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Abstract. Nanometer-sized Pt clusters were prepared on a TiO,(110)-(1x1) surface, and lateral distribution
of work function was examined by using a Kelvin probe force microscope. Local work function on the Pt
clusters was smaller than that on the surrounding TiO, surface. Assuming that the dipole moments which
perturb work function are produced by uneven electron distribution, the decrease of the work function
indicates electron transfer from the clusters to the TiO, surface. After decomposition of pivalate anions on
the surfaces by UV irradiation, the work function increased on some Pt clusters. It is known that holes
photoexcited in TiO, attach to pivalate anions to cause a decomposition reaction. Hence the increase of the
observed work function by UV irradiation can be ascribed to the trapping of the accompanying electrons to

the Pt clusters.



Introduction

Platinum is a highly efficient cocatalyst for photocatalytic reactions on titanium dioxide (TiO,) [1,2].
Improved catalytic performance is attributed to electron trapping by nanometer-sized Pt clusters as well as to
their catalytic activity. The electrons transferred to the Pt clusters are separated from accompanying holes,
and the electron-hole recombination is suppressed. Thus the electrons and holes induce photocatalytic
processes with high efficiency. The electron trapping by Pt clusters has been proposed on the basis of
experimental results indicating depletion of photogenerated electrons in the TiO,. The conductance of the
TiO, under UV irradiation, which is proportional to the free electron density, decreases with the amount of
loaded Pt [3]. Time-resolved visible [4] and infrared [5,6] absorption spectroscopy studies have revealed
that the Pt-loading enhances decay rate of electrons photogenerated in the conduction band of the TiO,.

In this work, visualization of the trapping of photogenerated electrons by the Pt clusters was attempted.
Performance of Pt/TiO, photocatalysts was sensitive to the size and surface density of the clusters [7,8],
which indicates that the capability of trapping electrons was different between clusters. Identification of
clusters which efficiently trap electrons offers a way to optimize the catalytic performance. With the
assumption that unevenly distributed electrons induce dipole moments and modify work function, the
distribution of electrons was examined from work function maps obtained using a Kelvin probe force
microscope (KFM) [9,10].

A model of the Pt/TiO, photocatalyst was prepared using a (110) surface of rutile TiO,. The accepted
structure of the nonreconstructed (110) surface [11] is presented in Figure 1. The topmost O atoms are
bound to two 6-fold-coordinated Ti atoms in a bridging coordination and form rows along the [001] direction.
Between the O atom rows, Ti atoms coordinated to five O atoms are exposed. A pivalic acid molecule
((CH3);CCOOH) dissociates to a pivalate ((CH;3);CCOQO") and a hydrogen atom on the (1x1) surface at room
temperature as shown in reaction (1) [12,13]. The pivalate is anchored to two 5-fold-coordinated Ti atoms
with the OCO plane normal to the surface and forms a stable monolayer with a (2x1) periodicity. An
accompanying hydrogen atom forms a surface hydroxyl group on a bridging O atom.

(CH3);CCOOH + Ti*"-O*-Ti*" — (CH;3);CCOO" + Ti*-OH-Ti*" (1)
Ultraviolet light irradiation of the pivalate-covered surface in a vacuum induced desorption of CO,,

isobutene ((CH;),C=CH,), and isobutane ((CH3);CH) [14-16] at 300 K, which was a lower temperature than



where the pivalates are thermally desorbed [17]. The desorbed species indicated decarboxylation of the
pivalate to tert-butyl radical ((CH;);C), reaction (3), and was induced by hole 4" produced by band-gap
excitation of the TiO; (2).
TiO, + hv > TiO, + " +e (2)
(CH3);CCOO + A" — (CH;);C +CO,  (3)
The 6-fold-coordinated Ti atoms bound to the hydroxyl group were proposed as traps for the accompanying
electrons (4) [16]. The signal intensity assignable to the Ti’" in electron energy loss spectra increased with
the irradiation time and reduced with post-exposure to O,. Faint spots assignable to the OH group bound to
Ti** group disappeared after the O, dose in scanning tunneling microscope (STM) images (5).
Ti*-OH-Ti*" + e Ti*-OH-Ti*"  (4)
Ti-OH-Ti*" + 120, —» Ti*-O*-Ti* + H,0  (5)
The photodecomposition of the pivalate (3) stopped before the pivalate monolayer was exhausted. When
the surface 6-fold-coordinated Ti atoms were occupied by photogenerated electrons, the reaction (3) became
competitive with the recombination of the photogenerated electrons and holes (6).
h"+e —heat (6)
The photodecomposition of the pivalates on the TiO,(110) surface was improved by Pt-loading [18]. The
decomposition rate of the pivalates was enhanced as the amount of Pt increased, which was attributable to

the electron trapping by the Pt clusters.

Experimental section

The KFM is based on a noncontact atomic force microscope (NC-AFM) [19], and shows the topography
and the work function map of the sample surface simultaneously. The NC-AFM detects a weak attractive
force working between the probe and sample to regulate the probe-sample separation. A cantilever with a
tip at one end is oscillated at its resonant frequency (fy), and the attractive force perturbing the oscillation is
monitored as a frequency shift of the cantilever oscillation (Af). In the KFM measurement, the cantilever is
used like a reference electrode of a Kelvin probe method [20]. The tip and sample surface form a capacitor,
and the contact potential difference (CPD) between the tip and sample causes electrostatic interaction. The

electrostatic interaction is derived as an additional oscillation component by modulating the sample bias



voltage (V) by AC voltage. The offset DC voltage which minimizes the electrostatic component
corresponds to the CPD. The obtained CPD map shows a local work function distribution. Here we use
"local work function" to definitely show the direction of the CPD shift. Some previous studies presented
work function maps with an atom-scale contrast [10,21-24].

All experiments were performed using an ultra-high vacuum STM/NC-AFM system (JSPM4500A, JEOL)
at room temperature. The microscope is in a chamber separated from a sample preparation chamber by a
gate valve. The preparation chamber is equipped with an ion sputtering gun (EX03, Thermo) and low
energy electron diffraction optics (BDL600, OCI). The base pressure of the system was 2x10™® Pa.

Conductive Si cantilevers with an f; of 300 kHz and force constants of 14 N/m (NCS12, MikroMasch)
were used as a probe. In the KFM measurement, the peak-to-peak amplitude and the frequency of the
modulation AC voltage were 2 V and 2 kHz. The modulated signal was extracted from the oscillation
signal by a lock-in amplifier (LI5640, NF). The DC offset voltage was regulated by a KFM controller
(TM-Z50241, JEOL). Empty-state STM images were acquired in a constant current mode by using the
cantilever as a probe.

The TiO,(110) surface was cleaned by repetition of Ar-ion sputtering and annealing at 1100 K. A
mechanically-polished TiO,(110) wafer (Shinko-sha, 7x1x0.3 mm®) was supported on a Si wafer (7x1x0.5
mm®) which was used as a resistive heater. The temperature of the sample monitored with an infrared
pyrometer (TR630, Minolta) was possibly overestimated because the temperature of the Si wafer was
measured through the transparent sample wafer. Platinum was evaporated from a heated Pt wire (99.98%,
Nilaco) outgassed beforehand, and the surface was subsequently annealed to grow the clusters. The
pressure increase during the evaporation was less than 8.0x10® Pa. Pivalic acid was degassed by
freeze-pump-thaw cycles, and introduced into the preparation chamber through a leak valve. A 300W Xe
arc lamp was used as an UV light source for decomposition of the pivalate. Ultraviolet light of 250-390 nm
wavelengths was introduced to the chamber through a heat filter. The light flux at the surface was 10 Wm™.

The images taken with 512x512 data points are presented without filtering. The geometrically higher
areas are shown as brighter areas in the topography, and areas with a larger work function are shown as

brighter areas in the work function maps.



Results and discussions

Figure 2 shows a sequence of STM images of the TiO, surfaces which were obtained at each stage of the
experiment. Image (a) shows the sputter-annealed TiO,(110) surface. The surface consists of atomically
flat terraces separated by monoatomic steps. The bright rows running in the [001] direction in the terraces
correspond to the sites of the 5-fold-coordinated Ti atoms. At positive sample bias voltage, electrons tunnel
into the 3d-derived states of the 5-fold-coordinated Ti atoms [25].

High Pt-loaded and low Pt-loaded TiO, surfaces were prepared. Low-loading of Pt was performed by 1
minute exposure of the TiO,(110) surface to the Pt vapor followed by annealing at 1050 K for 10 s to reduce
Pt adatoms by aggregation and/or desorption. Image (b) shows the obtained low-loaded surface. Bright
particles with diameters of 1-2 nm and heights of 0.2-0.4 nm can be seen. The number density of the

particles was 1x10'® m™.

Ten minute Pt evaporation and subsequent annealing at 830 K for 20 min was
employed to prepare a high Pt-loaded surface. The diameters and number density of the bright particles
increased to 3-4 nm and 4x10'° m™ as shown in image (c). The heights were 0.2-0.4 nm and comparable to
those of the particles in the low-loaded surface. The bright particles are assignable to Pt clusters from the
increase of their sizes dependent on the exposure time to the Pt source. The formation of nanometer-sized
Pt clusters was consistent with that of previous reports for the Pt-evaporated TiO,(110) surfaces [18,26,27].
The numbers of the Pt atoms included in images (b) and (¢) were estimated to be 300 and 4000, respectively,
assuming a cylindrical shape and atom density in Pt metal, 6.6x10*® m™, for the clusters. The number
density of the Pt atoms was proportional to the evaporation time. Encapsulation of the Pt clusters by TiOy
species [28] was unlikely, because the size and shape of the Pt clusters did not change after
vacuum-annealing.

Images (d) and (e) are the low-loaded and high-loaded surfaces exposed to 900 L of pivalic acid gas,
respectively. The spots arranged in a (2x1) periodicity on the terraces are pivalates. Dark patches
indicated by arrows are the vacant sites where pivalates were not adsorbed. The number ratio of the
pivalates to the bridge sites of two 5-fold-coordinated Ti atoms was 93% in image (d) and 86% in image (€).
Bright spots which appeared on the Pt clusters are presumably pivalates because their image height and

diameter are comparable to those of the adsorbed pivalate on the TiO, portion.

Image (f) shows the low-loaded surface irradiated by UV light for an hour after the pivalate adsorption.



The pivalates on the terraces decreased, and the residing pivalates partly retained the (2x1) arrangement.
Seventy percent of the adsorption sites in image (f) were occupied by the pivalates. Hence, the ratio of the
removed pivalate from the low-loaded surfaces was estimated to be 25% from images (d) and (f). Since the
adsorbed pivalate is immobile on the (1x1) surface [15], the random distribution of the vacant sites indicates
non-site-specific reaction of the pivalates. The image obtained on the high-loaded surface after
photodecomposition of the pivalates by 2 hours irradiation is shown in (g). The pivalates were observed at
61% of the adsorption sites, and 29% of the pivalates were removed from the high-loaded surface. Bright
spots on the Pt clusters were not observed as shown in the inset of image (g).

Figures 3(a) and (b) are topographic images (left column) and simultaneously obtained work function
maps (right column) of the low-loaded and high-loaded surfaces which are not covered with pivalates. The
bright particles marked by arrowheads in the topography are Pt clusters. Strings extending in the [001]
direction on the low-loaded surface are Ti,O; rows. The location of the clusters marked with an arrowhead
are depressed in the work function maps, i.e., the work function on the clusters is smaller than that on the
surrounding TiO, surfaces. Panel () is a schematic drawing of the work function map contrast. The work
function decrease on the Pt clusters indicates that the dipole moments directed to the vacuum side were
formed by electron transfer from the clusters to the substrate. The direction of the electron transfer
indicated by the work function measurement is opposite to that predicted from work function of the bulk
TiO; (5.3 eV [29]) and Pt (5.6 eV [30] ). This suggests that physical and chemical properties of the
nanometer-sized Pt clusters are perturbed from those of the bulk Pt. It is likely that the original neutral Pt
atoms donated electrons to the cationic Ti atoms on the TiO, surface [21]. The work function difference
between the individual Pt clusters and surrounding TiO, surface is plotted in graph (d) as a function of the
cluster-TiO, interface area. A circle interface was assumed, and the diameters of the circles were
determined from the cross sections of the topography. Uneven work function decrease on the clusters with
approximately an equal interface area was possibly due to nonuniform atomistic structure at the cluster-TiO,
interface.

Sets of topography and work function maps of the pivalate-covered surfaces are shown in Fig. 4. In both
the topographies of the (a) low-loaded and (b) high-loaded surfaces, the Pt clusters were observed as bright

particles, while adsorbed pivalates were not resolved. Compared to the pivalate-free surfaces, the work



function decrease on the Pt clusters was suppressed as illustrated in panel (C). In addition, the average work
function became smaller by 0.8 eV. It is illustrated in graph (d) how these features appeared on the
pivalate-covered surfaces.

The work function perturbation which reflected the surface dipole moment originated from the pivalate
adsorption. The adsorbed pivalate has an intrinsic dipole moment directed to the vacuum side due to the
COO group polarized as O *-C>*-0> [31]. It is likely that the pivalates are anchored on the Pt clusters via
COO group on the analogy of formate (HCOQO") [32] and acetate (CH;COQO") [33] on Pt(111) surface. The
intrinsic dipole moment contributes to the work function decrease equivalently on the TiO, surface and the Pt
clusters.  Another dipole moment formed at the pivalate-surface interface by electron transfer
accompanying bond formation is a possible cause of the suppressed work function. The cationic Ti atom
receives more electrons from the anionic pivalate compared to neutral Pt atoms. The pivalate-TiO,
interface is more polarized, and the work function on the TiO, surface is more reduced than that on the Pt
clusters. Dependence of the molecule-induced surface dipole moment on substrate material has been
reported on a benzoic acid (CcHsCOOH) molecule adsorbed on an indium-tin oxide and aluminum film [34].

Topography (left column) and work function maps (right column) obtained after the photodecomposition
of the pivalates are presented in Fig. 5. Platinum clusters and increased vacant sites are visible in the
topographic images. On the low-loaded surfaces, the number of Pt clusters showing larger work function
than the surroundings increased noticeably. The panel (C) represents the change of the work function. The
work function difference between the clusters and pivalate-covered TiO, surface is displayed in graph (d).
Thirty four percent of the clusters (15 out of 44) on the low-loaded surfaces showed a larger work function
than that of the pivalate-covered TiO, surface, while the work function of the clusters on the high-loaded
surfaces was smaller than that on the surroundings. The dispersed work function difference for the
high-loaded surface is due to the fluctuated work function on the TiO, surface possibly caused by vacant
areas.

One possible cause of the positive work function shift is the electron transfer from the TiO, substrate to
the Pt clusters, which increases dipole moments directed to the substrate side. The number of trapped
electrons after UV irradiation was equivalent to that of the desorbed pivalates, and is estimated to be 6x10'

m™ on the low-loaded surface and 7x10'” m™ on the high-loaded surface from the STM images. The



number density of the 6-fold-coordinated Ti atoms was 5x10' and 3x10"™ m™ on the low-loaded and
high-loaded surfaces, respectively. Here we assume that equivalent electrons were trapped at the Pt clusters
on both surfaces. The Pt atoms at the cluster-TiO, interfaces are positively-charged after evaporation, and
likely receive electrons. The low-loaded surfaces include fewer Pt atoms facing the interfaces than the
high-loaded surfaces. The distribution of the electrons per one Pt atom is therefore larger on the low-loaded
surfaces. The number density and/or strength of dipole moment directed to the vacuum side is more
enhanced on the smaller clusters, which leads to distinct positive work function shift [26].

The dipole moment originating from adsorbates on the clusters is another factor to be considered. The
work function on the clusters becomes larger when the pivalates are desorbed from the clusters. However,
the work function increase was observed particularly on small clusters, which cannot be explained by the
pivalate desorption independent of cluster size. Isobutene, isobutane, and carbonaceous species are
possible adsorbates formed during the photodecomposition of the pivalates. The adsorption of these species
reduce the work function on the clusters based on the analogy of the propane and propene adsorbed on a
Pt(111) surface [35]. Carbon dioxide would not be stabilized on the cluster. No adsorbed CO, molecules
were observed in the STM images obtained during CO oxidation on Pt(111) surface at 247 K [36].
Adsorption of residual H,O and OH group from the H,O is not likely at room temperature [37]. Hydrogen
adatoms probably reduce the work function on the Pt clusters. The work function of Pt single crystal
surfaces was reduced by the H adatoms [38,39]. Thus it is unlikely that the adsorbate contributes to the

positive work function shift on the Pt clusters.

Summary

The work function of Pt-evaporated TiO,(110) surfaces was examined by using KFM. Work function
increase was observed on some Pt clusters after photodecomposition of pivalate anions. This suggests that
the electron transfer coupled with the surface pivalate reaction can be detected by using the KFM. Future
detailed studies of the electron trapping capability of the clusters will provide a basis for controlling

photocatalytic performance.
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Figure captions

Figure 1. A model of the TiO,(110)-(1x1) surface. Small and large spheres represent Ti and O atoms,
respectively. The O atoms are shaded according to depth. Six pivalate molecules are anchored to the

lower terrace in a (2x1) periodicity.

Figure 2. Constant current images of TiO,(110) surfaces (20x20 nm?). (a) (1x1) surface. Sample bias
voltage (V) = +1.0 V, tunneling current (/;) = 1.0 nA. (b) Low Pt-loaded surface. V;=+1.3V, ;=1.0 nA.
(c) High Pt-loaded surface. V;=+1.4V,;=1.0nA. (d) Low Pt-loaded surface after pivalate adsorption.
Vs=40.9V, I, = 1.0 nA. (e) High Pt-loaded surface after pivalate adsorption. V;=+1.0V, [, = 1.0 nA
(inset: 4x4 nm*, ¥, = +1.0 V, I, = 1.0 nA). (f) Low Pt-loaded surface after photodecomposition of the
pivalates. Vy=+09V, [;=1.0 nA. (g) High Pt-loaded surface after photodecomposition of the pivalates.

Vi=+1.4V, I,=1.0 nA (inset: 4x4 nmz, Vi=+1.2V, ;=1.0nA).

Figure 3. Topography (left column) and work function map (right column) of the (a) low Pt-loaded surface
and (b) high Pt-loaded surface (30x30 nm?). Positions of some Pt clusters are indicated by arrowhead. (a)
Frequency shift (Af) = -141 Hz, peak-to-peak amplitude of the cantilever oscillation (4,,) = 7.0 nm, scanning
speed (vs) = 1.7 s/pixel.  (b) Af=- 69 Hz, 4,,= 6.9 nm, v = 1.7 s/pixel. (c) Schematic model of the work
function perturbation on the surface. (d) Work function difference between the Pt clusters and surrounding
TiO, surfaces plotted as a function of the cluster-substrate interface area. Open circles: low-loaded surfaces.

Solid circles: high-loaded surfaces.

Figure 4. Topography (left column) and work function map (right column) obtained after pivalate
adsorption on the (a) low Pt-loaded surface and (b) high Pt-loaded surface (30x30 nm?). Positions of some
Pt clusters are indicated by arrowhead. (a) Af =-127 Hz, 4,, = 6.8 nm, v, = 3.3 s/pixel. (b) Af =-52 Hz,
Ap,p = 6.7 nm, vy = 3.3 s/pixel. (c) Schematic model of the work function perturbation on the surface.
Dotted lines show work function perturbation on a pivalate-free surface. (d) Work function difference

between the Pt clusters and the surrounding pivalate-covered TiO, surface plotted as a function of the
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cluster-substrate interface area. Open circles: low-loaded surfaces. Solid circles: high-loaded surfaces.

Figure 5.  Topography (left column) and work function map (right column) obtained after
photodecomposition of the pivalates on the (a) low Pt-loaded surface and (b) high Pt-loaded surface (30x30
nm?®). Positions of some Pt clusters are indicated by arrowhead. (a) Af = -47 Hz, App =7.0 nm, vy = 3.3
s/pixel. (b) Af = -41 Hz, 4,, = 6.7 nm, vy = 1.7 s/pixel. (c) Schematic model of the work function
perturbation on the surface. Dotted lines show work function perturbation on a pivalate-covered surface
before UV irradiation. (d) Work function difference between the Pt clusters and the surrounding
pivalate-covered TiO, surface plotted as a function of the cluster-substrate interface area. Open circles:

low-loaded surfaces. Solid circles: high-loaded surfaces.
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Figure 2 Hiehata et al.
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