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Imaging gold clusters on Ti&d110) at elevated pressures
and temperatures
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Variable temperature scanning tunneling microscopy (STM) has been used to image oxide-supported nanoclusters of Au at temper-
atures from 300 to 450 K and oxygen pressures from#Qo 4 Torr. Oxygen-induced morphological changes of the,TIO« 2)
reconstruction are apparent at room temperature and prolonged exps@urel(0® L (langmuir)) at 104 Torr oxygen. Gold clusters
with diameters smaller than4 nm are unstable toward sintering at ca. 450 K and oxygen pressui@s! Torr. Oxygen at pressures
>10—* Torr weakens the interaction between the gold cluster and the titania support. Increasing the sample temper&@feKto
facilitates disruption of the cluster—support interaction.
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1. Introduction STM imaging of oxide-supported nanoclusters at elevated
temperatures and pressurds situ imaging is especially

A molecular-level description of gas—surface interactiontglevant to the long-standing problem of deactivation and
is a goal of material science, in general, and of heterogegeneration of industrial catalysts.
neous catalysis, in particular. Toward this goal single crys- |n this letter, we report the first results demonstrating the
tal models have been used to simulate more complex te¢dasibility of imaging supported nanoclusters with STM at
nical catalysts. More recently, the “material gap” betweealistic reaction temperatures and pressures. Gold clus-
technical and single crystal catalysts has been bridged usiggs deposited on titania were chosen for this study due to
metal nanoclusters dispersed on ultrathin oxide films [1-4he importance of this system for industrial applications.
The enhanced conductivity of thin oxide films facilitates tha critical aspect of this work is demonstrating the ability
utilization of surface analytical methods including scanning target an area of interest while modifying the reactive
tunneling microscopy (STM). These studies have shovgas pressure over ten orders of magnitude.
that cluster size and the interaction between the cluster and
the support strongly influence the activity and selectivity of
catalysts [5,6]. The applicability of STM in both ultrahigh2. Experimental
vacuum (UHV) and elevated pressures provides a means of

bridging the “pressure gap” between the environment typ- | € €xperimental setup consists of an UHV analy-
ically used with “real world” catalysts and that in sunc‘,ﬂcéls/preparatlon chamber attached to a second chamber hous-

science studies of model catalysts ing a commercial (RHK VT-UHV300) variable tempera-

Elevated pressures of reactants are known to profounwe. STM. The ar_1aly.t|cal c_hamber contains metal dosers,
alter the surfaces of catalysts. For example, noble mefafindle pass cylindrical mirror analyzer (PHI) for Auger
clusters below a certain size exhibit morphological changg ctrgn spr)]ectrot:neter (AES) ani§7n10e+beam dheater. Both
at reaction conditions as evidenced &y situ STM and ¢ amd er;h ave base rl)resiureSﬁ hich o;r an ar? Sep- b
XPS [7-9]. In certain instances, reactive Pd metal clustefEated with a gate valve through which the sample can be

at elevated temperatures show a marked response, to F@qffirred. Ar\]fast entry—lg'rlz.ltg Is used ;‘or samflilexchange;
pressures as low as ca.-T0Torr [10]. in situ tip exchange capabilities are also available.

In situ STM studies of metal single crystals at elevate The variable temperature STM utilizes a "walker” scan

pressures were first used to investigate pressure-indu &T{S‘ mo;}mlt.edlon the fsamplgd T.Older with r:ts Iggs tplaged
surface reconstruction at ambient pressures [11]. S ree helical ramps for rapid ip approach and extensive
Ig.}gral travel. High resolution scans are carried out using

studies of elevated pressures of reactive gas on the m . ) .
phology of metal clusters and the oxide support have be?ncentral piezo tube. The chamber also contains facilities
storing and heating samples as well as ion sputtering.

- . for
reported recently [12]. Although these kinds of studm\%h ) . .
present a formidable challenge, considerable promise lies | lle imaging, the UHV-STM chamber can be pressurized

to 1000 Torr and the sample heated to 600 K radiantly using
* To whom correspondence should be addressed. a 30 W halogen lamp. The temperature of the sample was
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measured with a chromel—alumel thermocouple attached to
the edge of the single crystal.

TiO2(110) crystals (Commercial Crystal Laboratories)
were repeatedly sputtered (0.5-2 kV, 0.5-5 A cm—2, RT)
and annealed to ca. 1000 K to produce the (1 x 1) structure.
Reduced samples exhibiting a (1 x 2) surface reconstruc-
tion were obtained by annealing the sample to 1300 K in
UHV with the rates of heating and cooling maintained at
<3 Ks™1. Au clusters were grown via deposition from
a thoroughly outgassed and calibrated metal doser with a
deposition rate of ca. 1072 ML s~! (ML = monolayer).

Tungsten and Pt/Ir tips were used with the tunneling
current maintained between 0.1 and 0.3 nA and a positive
sample bias of 1-2 V. Due to the relatively sow damping
of the thermal drift, an equilibrium temperature was first

established followed by constant current imaging (CCl) of
the area of interest. For the elevated pressure experiments,
high purity oxygen gas was sowly leaked into the STM
chamber while imaging. The STM data were acquired at
steady state conditions of pressure and temperature, with
the scanning conditions kept constant during the pressure
excursion. Since qualitative observations and conclusions
are most important here, the cluster size was not corrected
for the finite tip radius.

3. Surface morphological changes

In figure 1, the evolution of a 0.3 ML Au deposit on
the titania surface is shown as a function of ambient oxy-
gen pressure at 300 K. The initial surface of figure 1(A)

Figure 1. 50 x 50 nm STM images at 300 K of Au clusters supported on TiO,(1 x 2). The central cluster is marked with a cross for reference; moved
clusters are marked with arrows. (A) Po, = 0 Torr; (B) Po, = 10~7 Torr, total exposure (TE) 15 L; (C) Po, = 1.4 x 10~* Torr, TE ~ 3 x 10° L;
(D) Po, = 1073 Torr, TE ~ 1.2 x 10° L.
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supports Au clusters of 2-5 nm in diameter (0.7 nm aver- (i) The (1 x 2) termination is unstable with respect to ele-

age height) on a (1 x 2) reconstructed TiO,(110) surface. vated oxygen pressures even at room temperature. Dis-
Several features of thisinitia surface are noteworthy when ruption and virtual removal of the missing row structure
exposed to elevated pressures of oxygen: in the marked area (top right corner of figure 1 (A)—(C))
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CLUSTER VOLUME [a.u]

IMAGE A B C D

Figure 2. 40 x 40 nm STM images acquired at 450 K at various oxygen pressures. Gold clusters exhibiting pressure-induced changes are marked
with a dashed ling; unchanged clusters are marked with a solid line. In the bottom graph the volume of cluster #1 is plotted for the various images.
(A) Po, = 0Torr; (B) Po, = 10~ Torr, 10 min; (C) Po, = 2 Torr, 90 min; (D) Po, = 4 Torr, 150 min.
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Figure 3. Sequential scans of TiO»(1 x 1) surface covered with Au clusters at 430 K. (A) As-prepared 75 x 75 nm. The cross-hairs serve as
reference points; (B) Po, = 2 x 107° Torr, 75 x 75 nm; (C) Po, = 2 x 10~% Torr, 75 x 75 nm; (D) Po, = 2 x 10~ Torr, 100 x 100 nm;
(E) Po, =2 x 10~ Torr, 200 x 200 nm.

(i)

upon oxygen exposure is evident. In the final image
(figure 1(C)) acquired at 102 Torr, the missing row
structure is converted into a net of small clusters and
islands oriented along the (001) direction, presumably
having the (1 x 1) structure. The formation of these
small (1x 1) islands at elevated temperatures and mod-
erate (<1000 L) oxygen exposures has been reported
previously and attributed to the onset of nucleation of
anew (1 x 1) layer promoted by the segregation of in-
terdtitial Ti™ ions[13,14]. A second explanation is that
the newly formed bright protrusionsare gold aggregates
formed via oxygen-induced Ostwald ripening [8]. Due
to the limited resolution of the images it is difficult to
choose between these two possibilities;, however, the
lack of appreciable change in the Au Auger intensity
concurrently with the change in the surface morphology
suggests the first explanation.

The Au nanoclusters also undergo pressure/tempera-
ture-induced changes. In figure 2, several Au clusters
decorating the step edges are imaged as a function of
ambient oxygen pressure, although the elevated tem-
perature (~430 K) limits the resolution. As seen pre-

vioudly for metal single crystals, exposure to oxygen
roughens the surface (figure 2(B)). Formation of small
protrusions with an average diameter of 1.0 nm is ap-
parent in figure 2(D) upon prolonged exposure. More
noteworthy is the continuous disappearance of specific
gold clusters (within the dashed circle regions) with
increasing oxygen pressure and exposure time. Upon
prolonged treatment, the clusters assume a steady state
diameter of ca. 1-2 nm. For comparison, two pro-
trusions on the right side of the images appear to be
quite stable with respect to this treatment. A similar yet
more efficient process of oxygen-induced encapsulation
of metal nanoparticles has been recently reported [10]
in which Pd becomes buried beneath the TiO, sub-
strate via growth of titania about the cluster. This phe-
nomenon originates from surface segregation of inter-
stitial Ti ions and spillover of reactive oxygen from the
Pd nanoclusters. A second possibility is disruption of
Au-Au bonds upon O, treatment of the parent clusters.
This possihility has been discussed [7,8] and proposed
to account for the observed oxygen-induced sintering
of supported gold clusters. Thisis particularly relevant
for Au on TiO, since the catalytic properties of Au in
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the range of 24 nm are significantly different from
those of bulk Au.

4. Tip effects and imaging artifacts at elevated
pressures/temperatures

Several effects can seriously hamper imaging at elevated
pressures and temperatures. In particular, the tip materia
and condition are crucial. The choice of the tip depends
on the reactive gas environment, the sample material and
the imaging temperature [15]. In the specific experiments
described, etched tungsten tips were used because of their
stability in oxygen up to 10102 Torr; Pt/Ir tips were
used to image supported clusters at atmospheric pressure.
It is important to avoid unshielded ionization sources (fila-
ment, gages and pumps) near (<50 cm) the sample while
imaging because of positive ion formation when back filling
with gas. Theion current influences the feedback operation
of the CCl mode even at 10~* Torr and frequently leads
to image loss. Acoustic noise can aso be transmitted into
the tunneling region at elevated pressures. Back filling the
chamber with gas alters the rate of heat dissipation from
the sample and induces large thermal drifts beginning at
pressures as low as 10~ Torr.

Other complications to imaging include interaction be-
tween the tip and the clusters, which is important in
STM/STS measurements on weakly bound clusters and bio-
molecules on oxides [16]. In particular, gold nanoclusters
on titania interact very weakly with the support. At cer-
tain imaging conditions, tip—cluster interactions may exceed
cluster—support interactions resulting in cluster movement
or adhesion to the tip. Most probably, this kind of tip modi-
fication isresponsible for theincrease in cluster size evident
in figure 1(D). In the series of images of figure 1 (A)—(C),
the moved/erased clusters are marked with arrows. In prin-
ciple, it is possible to eliminate such cluster disturbance by
imaging with a large gap resistance of several GQ. How-
ever, athough stable to imaging in vacuum, clusters be-
come increasingly mobile at elevated oxygen pressures. In
contrast to previous reports of tip-induced cluster mobil-
ity [17], the smallest clusters are decidedly more susceptible
to being perturbed by the tip. Assuming the cluster—surface
interaction is proportional to the number of the gold atoms
at the cluster—support interface, these results are consistent
with oxygen-induced, gold—substrate bond disruption with
the STM tip acting as a promoter. At higher temperatures,
the imaged area can be completely modified by this disrup-
tion. Figure 3 shows a sequence of images demonstrating
this tip-induced cluster mobility. It is noteworthy that a
Pt/Ir tip was used in this particular experiment to minimize
tip oxidation. As noted in figure 1, the cluster density re-
mains constant at UHV conditions while the clusters grad-
ualy disappear with scanning at increased pressure. To
rule out tip-induced effects, the imaging area was enlarged

(figure 3 (D) and (E)). In the previoudly unimaged area,
the clusters remain intact while those in the scanned have
disappeared, presumably “picked up” by the scanning tip.

5. Conclusion

Successful imaging of gold nanoclusters supported on
TiO, oxide under elevated pressure and temperatures
demonstrates the feashility of using STM for study-
ing model catalysts under realistic reaction conditions.
Pressure-related morphological changes were observed for
the gold nanoclusters and the titania support with ambient
oxygen treatment. Tip quality and tunneling conditions are
crucial because of the near coincidence of optimum imaging
conditions and tip modifying conditions. For 2-5 nm Au
nanoclusters supported on TiO,, oxygen-induced weaken-
ing of the cluster—support interaction at 3-6 GQ tunneling
resistance was observed at a threshold of ca. 10~2 Torr; the
effect becomes more prominent at elevated temperatures.
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