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ABSTRACT: Titanium dioxide is a promising candidate for photocatalytic H2 fuel production,
and understanding water splitting on TiO2 surfaces is vital toward explaining and improving the
generation of H2. In this work, we electron irradiate anatase TiO2(101) at room temperature to
create metastable surface oxygen vacancies in order to investigate their ability to dissociate H2O.
Our scanning tunneling microscopy investigations suggest that the surface oxygen vacancies can
dissociate H2O by forming bridging OH species. This claim is supported by theoretical
calculations from the literature and our previously published spectroscopic measurements.

1. INTRODUCTION

Light harvesting metal oxides photocatalytically split water to
produce H2 fuel.1 Since Honda and Fujishima2 showed the
potential of TiO2 in this respect, it has been widely studied.3−6

TiO2 is a low cost, highly photostable, and nontoxic material
that displays high catalytic efficiency.7 Three polymorphs of
TiO2 exist in nature: rutile, anatase, and brookite.8 Anatase and
rutile are the most active and studied polymorphs with research
extending from engineering materials3−6 to fundamental
work.9−13 Rutile TiO2(110) (R110) and anatase TiO2(101)
(A101) are the most stable faces of the respective polymorphs.
The former has been the focus of numerous publications,9−11

whereas research on the latter is less well documented.
A101 consists of 5 (Ti5c) and 6 (Ti6c) coordinate Ti and 2

(O2c) and 3 (O3c) coordinate O in a sawtooth-like
geometry14,15 (see Figure 1). In principle, the surface can
maintain bridging OH (OHbr) (i.e., H adatom on O2c) and
terminal OH (OHt) (i.e., OH adsorbed to Ti5c). Scanning
tunneling microscopy (STM) images of A101 show trapezoidal
terraces and sphere-like features that represent a Ti5c−O2c
pair14 (see Figure 2). Electron irradiation of A101 creates surface
O2c vacancies (Vo) that are unstable above 200 K and migrate to
the subsurface and bulk.16−18

The temperature and pressure dependence of H2O
adsorption on A101 has been examined.18−23 In ultrahigh
vacuum (UHV), there is little or no evidence of H2O
adsorption at room temperature, although adsorption is
increasingly favored below 298 K.20 In UHV at 6 K, STM tip
pulsing (a voltage pulse applied to the surface via the STM tip)
can transform H2O into features thought to be OHt.

22 Co-
dosing O2 and H2O on A101 at 105 K and subsequently

annealing for 10 min at room temperature, followed by STM
(at 6 K), also yields features thought to be OHt.

18 In UHV at
120 K, water has been adsorbed on A101 with photoemission
measurements collected at intervals from 160 to 400 K. The
results indicate that water adsorbs in a mixed associative and
dissociative state below 300 K.21 At room temperature,
photoemission measurements of A101 under exposure to
water pressures of 0.6−6 mbar indicate mixed associative and
dissociative adsorption of water.23 In UHV, at 100 K and under
UV illumination, H2O adsorbed on A101 has been observed to
generate gaseous OH species. This has been interpreted as the
adsorbed H2O dissociating into OHbr and OHt where the latter
leaves the surface.24 As for theory, first-principles molecular
dynamics calculations predict that H2O can dissociate in Vo

25,26

and that the A101 and liquid water interface (at 300−400 K) can
maintain OHt and OHbr species.

27,28

In the literature, scanning probe microscopy (SPM) of
OHt

18,22 on A101 is reported, while SPM of OHbr
29 is relatively

briefly discussed. Similar to A101, R110 consists of Ti5c, Ti6c, O2c,
and O3c species, with the two surfaces differing in their bond
angles.9−11 OHbr can form on R110 via dissociation of H2O from
the residual vacuum at Vo sites.9,10 In previous work,30 we
presented spectroscopic evidence of OH formation on the A101

surface via H2O dissociation in Vo. In this paper, we describe an
STM study that identifies the OH species as OHbr.
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2. EXPERIMENTAL SECTION

A natural A101 single crystal (3 × 3 × 1 mm3) was purchased
from Pi Kem and was mounted onto a Ta plate with Ta strips.
The sample was prepared in UHV with cycles of Ar+ sputtering
(PAr = 5 × 10−5 mbar, 1 kV, 10 μA.cm−2, 20 min) and annealing
(T < 1023 K, 10 min).31 Low energy electron diffraction
(LEED) and Auger electron spectroscopy (AES) were used to
ensure an ordered and contaminant free surface (below the
detection limits of AES) for STM measurements. The STM
used is an Omicron UHV AFM/STM instrument operated in
constant current mode at room temperature using electro-
chemically etched tungsten tips, which were degassed in UHV
and conditioned during scanning with voltage pulses of up to
10 V. All STM imaging was carried out by tunneling into empty
states using positive sample bias voltages in the range from 1 to
1.6 V. The base pressure of the instrument was 5 × 10−10 mbar.

An outgassed filament was used for electron irradiation, with
a negative bias with respect to the grounded sample. The front
face of the sample was approximately 2 cm from the filament,
and the drain current from the sample was used to monitor the
electron flux. During irradiation, the UHV chamber pressure
increased up to the low 10−8 mbar range with a H2O partial
pressure up to the low 10−9 mbar region. Immediately after
irradiation, the pressure returned to the 10−10 mbar region. The
irradiation stimulated chamber pressure rise is largely attributed
to residual UHV gasesH2, H2O, CO, and CO2. At room
temperature, H2O has been experimentally shown to react with
Vo to form an OHbr defect site on A101

30 and R110.
9,10 However,

at room temperature, there is no evidence to suggest that either
CO or CO2 react with Vo on A101

30 or R110.
9,10 Therefore, the

effect of H2O on Vo can be investigated in the presence of CO
and CO2. During irradiation, the sample is expected to be

Figure 1. Illustration of the A101 surface with the Ti5c, Ti6c, O3c, and O2c labeled.

Figure 2. (a) 100 × 100 nm2 STM image of A101 (Vs = +1.6 V, It = 0.4 nA). (b) 15 × 15 nm2 STM image of A101 (Vs = +1.1 V, It = 0.6 nA) with the
inset (2 × 2 nm2) illustrating the sphere-like features observed with STM. (c) Illustration that each sphere-like feature in STM represents a Ti5c−O2c
pair.

Figure 3. (a) 13 × 13 nm2 STM image (Vs = +1.6 V, It = 0.5 nA) of A101 after electron irradiation at 500 eV, for 30 s and at a density of 37 μA.cm−2.
(b) 15 × 15 nm2 STM image (Vs = +1.03 V, It = 0.3 nA) of A101 after electron irradiation at 500 eV, for 60 s and at a density of 37 μA.cm

−2. (c) 23 ×
23 nm2 STM image (Vs = +1.5 V, It = 0.4 nA) of A101 after electron irradiation at 50 eV, for 30 s and at a density of 74 μA.cm−2.
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mildly heated by electrons emitted from the filament. It takes at
least 15 min to transfer the sample from the electron irradiation
position to the STM and achieve tunneling conditions. STM
presented little or no thermal drift, suggesting that the sample
had returned to or was very close to room temperature. This
indicates a mild increase in temperature during electron
irradiation. The reactivity of the Vo created by electron-
irradiation with residual H2O in UHV (i.e., at the base pressure
and during electron irradiation) was investigated with STM. We
define a monolayer (ML) as corresponding to the number of
surface Ti5c−O2c pairs (density: 5.17 nm−2). ML coverages are
given as averaged values ± two standard deviations.

3. RESULTS AND DISCUSSION
Figure 3 shows the A101 surface after three electron irradiation
events. Images of the electron irradiated surface contain a
number of bright features (marked with white arrows in Figure
3) that we identify as OHbr groups formed via H2O dissociation
in Vo. The density of bright features in Figure 3 is reported in
Table 1 and is approximately 0.05 ML, independent of the

electron irradiation conditions. Theory and experiment suggest
that A101 surface defects act as excess electron “traps”, where
the excess electrons are loosely bound to the defect.27,30,32 In
particular, OHbr species on A101 are predicted to maintain
trapped charge at the Ti5c site adjacent to the OHbr.

27 Our
previously published two-photon photoelectron (2PPE) spec-
troscopy and UV photoelectron spectroscopy (UPS) work30

shows that electron irradiated A101 can maintain excess
electrons beyond thermally equilibrated levels on the surface
as OH species. While these earlier results indirectly support the
electron irradiation induced formation of OHbr (via H2O
reacting with the Vo), STM allows us to image the position of
the OH species. A high-resolution image of part of the surface
imaged in Figure 3b is shown in Figure 4. The positioning of
the bright feature is above the sphere-like feature of the as-
prepared surface. This is consistent with the formation of OHbr
with H bound to the O2c. On A101, OHt

18,22 appear as dimer-
like features. Additionally, the appearance of the bright features
is reminiscent of OHbr observed on R110.

9,10 This suggests that
the bright features are surface OHbr on A101 formed via the
dissociation of H2O in a Vo.
Theory predicts that H2O dissociation in Vo on A101 forms a

pair of adjacent OHbr.
25,26 On R110, this type of behavior is

observed experimentally, with OHbr forming in adjacent
pairs.9,10 The OHbr subsequently diffuse (i.e., H adatom
diffusion) in the [001] and [11̅0] direction through thermally
activated pathways, where diffusion in the latter direction can
be promoted by H2O.

33,34 Our STM results for A101 show that
the OH related bright features are largely immobile on the
surface. Hence, the bright features should exist as adjacent pairs
representing two OHbr. In contrast, the data in Figure 3 show
that the bright features are well dispersed. This discrepancy
could arise from thermally activated OHbr migration caused by

heating from the filament during electron irradiation or could
be due to H2O induced mobility when the H2O partial pressure
increases during electron irradiation.33,34 An alternative
perspective could be that the bright features are not paired
as, during electron irradiation, OHbr are being formed and
desorbed simultaneouslyas is the case on R110.

35 Additionally,
there may be a complex series of steps where paired OHbr
initially move quickly away from each other and subsequently
over time this movement could slow down and stop after the
species are spread over the surface in the most energetically
favorable distribution.
On R110, the H adatom (associated with OHbr species) can

be removed (pulsed off) with approximately +3 V STM tip
pulses.9,10,36 On A101, STM tip pulsing (in the range +2.7 to
+3.5 V) has been reported to convert OHt to O2.

18,22 However,
the bright features under discussion do not pulse off or convert
with +3 to +4 V pulses, suggesting that OHbr species on A101
are energetically more stable than those on R110. This could
result in less mobility and greater resistance to STM tip pulsing.
Although R110 and A101 can maintain defects/adsorbates at
similar sites, the behavior of these species has been shown to be
different; e.g., at room temperature, Vo can exist on the R110
surface, whereas, on A101, Vo migrates toward the bulk.16,36

Hence, it is reasonable to suggest that other defects (such as
OHbr) also exhibit different characteristics. Therefore, on R110,
pulsing can remove OHbr, whereas this would not necessarily
be the case with A101. STM tip pulsing beyond +4 V resulted in
a “tip-change” which prevented high-resolution, atomically
resolved STM images from being recorded.
To further probe the origin of the bright features created by

electron irradiation, the surface imaged in Figure 3a was
subjected to progressive electron irradiation without surface
repreparation (see Figure 5 and Table 2). Each successive
electron irradiation condition consists of an increase in the
density of electrons irradiating the surface, whereas the electron
energy and duration of irradiation were fixed at 500 eV and 30
s, respectively. As is shown in Table 2, this resulted in an
increase in bright feature density as the electron density was
increased. This likely arises from an increase in the density of
electrons irradiating the surface that would increase the number
of Vo being created and subsequently result in more H2O
molecules quenching them to form OHbr. Another point of

Table 1. Surface ML Coverages of the Electron Irradiated
A101 Presented in Figure 3

electron energy
(eV)

current density
(μA.cm−2)

duration
(s) ML coverage

500 37 30 0.05 ± 0.01
500 37 60 0.05 ± 0.01
50 74 30 0.04 ± 0.01

Figure 4. 3.5 × 3.5 nm2 STM image (Vs = +1.2 V, It = 0.4 nA) of the
A101 surface after electron irradiation conditions given for Figure 3b.
STM image showing that the bright feature exists above the sphere-like
feature on A101 where each sphere-like feature represents a surface
Ti5c−O2c pair.
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interestsee Figure 5b and cis that the bright features
appear to begin to cluster. This clustering phenomenon may be
associated with OHbr stabilization at higher coverages. Vo have
been reported to form subsurface vacancy clusters,16 presum-
ably due to favorable energetics and stabilization.
Let us now consider other possible origins of the bright

features observed in Figures 3−5. Post-electron irradiation, we
do not expect to observe Vo on A101. In our experiment, we
operate at room temperature where the sample is heated by the
filament during electron irradiation followed by at least 15 min
required to transfer the sample from the electron irradiation
position to tunneling conditions for STM. Subsequently, a
further duration of time is necessary to obtain high resolution
“atomic-resolved” STM images. Given that Vo start to move
toward the bulk at temperatures as low as 200 K,16 little or no
Vo will exist on the surface with our experimental procedure.
STM at 78 K of electron irradiated A101 shows features assigned
as Vo that upon annealing for 10 min at 326 K result in what is
described as subsurface oxygen vacancy clusters16a phenom-
enon not observed in our work. This may be because heating
could allow the Vo to diffuse along thermally activated pathways
into the subsurface and then bulk such that it is not possible to
probe with STM. Previous STM studies have investigated the
adsorption of H2O,

18,20,22 OHt,
18,22 CO,22,37 and O2

18,22,38 on
A101. The findings are unlike the bright features observed here
with a number of tips.
As single atomic defects on A101, the STM appearance of

OHbr assigned bright feature and Vo are very similar (i.e., a
bright feature above a sphere-like feature), making it difficult to
differentiate the two species with STM alone. In the literature,
low temperature STM shows that the adsorption of diatomic
species on A101, such as CO, O2, and OHt, presents “dimer-like”
features where species are differentiated effectively by their
behavior.22 Similarly, OHbr and Vo can be differentiated by their
behavior. In our STM, at room temperature, OHbr has been
shown to be stable on the surface, whereas Vo stability on the

surface is restricted to temperatures below 200 K.16 Above 200
K, Vo are increasingly mobile, resulting in subsurface vacancy
cluster formation or Vo migration to the bulk. The temperature
dependent behavior of OHbr and Vo can be effectively used to
differentiate the two species.
Previous STM studies of electron irradiated A101 have been

performed at 6−78 K, where Vo are observed.16−18 In these
publications,16−18 there is no report of OHbr formation, which
can be attributed to the low levels of residual H2O in the
respective UHV chamber (base pressure at ×10−11 to ×10−12

mbar). Alternatively, an activation barrier to water dissociation
may prevent OHbr formation, as is the case on R110.

39 At room
temperature, STM40 of electron irradiated A101 has been
pursued to understand Au and Pt nanoparticle interaction with
Vo. Postelectron irradiation STM shows some features which
are similar to the bright features shown in Figures 3−5, which
were tentatively assigned to Vo. However, it has since become
apparent that Vo are unstable on the surface at room
temperature.16 Hence, it is reasonable to suppose that the
previously observed features arise from OHbr species, similar to
the bright features observed in our work.

4. CONCLUSION
The formation of OH species on A101 is a key step in H2O
dissociation. We have electron irradiated A101 to probe if the
residual H2O in UHV is sufficient to quench the resulting Vo
and form OHbr groups. Our STM images show that this results
in the formation of bright features on the surface, which we
assign as OHbr species. This claim is supported by theoretical
calculations25,26 and our previously published spectroscopic
measurements.30
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