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ABSTRACT: The water splitting reaction based on the promising TiO,
photocatalyst is one of the fundamental processes that bears significant
implication in hydrogen energy technology and has been extensively studied.
However, a long-standing puzzling question in understanding the reaction
sequence of the water splitting is whether the initial reaction step is a
photocatalytic process and how it happens. Here, using the low temperature
scanning tunneling microscopy (STM) performed at 80 K, we observed the
dissociation of individually adsorbed water molecules at the S-fold

coordinated Ti (Tis,) sites of the reduced TiO, (110)-1 X 1 surface under

the irradiation of UV lights with the wavelength shorter than 400 nm, or to say its energy larger than the band gap of 3.1 eV for
the rutile TiO,. This finding thus clearly suggests the involvement of a photocatalytic dissociation process that produces two
kinds of hydroxyl species. One is always present at the adjacent bridging oxygen sites, that is, OHy,, and the other either occurs as
OH, at Tis, sites away from the original ones or even desorbs from the surface. In comparison, the tip-induced dissociation of the
water can only produce OH, or oxygen adatoms exactly at the original Tis, sites, without the trace of OHy,. Such a difference
clearly indicates that the photocatalytic dissociation of the water undergoes a process that differs significantly from the
attachment of electrons injected by the tip. Our results imply that the initial step of the water dissociation under the UV light
irradiation may not be reduced by the electrons, but most likely oxidized by the holes generated by the photons.

1. INTRODUCTION

The discovery of photocatalytic water splitting on TiO," has
triggered intensive studies on its reaction mechanism®~’
because of its importance in renewable clean energy
applications. However, despite the tremendous efforts, it
remains unclear what is the actual initial step for the water
splitting reaction.”® Because of the lack of direct experimental
evidence, contradicting conclusions have been derived from
different models. One of them is about the possible
involvement of the photocatalytic reaction. On the basis of
the ground-state electronic structure of the water from electron
photoemission data,®’ it was argued that the adsorbed water
molecules at the terminal Ti sites could not be oxidized by the
photogenerated holes in the valence band (VB) due to the
energy mismatch between the hole and the electronic states of
the water,'"®'® whereas the recent density functional theory
(DFT) calculations'”"® suggested that such a mismatch could
be overcome by the overpotential created by the photo-
generated VB hole in the vicinity of the adsorbed water
molecule, resulting in the water photooxidation. Here, we
demonstrate for the first time with an atomic resolution that the
individually adsorbed water molecules at the terminal Ti sites,
that is, the five coordinated Ti (Tis.) sites, can be dissociated
under UV irradiation on the TiO, (110)-1 X 1 surface, using an
ultrahigh vacuum (UHV) low temperature scanning tunneling
microscopy (STM). Our results show that the dissociation of
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the water can only occur under the irradiation of the UV lights
with the wavelengths shorter than 400 nm, which is consistent
with the TiO, band gap of ~3.1 eV and indicates clearly the
involvement of a photocatalytic dissociation process. As
compared to the dissociation process of the adsorbed water
molecules through the reduction by the tunneling electrons
injected from the STM tip, we found that the photocatalytic
dissociation process behaves differently. It allows us to
conclude that the initial photocatalytic dissociation of the
water should undergo the water oxidation by the photo-
generated holes.

2. EXPERIMENTAL SECTION

Our STM experiments were conducted with a low temperature
scanning tunneling microscope (Matrix, Omicron) in an ultrahigh
vacuum system with a base pressure less than 3 X 107! Torr. The
measurements were all performed at 80 K. An electrochemically
etched polycrystalline tungsten tip was used in the experiment. The
rutile TiO,(110) sample (Princeton Scientific Corp.) was prepared by
repeated cycles of ion sputtering (3000 eV Ar") and annealing to 900
K with a Ta-foil heater behind the sample. Water (Aldrich, deuterium-
depleted, 99.99%) was purified by several freeze—pump—thaw cycles
using liquid nitrogen. The water was transferred directly to the TiO,
surface through a dedicated tube in the chamber. The outlet of the
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Figure 1. (a,b) STM images before and after H,O adsorption in situ on TiO,(110)-1 X 1 (size: 12.3 X 11.2 nm? imaged at 1.0 V and 10 pA, 80 K).
(c,d) Consecutively acquired STM images at 2.0 and 1.0 V, respectively. White arrows, Oy sites; green arrows, molecular H,O at Oy sites; blue
arrows, OH,, pairs. (e;—e;) Magnified images (3.7 X 4.6 nm?) marked by rectangles, superposed with structural model of TiO, surface. O, water
adsorption sites at Tis.; [J, Oy site. (f) Line profiles along lines 1—3, respectively, separated vertically by 0.75 A for clarity. The profile for OHy, pair

(in line 3) can be fitted by two peaks.

tube was only about S mm from the TiO, surface. This method
minimized the background water in the chamber and helped to keep
the sample surface almost unchanged in the dark for about 9 h
(Supporting Information Figure S1). This benefits from the
microscope covered with the two-levels cooling shield, which acts as
a trapping pump and may keep a much higher vacuum in the space of
the microscope at 80 K. With this experimental condition, we were
able to keep quite a few contaminated adsorbates that might further
adsorb on the surface during the light irradiation measurements. The
dosing amount was not able to be monitored by the ion gauge; instead,
we directly determined the coverage by the STM images. During the
water dosing, the sample was maintained at 80 K.

The light irradiation measurements were performed with different
wavelengths by using light sources of mercury—xenon lamp
(Hammatsu, 12423, equipped with bandpass filters: centered at 400
and 440 nm with bandwidths of 40 and 20 nm, respectively; a quartz
convex lens is used to ensure almost parallel incident light), Nd:YAG
laser (Spectra-Phyiscs, Pro-250; repetition, 10 Hz; duration, 10 ns; for
wavelengths of 532, 35S, and 266 nm), and excimer laser (Coherent
Inc., COMPexPro 201, ArF; repetition, 4 Hz; duration, 20 ns, for
wavelength of 193 nm). A specially coated sapphire window (VG
Scienta) was employed for 193 nm UV light with 90% transmission.
The light spots had a size of about 10 mm in diameter on the surface
centered at around the tip position, which had been aligned with a
screen mounted at the sample site. The angle between the incident
light and the sample surface was about 30°. The light intensity was
measured by a detector (OPHIR, PD300-UV-193) with the normal
incidence at the outside of the chamber in front of the window. These
nominal intensities used in the experiment were mainly 1.0 mW/cm?
for the laser lights (at 532, 355, 266, and 193 nm), 5.1 mW/cm? for
the light of 400 + 20 nm, and 2.2 mW/ cm? for the light of 440 + 10
nm. Because the detector was not able to be mounted at the sample
site, we could just calibrate the light intensities in the ambient
condition. The intensities were measured at a distance (including the
window) similar to the one from the window to the sample in the
chamber. The intensity is found to be reduced by about 10% for the
laser lights, and 30% for the lights of the mercury—xenon lamp (400 +
20 and 440 = 10 nm) because of its poor collimation even after a lens
is adopted. Taking into consideration the incident angle, the calibrated
light intensities on the sample surface were about 0.45 mW/cm? for
the laser lights, 1.8 mW/ cm? for the 400 + 20 nm light, and 0.8 mW/
cm” for the 440 + 10 nm light.
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During the light irradiation, the tip was retracted back about 25
steps (each step is about 400 nm) from the surface, so the tip—sample
distance was estimated to be about 10 pm, which could avoid the
shadow of the STM tip on the measured area of the sample surface. At
80 K, the thermal drift between the tip and the sample surface was
typically less than 10 nm/h, which allowed us to find the same areas
that had been characterized. We always compared the areas before and
after the light irradiation to trace any changes on the surface."

3. RESULTS

3.1. Adsorption Behavior of Water at 80 K. Figure la
and b gives a pair of representative images before and after the
water dosing within the same area on the TiO,(110)-1 X 1,
acquired under the conditions of 1.0 V (positive sample bias
with respect to the tip) and 10 pA at 80 K. The concentration
of the bridge-bonded oxygen vacancies (Oy) is about 0.08 ML
(1 ML = 5.2 X 10" cm™). The water coverage is about 0.02
ML. By counting thousands of adsorbed water molecules, it is
found that only 9% water molecules appear at the Oy sites, and
91% adsorbed water molecules at the Tis. sites. Similar
distribution was obtained for the water coverage ranging from
0.02 to 0.05 ML. Unlike the diffusive water molecules at
elevated temperatures,” it is observed that the adsorbed water
molecules are quite immobile at 80 K, which makes it easy to
trace any possible reactions under UV irradiation.

Figure 1c and d shows the consecutively acquired images at
2.0 and 1.0 V, respectively. Although the images acquired at 2.0
V show some noticeable feature changes for the water
molecules at the Tig, sites (Figure 1c), when the voltage goes
back to 1.0 V, the images can always be recovered (Figure 1d).
It indicates that the adsorbed water molecules at the Tis, sites
are not dissociative when the applied voltage is lower than 2.0
V (with a set point current of 10 pA). As for the feature
changes at higher voltages, one plausible explanation might be
the involvement of the oscillation of the water molecules
induced by the tip.

It is noted that the molecules at the Oy sites have already
been dissociated to pairs of hydroxyl species, that is, OHy,, after
scanning once at 1.5 V (not shown). The areas marked by the
rectangles are correspondingly magnified in Figure le,—e;, with
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Figure 2. (a,b) STM images (size: 1.9 X 2.9 nm?, imaged at 1.0 V and 10 pA, 80 K) before and after water dosing. (c) Image after 266 nm UV
irradiation for 1 h (Nd:YAG laser; repetition, 10 Hz; duration, 10 ns; nominal intensity, | mW/cm?). (d) Image acquired consecutively at 1.6 V and
10 pA. (e) Image (at 1.0 V and 10 pA) showing the further dissociation of the OH, to an O,q at the Ti, site by applying a voltage pulse of 2.4 V. (f—
h) Another set of images (6.3 X 6.6 nm? imaged at 1.0 V and 10 pA, 80 K) showing the dissociation of water molecules under the 400 nm UV
irradiation for 1 h (mercury—xenon lamp from Hammatsu, L2423, with a bandpass filter centered at 400 nm and bandwidth of 40 nm, nominal
intensity: 5.1 mW/cm?). (i—k) Line profiles along the lines in (f), (g), and (h), respectively. White O, adsorption sites of water at Tis; black O,

molecular water at Tis; O, Oy sites; A, OH,,; V, OH..

the superposed structural model. It can be seen that the water
molecule at the Oy site becomes expanded, occupying two
lattice sites in the bridging oxygen row (Figure 1f). This is
consistent with the well-characterized feature of the thermally
driven dissociation of the water molecules at the Oy sites at
elevated temperatures.*”*'™>® In our measurements, the
adsorbed water molecules at the Oy sites may be dissociated
after several scanning cycles at 1.0 V and 10 pA at 80 K
(Supporting Information Figure S2). However, at the bias
voltages higher than 1.5 V, the voltage-dependent dissociation
behavior typically occurs for the water molecules at the Oy
sites. It suggests that the tip-induced dissociation could be an
additional process for the water molecules at the Oy sites, to
form the OHy, pairs at 80 K. It should be mentioned that under
the typical experimental conditions of 1.0 V and 10 pA, the
OH,, pairs remain intact during the measurements.

On the basis of our measurements, we have found that the
imaging condition of 1.0 V and 10 pA allows us to obtain good
images without the risk of tip-induced dissociation of the water
at the Tis. sites. The STM measurements described in the
following sections were performed under such a condition, if
not specified.

3.2. Dissociation of the Water Molecules Adsorbed at
the Tis. Sites under UV Irradiation. We now turn our
attention to the photocatalytic reaction of the water molecules
adsorbed at the Tis, sites. The results presented in Figure 2
provide direct evidence that the adsorbed molecules at the Tis,
sites can be dissociated under UV irradiation. In Figure 2a—c, it
can be seen that one of the water molecules disappears from its
original Tis, site after the 266 nm light irradiation for 1 h.
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Meanwhile, a less protruded spot at the adjacent Oy, and a
fuzzy spot at the nearby Tis, site (from the original water
adsorption site by one lattice distance) simultaneously show up.
This can certainly be attributed to the dissociation of the water
molecule at the Tis, site under UV irradiation. In the
consecutively acquired image at 1.6 V and 10 pA (Figure
2d), the fuzzy spot becomes more smooth, and it can be further
dissociated to an O adatom by applying a voltage pulse of 2.4 V
(Figure 2e). Such a dissociation process is a result of the
inelastic electron tunneling, similar to what was observed before
for the tip-induced desorption of hydrogen from OH,,.*>*’
Therefore, we may attribute the fuzzy spot to hydroxyl species,
OH,, at the Tis_ sites, and then the less protruded spot to OH,,
species as the result of the hydrogen transferring to the adjacent
O, site. It is noticed that the OH, species were observed
before,*>*' but did not show such a fuzzy feature. We have
therefore carried out a systematic study and found that the
image of OH, is voltage-dependent (see Supporting Informa-
tion Figure S3). It was observed that the OH, species are quite
immobile even imaged at bias voltages of 1.5—1.8 V and at 300
K.3' Thus, we tend to believe that the fuzzy feature can be
associated with the local change of the OH, because in our
measurements we typically observed the fuzzy feature at much
lower bias voltages of 0.7—1.0 V and at a much lower
temperature of 80 K. In other words, the swing of the OH bond
leads the fuzzy feature, and the swing rate is increased with the
increase of the applied bias voltage. When the swing of the OH
bond is too fast and exceeds the bandpass of the preamplifier of
our STM instrument (the bandwidth of the preamplifier used
in this experiment is about 800 Hz), the recorded image can
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only reflect the averaged signals (say at 1.6 V and 10 pA). This
is consistent with the observation that the image is no longer
fuzzy at 1.6 V. All of these findings can thus well explain the
difference between our observations and reported in the
literature.*>*' Obviously, one can use such a unique fuzzy
teature to identify the OH, species. It is helpful to mention that
similar results have been obtained for a melamine molecule
adsorbed on Cu(100) surface, in which the swing of a NH
bond generates similar behaviors.*> We refer to that work for
detailed theoretical analysis.

Similar results were obtained under the irradiation of UV
lights with different wavelengths. Figure 2f—h show another set
of images under the irradiation of 400 nm light (mercury—
xenon lamp, with a band-pass filter centered at 400 nm and
bandwidth of 40 nm). It is observed that OHy, is always present
at the adjacent Oy, accompanying the water dissociation under
UV irradiation, as shown in Figure 2h. Two water molecules are
dissociated in the frame of Figure 2h, but only one OH, can be
observed at a Tis, site away from the original place by several
lattice distance over the Oy, rows. The line profiles shown in
Figure 2i—k give the apparent height of these H,O, OH,, and
OH,, species, which have also been further confirmed by the tip
manipulation (Supporting Information Figure $4).

Our results demonstrate that under the UV light irradiation
the water molecules at the Tis, sites can be dissociated into two
types of OH species. One type is always present as OHy, at the
adjacent Oy, cites, and the other type either desorbs from the
surface or adsorbs as OH,. The adsorbed OH, species generally
occur away from the sites at which the water molecules
originally stayed.

3.3. Dependence of Water Dissociation on Wave-
length. We further examined the effect of the light wavelength
on the dissociation probability. As shown in Figure 3a—c, we
give a relatively large area to illustrate the results for the sample
under the irradiation of 400 + 20 nm light with a nominal light
intensity of 5.1 mW/cm? for 1 h. In this area, there are three
dissociated water molecules, as marked by the dashed
rectangles in images a—c of Figure 3, which are correspondingly
magnified in Figure 3a;—a3, b;—bs, ¢;—c;. In Figure 3¢, a fuzzy
OH; can be observed accompanying the dissociation of one
water molecule. In the other two cases of the water dissociation
shown in Figure 3c, and c;, OH, species do not occur. In all of
these cases, the OHy, species are present at the adjacent O,
sites. One may note that there are some adsorbates or defects
before the water dosing in Figure 3a, marked by the dashed
green circles. After the light irradiation, these species do not
show an obvious change (Figure 3c), which should thus not
affect the results for the water dissociation. In the same run, we
acquired four other sets of images from different areas nearby.
With a total number of about 650 adsorbed water molecules at
the Tis. sites, 11 dissociation events were observed after the
400 nm light irradiation, which leads to the dissociation
probability of about 1.7%.

Another set of representative images of the sample irradiated
under 355 nm light for 2 h is given in Figure 3d—f. It can be
seen that two water molecules are dissociated in the frames
marked by the rectangles, which are also correspondingly
magnified in Figure 3d,—ds, e,—e;, f,—f;. In both cases, the
OH; are not produced, while the OHj,, species still occur at the
adjacent Oy, sites (Figure 3f,—f;). The total number of the
adsorbed water molecules at the Tis. sites was 217 from six
different areas in the run, and eight dissociated molecules were
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Figure 3. (a—c) Large-scale images (23.0 X 20.5 nm?®) before water
dosing, after water dosing, and after 400 + 20 nm light irradiation for 1
h (nominal intensity of 5.1 mW/ cmz), respectively. The dashed green
circles mark the preexisted adsorbates or defects. (a,—c;) Magnified
images of frame 1 (6.5 X 3.9 nm?), (a,—c,) frame 2 (5.2 X 2.8 nm?),
and (ay—c;) frame 3 (3.9 X 2.7 nm?). (d—f) Another set of images
(17.5 X 16.6 nm?) before water dosing, after water dosing, and after
355 nm light irradiation (nominal intensity of 1.0 mW/cm?) for 2 h,
respectively. (d,—f;) Magnified images of frame 4 (6.8 X 3.0 nm?) and
(ds—f;) frame S (7.1 X 3.5 nm?). Imaged at 1.0 V and 10 pA, at 80 K.

observed. It corresponds to the dissociation probability of
about 3.7% in this run.

For the sample under the irradiation of 532 nm light (see
Supporting Information Figure SS), however, all water
molecules remain unchanged. We performed similar measure-
ments on more than five runs and were unable to observe any
dissociation events for more than 1500 water molecules.

The measurements for the different wavelengths were mainly
performed with the nominal intensity of 1 mW/cm?® for the
laser lights (about 0.45 mW/cm?” on the surface by calibration)
and 5.1 mW/cm?* (1.8 mW/cm? on the surface by calibration)
for the 400 + 20 nm light. Figure 4a demonstrates the
dissociated fraction of the adsorbed water molecules as a
function of the irradiation time at various wavelengths. It is
important to mention that the dissociation events could be only
observed when the wavelength of the light is shorter than 400
+ 20 nm, which accords well with the band gap of 3.1 eV for
the rutile TiO,. Our observations here lead to a conclusion that
the dissociation of water at the Tis. sites should be a
photocatalytic process.

It should also be noticed that, although we do observe the
water dissociation, the dissociation probabilities are very low,
typically 2% and 4% after UV irradiation for 1 and 2 h,
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Figure 4. (a) Plot of the dissociated fraction of the water molecules at
the Tig, sites as a function of the irradiation time. The vertical error
bars give the standard deviation of the data in more than three runs
(for each point, the accumulated total number of water molecules was
about 1000 or more). For 355 nm irradiation for 2 h, only one run was
performed (217 molecules). The gray dotted lines are to guide the
eyes only. (b) Plot of the apparent quantum yield as a function of the
photon flux.

respectively. Moreover, the dissociation probability does not
show obvious dependence on the wavelength in the range of
400—193 nm with the given intensities. In other words, once
the energy of the light is larger than the band gap of the TiO,,
the dissociation event occurs with almost similar probability in
our measurements.

Because of the rather low dissociation probability, the
fluctuation in the measurements might be relatively large. For
instance, the dissociation events could be observed in some
areas (typically within 20 X 20 nm?), but might not be in other
nearby areas within the same run. One way to enhance the
dissociation probability would be to increase the intensity of the
light. We made several runs with higher nominal intensities of 5
and 10 mW/cm? using the lights of 266, 355, and 532 nm,
respectively. It is quite unexpected to see that the dissociation
probability barely changes over the intensity range. It is noted
that the irradiation with the 532 nm light cannot trigger the
water dissociation even with higher intensity up to 10 mW/
cm?. However, we have also found that with a lower nominal
intensity of 0.1 mW/cm? for both 266 and 355 nm light, and
0.7 and 1.2 mW/cm?® for the light of 400 nm, it is impossible to
detect any dissociation events after the irradiation for 2 h. This
implies that a relative high light intensity is needed for the
water dissociation.

We obtain the apparent quantum yield as a function of the
photon flux, and the results are plotted in Figure 4b. The
apparent quantum yield is defined as the dissociated events
over the total number of incident photons. The photon flux is
given in the unit of photons-molecule™":s™". Considering the
narrow variation of the water coverage in the range of 0.02—
0.05 ML, we have taken the result for an averaged coverage of
0.035 ML, corresponding to a value of 1.8 X 10"® molecule/
cm’. It can be seen that with the increase of the calibrated light
intensity, the number of photons per molecule increases from
several to several hundred, varying with the wavelength of the
incident light. This is consistent with previous experimental
observations that show the absorption coefficient of the light at
400 nm is much smaller than that of the shorter wavelength
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lights.*>** It is noted that with the water coverage higher than
0.1 ML, the quality of the images does not allow us to precisely
determine whether the reaction takes place or not. We have
also observed that the concentration of Oy varies in the range
of 0.08—0.12 ML; however, its influence on the water
dissociation probability is not identified yet. Because of the
low water coverage, the dissociation events can be detected
only when the photon flux reaches a certain value. As shown in
Figure 4b, the apparent quantum yield demonstrates a
monotonic decrease, indicating that the increase of the incident
photons does not produce extra dissociation events. Our
observation is consistent with the results that in TiO,
nanoparticle photocatalyst, four photons per particle are already
sufficient to reach the saturated quantum yield of water
splitting, 3>

Although we have tried minimizing the hydroxyl species on
the surface, we can still observe some preexisted OH,, species,
with a typical number of 1—10 within an area of about 20 X 20
nm?® before the water adsorption. These OHy, species were
mainly produced in the preparation chamber or during the
sample transferring. Once the samples were mounted at the
cryostat of the microscope covered with the cooling shield, no
any additional contaminations could be observed. These
preexisted OHy, species were quite stable and immobile during
the light irradiation and behaved similar to the OHj, pairs from
the dissociative water at the Oy sites (Supporting Information
Figure S2). Therefore, we believe that these preexisted OHy,
species do not affect the observed water dissociation events in
our experimental condition.

3.4. Tip-Induced Dissociation of the Water Molecules
Adsorbed at the Tis, Sites. As a comparison, we performed
the experiment by applying voltage pulse on the water
molecules at the Tis. sites. The tip-induced dissociation of
the water can be observed at much higher positive bias voltages.
As shown in Figure Sa—c, by applying voltage pulse of 2.4 or
2.8 V on an adsorbed water molecule at the Tis, site, its image
can be changed either to a less pronounced spot or to a fuzzy
spot at exactly the same site where the water molecule was
originally adsorbed. The less pronounced spot can be assigned
to an O adatom (O,4),>’ " due to the direct removal of the

OH; %
l-*1 W0V, 10pA
(C)"z,w

\pulse

Oad

, Oad # §

Figure 5. (a—c) STM images (size: 3.9 X 3.0 nm?, imaged at 1.0 V and
10 pA, 80 K) of the tip-induced water dissociation to produce OH or
oxygen adatom (O,y) under different applied bias voltages. (d)
Schematic drawings showing structural models of different processes
of the tip-induced water dissociation.
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two hydrogen atoms from the water molecule, and the fuzzy
spot to an OH, species as a result of the removal of a single
hydrogen atom. The latter can also be further dissociated to an
0,4 (Figure 5¢). The OH, produced by the tip also shows the
voltage-dependent features, similar to the ones produced under
UV irradiation discussed above, which further confirms our
assignment. The tip-induced dissociation processes are
schematically illustrated in Figure Sd, where one or both of
the hydrogen atoms can be removed. We also applied negative
sample bias to carry out a similar manipulation. However, no
dissociation event was observed even when the negative voltage
pulse (negative sample bias with respect to the tip) was set to
—4.0 V. Our observations indicate that the injected tunneling
electrons play a dominant role in the dissociation of the water
molecules. It is consistent with what was reported before for the
dissociation of H,O on MgO* or CO, on TiO,(110)*"** by
applying a relatively high bias voltage. Such a process partly
mimics the reduction of adsorbed water molecules through
attachment of electrons injected by the STM tip. In the tip-
induced water dissociation process (Figure Sb and c), the
reduction through the attachment of electrons always leads to
the removal of one or two hydrogen atoms from the water
molecule, only leaving an OH; or an O adatom at the exact site
that the water molecule originally stayed. This is quite different
from the water dissociation under UV irradiation, which
suggests that the dissociation of the water under UV irradiation
is a process completely different from the water reduction by
the injected electrons.

4. DISCUSSION

On the basis of what we have observed, the possible
photocatalytic dissociation process of the water under UV
irradiation is schematically illustrated in Figure 6. In this
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Figure 6. (a) Structural model of water at a Tis. site under UV
irradiation. (b) Possible intermediate state under UV irradiation. (c)
Dissociation of the adsorbed water molecule into OH,, and desorbed
eOH, or (d) OH,, and adsorbed OH, at a Tis site. (e) Energy
diagram and relaxation time scales of the photogenerated electron—
hole pair by photon with energy larger than the TiO, bandgap (refs 11,
14, 48—52).

reaction step, one of the hydrogen atoms is transferred to the
adjacent bridge oxygen (Figure 6b), forming an OHy,. The left
OH species may either desorb from the surface or adsorb as an
OH, at a certain Tis, site (Figure 6c and d). Our measurements
show about 80% OH species to desorb from the surface. These
desorbed OH species could correspond to the observed gas-
phase ®OH radicals in previous spectroscopic studies.**™*® The
OH; species are often observed at Tis, sites away from where
the water was originally. It could suggest that the OH, species
might be diffusive under UV irradiation, or it was generated
through the “cannon-ball”-like mechanism as observed for the
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dissociation of a chlorine molecule on TiO,(110).*” Consid-
ering the fact that most of the OH species desorb from the
surface and the OH, species occur away from the original sites
and even over several oxygen rows, the water dissociation may
most likely follow the “cannon-ball”-like mechanism in the
photocatalytic process because of the large exothermically
dissociation energy generated by UV irradiation. However,
because there are too few OH, species left on the surface, it is
not possible to obtain the statistical distribution of OH;
positions. In contrast, it is noted that the OHy, species are
quite inert and immobile under UV irradiation.

Figure 6e gives the energy diagram and the relaxation time
scales.""'#*¥7>% Because some data for the solid—vacuum
interface are not available, we adopt the results for the solid—
liquid interface instead. When the photon energy is larger than
the band gap energy of TiO,, it can generate holes at a level
below the VB maximum (deep holes) and electrons at a level
higher than the CB minimum (hot electrons).® These
photogenerated hole—electron pairs relax to the respective
band edges before they can reach the reactants.” It is known
that the relaxation of the deep holes to the VB maximum is in
the time scale of a few picoseconds,”'*** while the transfer of
the surface trapped holes to the adsorbed water molecules is
around several microseconds.*” In comparison, the relaxation of
the hot electrons is in the scale of several tens to hundred
femtosecond,*®~>* and the transfer of the trapped electrons to
the adsorbed water molecules is on the much longer time scale
around several tens to hundreds microsecond.”” The fast
relaxation of the deep holes to the VB maximum and the hot
electrons to the CB minimum may cause the reactants to
dominantly get the relaxed carriers from the band edges. This
might explain the observations that the dissociation probability
is independent of the UV wavelength (Figure 4a).

Because the transfer rate for the holes to the water molecules
is faster by 1 or 2 orders of magnitude than that for the
electrons to the water molecules, it is reasonable to believe that
the reaction of the holes with the water molecules should be
more favorable and dominant in the photocatalytic dissociation
reaction.” Moreover, for the tip-induced water dissociation, the
electron injection is known to play the dominant role, which
results in the removal of the hydrogen atom(s) (Figure S). This
is very different from the photocatalytic reaction, in which the
OH,, is formed at the neighboring site (Figure 2) and no
oxygen adatom is generated. On the basis of these facts, the
photocatalytic dissociation of the water observed in this study
should not be a reduction, but an oxidation reaction that could

be described as

H,0 + h" — ¢OH + H* (1)
where h* refers to the photogenerated hole by photon (hv
e h* + e7) in the TiO, VB.
>3.1eV

It was suggested that the photogenerated VB holes on TiO,
surfaces do not have the potential energy needed to oxidize
either adsorbed water or OH~ groups in solution,'”'>*
because the photo§enerated VB holes rapidly relax to the TiO,
VB maximum,'*~"® and the highest occupied molecular orbitals
of the adsorbed water molecules are energetically much lower
than the TiO, VB maximum.® This picture was based on the
ground-state electronic structure of the system and is obviously
not supported by our observations. The photoexcitation can
generate the hole—electron pair, and it can also alter the
position of the molecular orbitals.'”'®>*
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There were suggestions that the oxidation of the water could
be initiated by the ®OH radicals'®"® or the nucleophilic
attack,""'® but not due to the reaction of the holes with the
adsorbed water and/or OH™ species. The source of eOH
radicals was then suggested to be from several different
processes, like the reaction between the holes and the O~
terminal ions,"? electroreduction of dissolved oxygen molecules
with CB electrons,® or direct photolysis of photogenerated
H,0,.°® In our measurements under the UHV condition, these
situations can be excluded, and the ®OH radicals can only be
generated from the dissociation of the individually adsorbed
water molecules. Our experimental results clearly conclude that
the initial reaction step can proceed through the photocatalytic
reaction, and most likely through photooxidation by the holes,
which disproves the hypothesis that the water at the terminal Ti
sites cannot be photooxidized."” Of course, it is hi%hly 5possible
that in aqueous solutions some other processes' > could
occur in the successive reactions or even simultaneously during
the direct photooxidation of water.

5. CONCLUSIONS

We have provided atomically resolved evidence that individual
water molecules at Tis. sites of reduced TiO,(110)-1 X 1
surface can be photocatalytically dissociated under UV
irradiation. In the UHV conditions, it is revealed that this
dissociation process can be the initial reaction step in the water
splitting reaction sequence. Unlike the tip-induced dissociation
process, we suggest that this photocatalytic reaction should be
an oxidation process triggered by the photogenerated holes.
The identification of this initial reaction step is original and
significant, which sheds new light on the understanding of the
whole photocatalytic water splitting reaction chain.
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