratio is expected

for atoms dispersed on top of the substrate. Some

diminution of the ratio is expected as Au aggre-

gates into 2-d islands, because, although all Au is

still in the top layer, the attenuation footprint of

neighboring Au atoms will tend to overlap to some
extent. For reference, our ISS measurements [28]

for small size-selected Auþ
n deposited on TiO2

show a �10% decrease in Au/substrate ratio be-

tween Auþ
1 and Auþ

2 , with much less change for

Auþ
3 or Auþ

4 . Large changes in the ratio can occur

only if the fraction of the top layer comprised of

gold is reduced, i.e., if Au forms multi-layer sur-

face structures, desorbs, or goes subsurface. Exam-
ples of these effects can be seen in ISS studies of

size-selected Nin and Irn clusters on TiO2 [23,24].

STM experiments [4] indicate that Au is immo-

bile on TiO2 at cryogenic temperatures, thus we

interpret the Au/substrate ratio for the as-depos-

ited sample at 115 K as representing dispersed

atoms on the surface. As Fig. 1 shows, there is

no change in the Au/substrate ISS ratio for anneal-
ing up to room temperature, indicating that most

Au is still in the form of isolated atoms. Agglom-

eration, even into small single-layer clusters, ap-

pears to be minimal at room temperature and

below. This conclusion is consistent with the re-
sults of our CO oxidation study [5], where we

found that samples prepared by Au1 and Au2
deposition at room temperature were inactive,

while deposition of Au3 or larger clusters resulted

in active catalysts. If significant agglomeration of

deposited Au atoms occurred at room tempera-

ture, it is hard to imagine such sharply size-depen-

dent activity.
The Au/substrate ISS ratio decreases slightly

for Tanneal = 450 K, consistent with the onset of

agglomeration to single-layer clusters. Again, the

ISS observations are consistent with our CO oxi-

dation study, where we found that significant

activity could be induced by annealing the cata-

lysts to Tanneal P 400 K, presumably because small

clusters begin to form. After 600 K annealing, the
Au/substrate ratio is still �90% of the low Tanneal

value, indicating that most Au is still in the top-

most layer, i.e., the gold islands are mostly single

layer. After 800 K annealing, the Au/substrate

ISS ratio decreases substantially (�40%), indicat-

ing that a significant fraction of the gold is no

longer in the top-most layer. Thermal desorption

of Au can be excluded because there is no decrease
in Au XPS intensity following annealing at 800 K.

One possible scenario is formation of 3-d particles,

with average thickness around two layers. Alterna-

tively, it is possible that high annealing tempera-

ture leads to Au particles that are partially

covered by TiOx. In any case, for Tanneal 6 600 K,

sintering to 2-d gold particles is sufficient to ac-

count for the ISS results.
The idea that cluster size increases with anneal-

ing temperature is consistent with STM experi-

ments by Lai et al. [29] and Mitchell et al. [16].

Their results indicate significant growth of Au

nanoparticles at T P 750 K compared to the par-

ticles deposited at room temperature, however,

annealing to 650 K did not result in significant

changes in the size distribution [29]. STM and
computational results of Wahlstrom et al. [4] sug-

gest that 2-d clusters are more stable than 3-d clus-

ters for gold adsorbed on oxygen vacancies.
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3.2. X-ray photoelectron spectroscopy (XPS)

analysis

Fig. 2 shows the results of an analogous series

of annealing experiments using XPS to probe
changes in the Au chemical environment. The

XPS of the as-deposited sample at 115 K is shown

as the bottom spectrum. The sample was then an-

nealed at 200 K for 5 min, re-cooled to 115 K, then

re-examined by XPS, resulting in the spectrum la-

beled ‘‘200 K’’. Spectra taking following analo-

gous five minute annealing experiments at 300 K,

450 K and 600 K, are also shown. Each spectrum
88909294
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Fig. 2. Au4f XPS for samples annealed to the indicated t
is split into 4f7/2 and 4f5/2 fine structure compo-

nents. Spectral fitting was done for both compo-

nents, however, for simplicity�s sake, binding

energy values will be quoted only for the more in-

tense 4f7/2 component.
The sample as prepared at 115 K has an average

Au4f7/2 binding energy of 85.8 eV but the peak is

considerably broader (FWHM: 2.4 eV) than our

instrumental resolution (1.2 eV) Since Au is immo-

bile at low temperatures, the width of the XPS

peak presumably reflects the various geometries

where isolated Au atoms are bound. The only

change observed after annealing to 200 K is a
80828486
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slight peak narrowing, suggesting that some of the

original binding site dispersion has been annealed

away. After annealing to 450 K or 600 K, the peak

has narrowed significantly, and shifted to a bind-

ing energy of �84.5 eV, with little change between
the 450 K and 600 K spectra. Both previous STM

experiments [4,16,30] and our ISS results indicate

that Au agglomerates into small clusters in this

temperature range, thus this 84.5 eV binding en-

ergy is assigned to Au in clusters on the TiO2

surface.

The most interesting spectrum is that taken

after annealing to 300 K, i.e., the temperature
where we observed strong dependence of catalytic

activity on deposited cluster size. The peak posi-

tion is at 85.4 eV––intermediate between the low

temperature and high temperature peak positions.

In addition, the peak is asymmetric, with a sugges-

tion of a weak shoulder at �84.5 eV––the high

temperature binding energy position attributed to

Au in supported clusters.
To extract more quantitative insight, the spec-

tra were fit to linear combinations of individual

components. Each component was assumed to be

a 4f7/2–4f5/2 doublet, with Gaussian–Lorentzian

line shapes, relative intensity, and fine structure

splitting determined from fitting a spectrum of

clean gold foil. The adjustable parameters for each

component were taken as the intensity, binding en-
ergy, and full width at half maximum (FWHM).

The goal of the fitting process was to minimize

the number of fit components required. For that

reason, the FWHM values for the fit components

were allowed to vary, rather than being fixed at

the instrumental resolution (1.2 eV). Increased fea-

ture width is not unreasonable, particularly for

low annealing temperatures, because significant
binding site inhomogeneity is expected if mobility

is low. For example, even on perfect TiO2 terraces,

density functional calculations have indicated the

existence of several stable Au binding sites

[6,8,31], and binding at vacancies or step edges is

also possible.

We first fit the relatively sharp 450 K and 600 K

spectra to a single component with best fit 4f7/2
binding energy of 84.5 eV, and FWHM (1.4 eV)

only slightly wider than the instrumental limit.

The 84.5 eV fit component, therefore, is identified
with gold in environments produced by high tem-

perature annealing, i.e., gold in nanoscale clusters

on the surface. This single component fit, based on

the instrumental lineshape measured for bulk gold,

reproduces the peaks well, but does not adequately
fit the intensity tails observed to high binding en-

ergy of each fine structure peak. Assignment of a

84.5 eV binding energy to Au in supported gold

clusters is consistent with the work of Egdell and

co-workers [16,32] who found Au4f binding ener-

gies of �84.5 eV for small Au clusters on TiO2.

We next fit the 115 K and 200 K spectra to a

single broad component with best fit 4f7/2 binding
energy of 85.8 eV, and width of 2.4 eV. Because

previous STM studies have shown little Au mobil-

ity at low temperatures [4], we identify this 85.8 eV

component with Au mostly atomically dispersed

on the TiO2 surface, in a distribution of binding

sites. The fact that the 200 K spectrum is nearly

identical to that at 115 K, indicates that any

changes in binding site distribution that occur over
this temperature range do not cause significant

changes in the XPS chemical shift.

We then tried to fit the 300 K spectrum to a lin-

ear combination of the 85.8 eV and 84.5 eV com-

ponents, however, an adequate two-component

fit was not possible. Rather than allowing the com-

ponent binding energies to shift, we allowed the fit-

ting program to introduce third fit component,
with best-fit binding energy of 85.4 eV. This com-

ponent dominates the XPS fits at 300 K, and be-

cause 300 K is where the size-dependent catalytic

activity was measured, the interpretation of this

85.4 eV component is important. Additional exper-

iments probing this issue are described below, but

we note that both our CO oxidation experiments

and the ISS results above, suggest that agglomera-
tion is not a major process at room temperature,

i.e., the Au is still mostly isolated. Furthermore,

the CO oxidation experiments showed that Au+

deposited at room temperature poisons CO oxida-

tion that would otherwise occur at oxygen vacancy

sites on the TiO2. Therefore, we tentatively identify

this 85.4 eV feature with Au atoms complexed to

oxygen vacancies.
Fig. 2 shows the experimental spectra and the

final fits, where each spectrum was fit to a linear

combination of the three 85.8, 85.4, and 84.5 eV
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components, and Fig. 3 gives the contribution of

each fit component as a function of temperature.

At low temperatures, the Au is almost entirely in

the 85.8 eV (atomically-dispersed) state, with �5–

8% contribution from the 85.4 eV component.

Given that our surface has vacancy density of

7–10%, this is just about what would be expected

if deposited Au+ binds close to its landing point.
At 450 K and above, the gold is mostly present

as clusters (84.5 eV), and there is a substantial con-

tribution from the 85.4 eV (vacancy-complex)

component only for Tanneal around 300 K.

XPS binding energies are affected by a combina-

tion of so-called initial and final state effects. Ini-

tial state effects refer to the fact that the electron

binding energy is affected by the local electron den-
sity (i.e., net charge) on the atom from which the

photoelectron is ejected. For a given core level en-

ergy, the photoelectron binding energy is higher

for atoms with net positive charge, and lower for

negatively charged atoms. Final state effects refer

to electronic relaxation that occurs as the photo-

electron is ejected, lowering the energy of the final

core–hole state, thus decreasing the measured
binding energy. Several types of relaxation pro-

cesses are possible depending on the nature of

the sample. Even in isolated atoms, the orbital

energies drop in response to the presence of the

core hole, resulting in a net binding energy less

than the negative of the core orbital energy. If

the emitting atom is part of a bulk metal or large
supported metal particle, the positive atomic

charge is neutralized or screened by movement of

conduction electrons. This screening results in sub-

stantial lowering of the binding energy, relative to

that observed for isolated atoms. Atoms or small
clusters supported on insulating or semiconducting

supports are an intermediate case, where screening

is primarily by polarization of neighboring atoms

or by intra-cluster electronic relaxation. The bind-

ing energies in this case are significantly higher

than in the bulk metal, but still well below the

value for isolated atoms.

For all our samples, the Au XPS binding ener-
gies are higher than for bulk gold (84.3 eV). In

principle, the shift to higher binding energy rela-

tive to the bulk could result from gold being in a

positive oxidation state (i.e., from an initial state

effect). A gold formal positive oxidation state is

quite unlikely, however, because the gold ioniza-

tion energy (9.226 eV [33]) is much larger than

the TiO2 band gap (3.05 eV [34]). In all our sam-
ples, the gold is almost certainly formally in the

zero oxidation state, although partial charging

may accompany bonding at different sites, as dis-

cussed below. The shifts to higher binding energy

relative to bulk gold must, therefore, result primar-

ily from final state effects, i.e., from the limited

screening possible for Au atoms or small Au clus-

ters dispersed on the TiO2 support.
For Tanneal P 450 K, we observe the main XPS

component to have a binding energy of 84.5 eV,

i.e., �0.2 eV higher than bulk gold. Howard

et al. [32] measured Au4f binding energies for

Au/TiO2, and found the bulk limit was reached

for �5 ML Au overlayers. For decreasing gold

coverage, the binding energy increased, reaching

84.5 eV for their lowest coverage (0.1 ML). An
earlier STM study by the same group indicated

that the 0.1 ML room temperature sample con-

tained gold clusters with average size around

2 nm [16]. These results, therefore, are consistent

with our assignment of the 84.5 eV fit component

to Au in clusters. The fact that we observe signifi-

cant contribution from the 84.5 eV fit component

only after annealing above room temperature is
further evidence that agglomeration behavior for

our samples is different from that observed for

evaporated gold.
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The high binding energy (85.8 eV) attributed to

atomically-dispersed Au for Tanneal 6 200 K is

consistent with the minimal screening possible

for isolated atoms on TiO2. In addition, several

computational studies have suggested that partial
electron transfer may occur from Au to the stoichi-

ometric TiO2 surface, and this partial positive

charge would certainly increase the XPS binding

energy [31,35].

If our assignment of the 85.4 eV binding energy

component (Tanneal = 300 K) to Au–vacancy com-

plexes is correct, then this implies that Au bound

to vacancies either is more negatively charged, or
that there is additional final state relaxation, rela-

tive to Au on stoichiometric TiO2 sites. The vacan-

cies are electron-rich sites, thus both charging and

enhanced relaxation effects may be important. De-

creased Au4f binding energies were also observed

by Howard et al. [32], for gold evaporated onto

a TiO2 surface with high defect density.

The large Au XPS shifts observed for as-depos-
ited Au could also occur if some AuTi or Au oxide

compound were forming in our hyperthermal

deposition process, but some evidence of com-

pound formation should also appear in the Ti

XPS. Fig. 4 shows Ti2p XPS taken under the same

conditions as Fig. 2. For the clean TiO2 support,

there is a large peak for Ti4+, and a weak shoulder

corresponding to Ti3+ (oxygen vacancies). There
456461466471
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600K Au/TiO2
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Fig. 4. Ti2p XPS for TiO2 and for Au/TiO2 annealed to

different temperatures.
are no significant changes resulting from deposi-

tion of 0.05 ML-equivalent of Au+ at 115 K, or

from annealing up to 600 K, indicating that com-

pound formation or other dramatic changes in Ti

formal oxidation state are not occurring. Ti XPS
is probably not sensitive enough to show the effects

of partial electron transfer with Au. The problem

is that unlike Au XPS, where all emitting atoms

are on the surface, Ti XPS probes the top few

nanometers of the sample. Because Ti atoms bond-

ing to the 0.05 ML-equivalent of gold make up

only a small fraction of the Ti probed, only large

shifts are expected to be observable.

3.3. CO adsorption effects on XPS and CO

temperature-programmed desorption (TPD)

The effects of CO adsorption on the XPS bind-

ing energies were also probed in a separate set of

experiments shown in Fig. 5. Pairs of spectra are

shown, along with fits. For each pair, 0.05 ML-
equivalent of Au+ was deposited at 1 eV and

115 K surface temperature, then annealed to the

specified temperature for 5 min and re-cooled to

115 K. The lower spectrum of each pair was taken

immediately after annealing, without CO expo-

sure. The samples where then exposed to 5 L of

CO at 115 K, and re-examined by XPS (upper

spectra in each pair). Fitting of the pre-CO-expo-
sure spectra was done as in Fig. 1. Fitting of the

post-CO spectra is discussed below.

As-deposited Au at 115 K, where most Au is in

the form of isolated atoms, gives a broad XPS fea-

ture with peak binding energy of 85.8 eV. After

exposure to CO at 115 K, the peak broadens and

shifts to higher binding energy, with peak binding

energy of 86.7 eV. This large shift indicates that
CO adsorption on isolated atoms strongly per-

turbs the Au electronic environment. The breadth

of the XPS feature indicates considerable heteroge-

neity in the resulting Au chemical environment.

For the sample annealed to 300 K for 5 min, the

pre-CO-exposure XPS peaks is dominated by the

85.4 eV fit component assigned to Au–vacancy

complexes. Subsequent CO exposure does not shift
the peak position, however, the peak intensity de-

creases slightly and there clearly is a new shoulder

at higher binding energy. The shoulder is not
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resolved, however, its position is consistent with
the 86.7 eV peak observed for the unannealed sam-

ple after CO exposure. This pattern suggests that

the 300 K sample has at least two types of Au

atoms, consistent with the fitting results in Fig. 2.

Gold initially present as isolated atoms is strongly

affected by CO binding, giving rise to the 86.7 eV

shoulder. Gold in vacancy complexes is weakly
perturbed by CO exposure, giving rise to the
unshifted peak at 85.4 eV.

Finally, for the sample annealed to 600 K, the

pre-CO-exposure spectrum has a sharp peak with

binding energy of 84.5 eV, attributed to Au in sup-

ported clusters. Upon CO exposure, the 84.5 eV

peak is unshifted, but decreases in intensity. This

missing intensity appears at higher binding
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energies (�86.7 eV), filling in the gap between the

fine structure peaks. Absence of a shift in the main

peak could indicate that CO does not adsorb on

supported Au clusters at 115 K, or simply that

the CO-induced change in binding energy is within
our relatively poor energy resolution.

The fits to the post-CO spectra are based on the

observation that CO adsorption on isolated atoms

strongly shifts the XPS to higher binding energy,

while the shifts are small for CO adsorbing on

Au in clusters or in the 85.4 eV fit component.

The fit to the 115 K spectra, therefore, simply al-

lowed the pre-CO component for isolated atoms
(85.8 eV) to shift to a best fit binding energy of

86.7 eV, while the small 85.4 eV component was

assumed to be unchanged by CO adsorption. Sim-

ilarly, the 300 K spectrum was fit by allowing the

isolated atom (85.8 eV) component to shift to

86.7 eV, leaving the 85.4 eV (vacancy) component

and the minor 84.5 eV (cluster) components

unshifted. The integrated intensities of the two
main components changed by only a few percent.

The 600 K post-CO fit also allowed the isolated

atom component to shift to 86.7 eV, however, the

fraction of isolated atoms present after 600 K

annealing is too small to account for the substan-

tial 86.7 eV intensity following CO exposure. Be-

cause it is clear that the intensity of the main

84.5 eV component decreases upon CO exposure,
we allowed a fraction of this intensity to shift to

the post-CO 86.7 eV component. This shift corre-

sponds to a decrease in the fraction of CO present

as clusters, with concomitant increase in CO

bound to isolated atoms, suggesting that there is

some CO-induced disruption of small Au particles.

Such CO-induced particle breakup has been ob-

served in other supported clusters systems, e.g.,
Ir/titania [36], Ru/alumina [37], Rh/alumina [38]

and Rh/silica [39]. We are not aware of analogous

experiments for small Aun/TiO2, however, the

STM work of Kolmakov and Goodman [40] does

demonstrate that small (�1 nm) Au particles are

disrupted by a CO–O2 mixture under CO oxida-

tion reaction conditions. In that experiment there

were also large (4 nm) Au particles present, and
the gold from the disrupted clusters appeared to

add to the large particles in an adsorbate-enhanced

ripening process.
The Blyholder model [41]is often used to ratio-

nalize chemical shifts of metal XPS induced by CO

adsorption. In this model, the metal–CO bonding

is broken down into two components. A r bond

is formed by electron transfer from the filled 5r
orbital of CO to unfilled metal orbitals, and a p
bond is formed by back donation of metal d-elec-

trons to the empty 2p* orbital of CO. XPS chem-

ical shifts are sensitive to changes in electron

densities, and are, thus, useful in probing the rela-

tive contributions from r bonding and p back-

bonding. CO-induced core level shifts have been

well studied, for example on Pd single crystals[42]
and supported Pd particles [43,44], however, we

are not aware of analogous studies for CO on gold

particles. The observation that CO adsorption on

isolated Au atoms leads to a large XPS shift to

higher binding energy, indicates that Au loses elec-

tron density in CO–Au bond formation. In the

Blyholder model, this net electron transfer out of

Au would be rationalized in terms of a p back
donation larger than the r donation. This interpre-

tation is consistent with a study using UPS and

infrared spectroscopy by Meier et al. [45] for CO

on Au(110)-(1 · 2), which suggested relatively

weak CO r contributions, compared to the me-

tal-to-CO p back donation. On the other hand, a

recent DFT calculation by Vittadini and Selloni

[46] found that while Au adatoms developed a par-
tial positive charge (+0.33) upon CO adsorption,

the electron density transferred to the TiO2 sub-

strate, rather than to the CO. This calculation is

consistent with our observation of a large shift to

higher Au4f binding energy upon CO adsorption

on isolated Au atoms.

The absence of observable XPS shifts for CO

adsorbing on gold clusters or gold–vacancy com-
plexes, indicates that CO bonding to Au in these

environments causes a substantially weaker per-

turbation than for isolated Au atoms. In the Bly-

holder model, this effect would be taken as

evidence for weaker p back-bonding, compared

to CO on Au bound to stoichiometric sites. Weaker

CO bonding to Au–vacancy complexes is also

predicted by the calculations of Vittadini and Sel-
loni [46], although their calculations also predict

that the Au in a CO–Au–vacancy complex has a

significant positive charge. Unless there is also a
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compensating decrease in final state relaxation,

this positive charge would result in a shift to higher

binding energy, which is not observed.

The conclusion that CO adsorbs more weakly

to Au–vacancy complexes is supported by CO
TPD experiments. Samples were prepared as

above by Au+ deposition at 115 K, annealed to

various temperatures for 5 min, then re-cooled

and exposed to 5 L of CO. TPD was measured

over the temperature range from �160 K to

350 K. As shown in Fig. 6, CO adsorbed on as-

deposited Au/TiO2 at 115 K desorbs in a broad

peak centered at �280 K. For the sample annealed
to 300 K, the peak shifts to lower temperatures,

and the amount of CO desorbing is reduced to

�60% of the amount desorbing from the unan-

nealed sample. Desorption in the temperature

range between �230 and 350 K presumably origi-

nates from CO adsorbed on the fraction of Au still

present as isolated atoms after the 300 K anneal,

and the decreased peak temperature represents
CO binding more weakly to Au–vacancy com-

plexes. After annealing to 600 K, the amount of

CO desorbing is reduced to only �40% of the

amount desorbing from the un-annealed sample,

and the desorption maximum is near 200 K. The

lack of desorption in the 230–350 K range is con-

sistent with the near absence of isolated atoms

(85.8 eV XPS component in Fig. 3) after 600 K
annealing, and the peak around 200 K presumably

results from CO bound to Au clusters.
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Fig. 6. 13C18O TPD spectra for samples annealed to various

temperatures prior to 5 L exposure to 13C18O at 115 K.
The 280 K CO desorption observed for as-

deposited Au is considerably higher than what is

seen in gold single crystal studies. For example, a

CO adsorption study on Au(110)-(1 · 2) by Gott-

fried et al. showed desorption peaks at 37, 67, and
145 K, and even on a surface roughened by ion

bombardment the highest temperature desorption

feature was at 185 K [21]. On the other hand, a

sample prepared by evaporation of 0.2 Å of Au

on FeO(111) and Fe3O4 (111) by Lemire et al.,

showed CO desorption peaks at 280 K and

300 K [18]. In that experiment, STM at room tem-

perature showed formation of small Au clusters,
however, the TPD experiments were done on sam-

ples with gold deposited at low temperature, so

that the Au was probably atomically dispersed

during CO exposure. They also found that anneal-

ing the samples at 500 K prior to CO exposure,

lead to formation of �2 nm size Au clusters, and

loss of the high temperature desorption peak. Sim-

ilarly, in an FTIR study of CO adsorption on Au/
TiO2, Boccuzzi et al. [47] inferred strong CO–Au

bonding in small Au clusters, based on the ob-

served red-shifted 2055 cm�1 CO vibrational peak.

Our interpretation of these results requires that

CO bind more tightly to Au atoms in stoichiome-

tric TiO2 sites than to Au–vacancy complexes or

Au clusters. Previous work suggests that at least

two factors are at work. The experiments by Gott-
fried et al. on roughened Au(110) suggest that CO

binds more strongly to low coordination gold

atoms [21], and dispersed atoms are obviously

the low-coordination limit. On the other hand,

CO bonding to Au complexed to a vacancy has

been calculated to be weak [7,46]. This result was

rationalized in terms of the vacancies transferring

negative charge to the Au atoms (observed as de-
creased Au4f binding energy, Fig. 2), weakening

the r component of the CO–Au bond.

3.4. Comparison with damaged TiO2

Given our tentative conclusion that the 85.4 eV

Au4f binding energy is associated with Au bound

to vacancies, an obvious test is to examine binding

energies for Au on a surface with higher vacancy

concentration. Additional oxygen vacancies (along

with other, uncharacterized defects) were created
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by 1 keV He+ bombardment (600 nA ion current,

10 min exposure). Fig. 7 shows Ti 2p XPS spectra

taken before and after He+ bombardment. Note

the reduction in Ti4+ intensity, and accompanying

increase in Ti3+ intensity (to �12% of the total Ti

signal), indicating creation of additional oxygen

vacancies in the near-surface region. ISS scans
run just before and after the He+ bombardment

show a decrease in oxygen ISS intensity of

16%––significantly larger than the 12% Ti3+ XPS

intensity. The difference reflects the different

sample depths probed by XPS (top few nanome-

ters) and ISS (top layer only), and suggests that

the oxygen vacancy concentration is somewhat

higher on the surface than in the near-surface
region.

Fig. 8 shows two pairs of Au4f spectra for Au+

deposited at 115 K. The bottom set is for UHV-

annealed (low vacancy density) TiO2, and top set

is for He+-bombarded TiO2 (denoted TiO2�x). In

each pair, the bottom spectrum was taken just

after Au deposition, and the top spectrum was

taken after subsequent exposure to 5 L of CO, also
at 115 K. On the He+-bombarded surface, the pre-

CO-exposure Au4f binding energy is shifted

slightly to lower binding energy, compared to the

UHV-annealed surface. The increased breadth

presumably reflects increased heterogeneity in Au

bonding environments. In particular, the higher

density of oxygen vacancies means that the

chances of Au landing and binding at a vacancy
site is significantly increased. The vacancies are

electron rich sites, thus vacancy-bound Au will

tend have increased electron density, with concom-

itant shift to of the average XPS binding energy.

Similar binding energy shifts were also observed
by Howard et al. [32], for Au evaporated onto a

high defect density TiO2 surface.

The pre-CO spectrum for Au/damaged TiO2 can

be fit with the same three components as the spectra

for undamaged TiO2, with only changes in the rel-

ative component intensities. As for the undamaged

TiO2, there is a component at 85.8 eV, assigned

to isolated Au on TiO2 sites, however, this compo-
nent is no longer dominant. Instead, there is

roughly equal contributions from the 85.8 and

85.4 eV components. This change is exactly what

would be expected if the 85.4 eV component repre-

sents Au–vacancy complexes, because the vacancy

concentration is much higher on the damaged

surface.

Fig. 8 also shows that the two samples respond
differently to CO adsorption. As noted above, for

Isolated Au on stoichiometric sites (i.e., the

85.8 eV pre-CO component), there is a shift to

86.7 eV binding energy, reflecting the strong CO–

Au bond. The 85.4 eV component, assigned to

Au bound at oxygen vacancies, was shown not

to shift significantly upon CO exposure (Fig. 5,

300 K results). The effect of CO exposure on the
Au/damaged TiO2 sample is completely consistent.

The �50% of Au present as atoms on stoichiome-

tric sites binds strongly to CO, leading to a compo-

nent at 86.7 eV, while the other half of the Au

atoms, bound at vacancies, continues to generate

an unshifted 85.4 eV component.
4. Conclusions

In summary, the evidence bearing on the nature

of the samples resulting from Au+ deposited on

TiO2 at room temperature, or annealed to room

temperature consists of the following:

(1) Room temperature CO oxidation on model
catalysts prepared by Auþ

n deposition under condi-

tions identical to those used here, is strongly

dependent on cluster size. In particular, catalysts
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prepared by deposition of Auþ
3 or larger clusters

are active. The dramatic size effects seem to pre-

clude significant agglomeration at temperatures

up to 300 K.
(2) Catalysts prepared by Auþ

1 or Auþ
2 deposi-

tion are substantially less active than TiO2 itself.

The TiO2 activity is attributed to reaction at

vacancies, thus Au1 and Au2 appear to poison

(i.e. bind at) vacancy sites.
(3) ISS Au/substrate ratios are temperature

independent up to 300 K, indicating that the dis-

persion of gold on the surface is not changed sig-

nificantly. Significant decreases occur in the Au/
substrate ratios for Tanneal P 450 K, consistent

with agglomeration becoming important only

above room temperature.

(4) Annealing of model catalysts prepared by

Au+ deposition to temperatures above 400 K does
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result in substantial activity, consistent with the

ISS finding that agglomeration becomes important

in temperature range.

(5) XPS shows evidence of three stages in the

thermal modification of the as-deposited low tem-
perature Au/TiO2 samples. A single Au4f peak at

85.8 eV, assigned to Au on stoichiometric TiO2

sites, is observed for temperatures up to 200 K.

At 300 K the main peak has shifted to 85.4 eV,

and is assigned to Au–vacancy complexes. At

450 K and higher temperatures, the Au4f spec-

trum is dominated by a peak at 84.5 eV, assigned

to Au in clusters.
(6) For Au deposited on TiO2 with a high den-

sity of oxygen vacancies, the Au XPS spectrum

similar to that measured on UHV-annealed TiO2

after annealing to 300 K. In particular, the

85.4 eV component dominates in both cases.

(7) The effects of CO adsorption on Au4f bind-

ing energy also indicate a significant change in Au

properties occurring by 300 K. For as-deposited
gold, there is a large shift and broadening to high

binding energy induced by upon CO adsorption,

consistent with strong CO bonding to isolated

Au on stoichiometric sites. For samples annealed

to 300 K, or for Au on the high-vacancy-concen-

tration surface, the binding energy shifts are small,

consistent with weaker CO bonding Au–vacancy

complexes. CO TPD experiments are consistent
with this interpretation.

While we do not claim to know the detailed nat-

ure of the Au binding sites, we feel that the evi-

dence clearly shows that the samples prepared by

Au+ deposition at room temperature consist

mainly of Au bound to vacancy sites, with lower

concentrations of Au in other binding sites or in

small clusters. This result is apparently in major
disagreement with the STM experiments on gold

evaporated onto rutile TiO2(110), where clusters

of tens of atoms are observed at room temperature

[4,16]. In reality, the experiments do not differ so

dramatically. Our XPS results (Fig. 3) suggest that

there is a small amount of agglomeration to small

clusters (the 84.5 eV component) even at 300 K.

Both CO oxidation and ISS indicate that even
mild annealing is sufficient to induce significant

agglomeration, thus it appears that the room tem-

perature is near the limit where strong size depen-
dence could be observed for Auþ
n deposited on

TiO2.

The question remains, why agglomeration ap-

pears to be more facile in the evaporated gold sam-

ples. The difference could result from different
densities of vacancies on the TiO2, although the

preparation conditions are nominally almost iden-

tical, as are the reported vacancy densities. More

likely, the effect results from damage to the TiO2

from deposition of Au+ at 1 eV/atom. This impact

energy does not appear to be high enough to sput-

ter the surface, as shown by unchanging O and

Ti XPS spectra, but it may cause some local disor-
der that reduces mobility on the surface. This

would account for why our sample only begin to

show evidence for agglomeration above room

temperature.
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