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A two-dimensional phase of TiO, with a

reduced bandgap

Junguang Tao, Tim Luttrell and Matthias Batzill*

Titanium dioxide is the prototypical transition metal oxide photocatalyst. However, the larger than 3 eV bandgap of
common bulk phases of TiO, limits its light absorption to UV light, making it inefficient for solar energy conversion.
Attempts at increasing visible light activity by narrowing the bandgap of TiO, through doping have proven difficult,
because of defect-induced charge trapping and recombination sites of photo-excited charge carriers. Here, we report the
existence of a dopant-free, pure TiO, phase with a narrow bandgap. This new pure TiO, phase forms on the surface of
rutile TiO,(011) by oxidation of bulk titanium interstitials. We measure a bandgap of only ~2.1eV for this new phase,

matching it closely with the energy of visible light.

Honda almost 40 years ago!, the photocatalytic properties of

TiO, have been widely studied. In addition to the ultimate
goal of producing chemical fuels using photocatalysis, the use of
TiO, in practical applications such as air and water purification
and self-cleaning/sterilizing surfaces has been investigated®.
However, the larger than 3 eV bandgap of the common TiO, poly-
morphs, rutile and anatase, limits their photoactivity to the UV
region of the spectrum, making TiO, an inefficient material for
solar light applications. In recent decades, large efforts have been
expended in an attempt to reduce the bandgap of TiO, so as to
harvest a larger portion of sunlight. Different approaches for
narrowing the bandgap have been pursued to increase visible light
absorption. The most common method is to dope TiO, with impu-
rities®>. Although recent successes have been reported in achieving
visible light activity by using anion dopants such as nitrogen or
carbon*’, the dopant-induced defects in the TiO, lattice have a
degrading effect on photochemical activity, largely by the introduc-
tion of charge carrier trapping and recombination sites’. These
degrading effects negate the increase in visible light absorption
and cause a reduced photoactivity in the doped TiO,. Clearly, a
dopant-free, pure TiO, phase with a bandgap that matches the
visible light energy would be ideal. Recently, it was suggested that
high-pressure TiO, phases with such properties might exist®”.
Unfortunately, these phases are not stable at atmospheric pressure,
and are therefore not useful for photocatalysis. The surface phases of
pure TiO, with reduced bandgaps, on the other hand, may be stable
under ambient conditions®®. In this Article, we report the discovery
of a new two-dimensional TiO, phase that has a markedly reduced
bandgap compared to common bulk phases of TiO,. This low-
dimensional phase of TiO, is formed at the rutile TiO,(011)
surface, so a material consisting entirely of TiO, may be synthesized.
We measured the bandgap of this new phase to be ~2.1 eV, which is
close to perfect for visible light absorption.

S ince the discovery of water splitting over TiO, by Fujishima and

Results and discussion

Formation of TiO, (011) surface phases. TiO,(011) single crystals
were prepared in vacuum by repeated ion sputtering and vacuum
annealing to ~650 °C. This cleaning procedure results in slightly
reduced crystals, evident from the formation of colour centres,
which give the crystal a bluish hue!®. The (011) crystallographic

surface orientation of rutile TiO, exhibits a (2 x1)
reconstruction, the structure of which has been resolved
recently'2. Scanning tunnelling microscopy (STM) images of

this surface are shown in Fig. la)b. It is well established that
re-oxidation of titanium interstitials occurs if slightly vacuum-
reduced TiO, samples are annealed in a low-pressure O,
atmosphere!>!*, In this process, the mobile bulk titanium
interstitials diffuse to the surface, where they react with oxygen
adsorbed at the surface from the gas phase. This phenomenon has
been thoroughly studied on the more frequently investigated rutile
TiO,(110) surface. On the (110) surface, the re-oxidation process
results in a layer-by-layer growth of TiO, via an intermediate
titania sub-oxide phase!>!°. If the same procedure is applied to
the (011) crystal orientation, we also observe a re-oxidation of
titanium interstitials and the formation of ordered TiO, islands.
However, the high-resolution STM images shown in Fig. lc,d,
illustrate that the structure of these islands is different from the
original TiO,(011)-(2 x 1) surface or a (1 x 1) bulk truncation.
Although the surface periodicity of the new surface structure can
also be ascribed as a (2 x 1) surface unit cell, the structure
appears distinctively different in STM images. In particular, on
the atomic scale, the new surface phase is less corrugated along
the long axis of the surface unit cell than the ‘original’ surface
structure, although it has a similar corrugation along the short
axis of the unit cell. The corrugation measured in the STM images is
shown as the line scan in Fig. le. Importantly, the bright protrusions
observed in the STM images are arranged in a (distorted) hexagonal
arrangement, thus exhibiting a symmetry different from the
rectangular (011) bulk planes of the rutile substrate. This new
surface phase is metastable; that is, it appears to have a local energy
minimum, but this is not the thermodynamically lowest energy
structure. Consequently, annealing in vacuum results in re-formation
of the original (2 x 1) surface reconstruction, which is the lowest
energy configuration. However, the new metastable phase is quite
thermally stable up to 800K, indicating significant barriers for
re-formation of the original surface structure.

By low-pressure oxygen annealing of the samples used in this
study, 10-60% of the surface is usually covered with this new struc-
ture. The incomplete transformation of the surface is likely caused by
the limited amount of titanium interstitials available for re-oxidation.
Additional studies of homo-epitaxial growth of TiO, by physical
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Figure 1| Atomic-resolution STM images of the rutile TiO,(011) surface. ab, The (2 x 1) reconstructed surface. ¢,d, The new TiO, phase formed after
annealing in a 1x 107° torr 0, atmosphere. Image size (a,€), 50 x 50 nm?. The surface unit cell for the rectangular (2 x 1) reconstruction is indicated in b
and the quasi-hexagonal symmetry of the new TiO, phase is shown in d. A line defect in the new TiO, phase can also be seen in d. This defect is an
anti-phase boundary due to the registry of the new phase with the TiO,(011) substrate. e, Line profiles indicating the atomic corrugation along the indicated

lines in b and d.
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Figure 2 | Scanning tunnelling spectroscopy (STS) measurements. a, Sample prepared so that both ‘new’ and ‘original’ phases are present simultaneously at
the surface. The original (2 x 1) reconstructed surface is shown in blue, and the new TiO, phase in red. b, I-V spectra taken in the two surface areas (blue,
original surface; red, new structure). ¢, Numerically differentiated dI/dV curves. The new surface phase exhibits additional electronic states at negative
voltages (filled states). The empty states (positive bias voltage) are shifted slightly towards the Fermi level for the new TiO, phase. Thus, although STS
cannot provide absolute values for the bandgap due to the strong electric field between the measuring probe and the sample, comparison of the STS spectra
on the two surface structures unambiguously identifies a bandgap narrowing for the ‘new’ structure relative to the ‘original’ structure.

vapour deposition of titanium in a 10~° torr O, background at
~600 K confirmed that more of the surface can be covered by this
new structure. From STM images, we found a maximum of 80% of
the surface exhibiting the new structure upon homo-epitaxial
growth (see Supplementary Information). Furthermore, these
homo-epitaxial growth studies confirmed that TiO, growth at the
surface causes the formation of the new structure, thus excluding
the possibility of impurity segregation from the bulk as has been pre-
viously suggested!”. Investigation by Auger electron spectroscopy
(AES) also suggested pure TiO, to comprise this new metastable
surface phase (see Supplementary Information).

Bandgap. To investigate the bandgap of this new phase we performed
scanning tunnelling spectroscopy (STS) and ultraviolet photoemission
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spectroscopy (UPS). STS allows the differentiation of the local
electronic structure; this is particularly important for this non-
uniform surface, which exhibits two different structures. Figure 2b
presents spectra obtained for the original TiO,(011)-(2 x 1) surface
structure and the new TiO, phase. When STS is carried out on
semiconducting surfaces, the applied voltages cause a band bending,
and, as a result, the measured ‘bandgap’ is not a reliable measure of
the position of the electronic states'®. Nevertheless, a comparison of
the STS spectra of the two phases shows that the new phase exhibits
filled electronic states that are in the bandgap region of rutile TiO,.
Also, the empty states exhibit a weak variation between the two
surfaces, with the conduction band minimum slightly shifted
towards the Fermi level (E;) for the new phase. Therefore, these
spectra unambiguously demonstrate that the new TiO, phase has a
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Figure 3 | Comparison of TiO, phases by photoemission spectroscopy. a,b, UPS spectra taken with a photon energy of 80 eV: full valence band, with O eV
binding energy corresponding to the Fermi level (a); zoomed in view of the low binding energy region (b). The black curve corresponds to the photoemission
spectrum for the original (2 x 1) reconstructed surface. The red curve was acquired after low-pressure oxidation and (partial) formation of a new TiO, phase.
The blue line indicates a photoemission spectrum that has been taken after annealing the sample to ~600 °C in vacuum and re-formation of the original

(2 x 1) surface structure. For the new TiO, phase a new state is formed with a peak at a binding energy of 2.1eV. Also, a ~0.3 eV upward shift of the bulk
bands is observed due to band bending at the surface. ¢, XPS spectra of the Ti 2p core level before (black line) and after (red line) oxygen treatment. No
indication for formation of a Ti>* sub-oxide can be detected, and the line shape barely changes with the oxidation procedure, apart from a slight upward
shift of the spectrum after oxidation induced by band bending. d, Band diagram, deduced from UPS and STS, together with an indication of a proposed
electron-hole separation of photo-excited electron-hole pairs at this surface. The hole is indicated by an open circle and is trapped at the surface, and the

electron, indicated by a filled circle, can diffuse into the bulk.

smaller bandgap than bulk rutile TiO,. For a more accurate
determination of the filled states of the new TiO, structure and to
obtain information on the electronic states making up the valence
band, we performed UPS studies using synchrotron radiation.

Figure 3a,b shows valence band photoemission spectra of the TiO,
sample. The valence band maximum (VBM) of the pristine surface
occurs at 3.0 eV, which is consistent with the E being located close
to the bottom of the conduction band. After formation of the new
surface structure, a new state within the bulk bandgap of TiO, is
observed, with a maximum at 2.1 eV below Ej, as shown in Fig. 3a,b
(red curve). From comparison with STS measurements, these filled
states were assigned to the new surface phase of TiO,. It is worth
noting that, although we cannot directly probe the area covered by
this new surface structure in the UPS apparatus, we know from separ-
ate STM measurements on the same sample that the new structure
normally covers only ~10-60% of the surface. Thus, the intensity
observed in UPS would be stronger for a completely covered surface.
The formation of the new structure moves the VBM of the bulk
states towards Ep by ~0.3 eV. This effect is explained by band
bending induced by charge transfer at the surface. As pointed out
above, annealing the sample to above 800 K results in re-formation
of the original TiO,(011)-(2 x 1) surface structure. Consequently its
electronic valence band structure is also regained on high-temperature
annealing (Fig. 3a), demonstrating the reversibility of the structural
and electronic surface transformation.

Surface electronic structure. The valence band of bulk TiO, is
mainly composed of O 2p states, with some Ti 3d and Ti 4sp
character acquired through hybridization with the empty Ti
3d/4sp conduction band states. Of the three main bands in the
valence band, the low binding energy state (~5.5 eV) is assigned to
O 2p-Ti 4sp 7 bonding, and the electronic band at high binding
energy (~8.0 eV) is predominantly due to O 2p-Ti 3d o bonding.
The intermediate state is ascribed to an ‘overlap’ state'®?. In
addition, defect bandgap states are often observed at ~0.7 eV
below Ej for TiO,(110)?!. These states are associated with filled Ti
3d states in the presence of oxygen vacancies or surface hydroxyl
groups that donate electrons to the Ti 3d states. Thus the character
of the hybridization of the predominantly O 2p valence band with
Ti states gives important indications for the bonding in TiO,. The
same electronic characteristics for the new phase as for the
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common rutile and anatase TiO, would demonstrate similar
bonding. Here we used resonant photoemission spectroscopy (see
Methods) to find the crucial information on the hybridization of
the electronic states in the valence band of the new TiO, phase.

In Fig. 4a, the valence band photoemission intensity (normalized
by the photon flux) is plotted for different photon energies, and
Fig. 4b shows the intensity variation of the state at a binding
energy of 2.1 eV, as a function of photon energy. The peak intensity
jumps at hv = 55 eV, that is, at an energy that is consistent with a
Ti 3p — Ti 4sp excitation. Furthermore, the variation of the peak
intensity with photon energy can be described by a Fano line
shape??, as expected for this resonance behaviour. Indeed, the
Fano line shape observed is clearer than normal for solid-state
materials, as shown in Fig. 4b. This may be a consequence of the
low-dimensional nature of this surface phase causing a stronger
localization of the excited state. Thus, from resonant photoemission,
we unambiguously show that the valence band maximum of this
new TiO, phase has significant Ti 4sp character like other known
TiO, phases. Consequently, we can exclude that the bandgap
states are related to O vacancies or titanium sub-oxides, such as
Ti,05, which both exhibit mainly Ti 3d character at the highest
occupied levels®?%. Also, X-ray photoemission spectroscopy (XPS)
taken in a separate chamber (Fig. 3c) does not show the presence
of any sub-oxides at the surface; that is, the charge state of the Ti
atoms at the surface is Ti** for the new structure.

Based on the experimental results, the electronic structure energy
diagram for this new surface phase can be drawn as shown in
Fig. 3d. The new electronic state penetrates into the bulk bandgap
and reduces the surface bandgap by 0.9 eV, pushing it into the
visible light spectrum. Additionally, an upward band bending at
the surface is observed for our bulk samples. This energy diagram
shows that visible light excitations of electron-hole pairs are possible
in the surface layer. The low binding energy state in the new surface
phase of TiO, traps holes, making them available for transfer to
adsorbed molecules, while photo-excited electrons may diffuse
into the bulk and can be scavenged at other surfaces not covered
by the new surface structure.

Conclusions
A new narrow bandgap phase of TiO, has been synthesized at the
surface of rutile TiO,(011). Attempts have been made before to
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Figure 4 | Resonant photoemission measurement for the valence band
maximum of the new TiO, phase. a, Valence band spectra acquired at
different photon energies. b, Variation of photoemission intensity at 2.1eV as
a function of photon energy; error bars represent the standard deviation of
the data. The full red line in b is a fit of the experimental data to a Fano line
shape. The resonance at ~55 eV corresponds to Ti 4sp states, thus showing
that the valence band maximum is due to hybridization of O 2p with Ti 4sp,
indicative of a TiO, phase.

form new TiO, phases with a significantly narrowed bandgap and,
therefore, visible light absorption. Notably, a high-pressure cubic
phase of TiO, has been reported that is stable at pressures above
9 GPa (ref. 25) and exhibits visible light absorption’. The two-
dimensional surface phase reported here bears some resemblance
to the cubic form of TiO,, in that the surface structure seen in
STM images has a quasi-hexagonal structure similar to the cubic
(111) plane. Although high pressures are not suitable for energy
conversion applications, it is known from other materials that
high-pressure phases can sometimes be stabilized as thin films or
surface phases®. Therefore, this suggests that the current study
demonstrates the existence of TiO, phases that can be stabilized at
ambient conditions as thin films. As shown here, these phases can
exhibit bandgaps tailored to the solar energy spectrum and are
therefore excellent visible light absorbers. Finally, it is important
to note that there is an advantage for the unusual preparation pro-
cedure for this new TiO, phase by re-oxidation of bulk titanium
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interstitials'®. Because this synthesis procedure only requires anneal-
ing of slightly reduced TiO, in an oxygen atmosphere, this method
may also be adapted to powder samples. Rutile TiO, crystallites
exhibit (011) faces as the second most abundant termination after
(110) faces?, so this new surface phase may be grafted onto these
facets to make visible light active catalysts.

Methods

All experiments were conducted under conditions of ultrahigh vacuum (UHV) in
different vacuum chambers with base pressures in the low 1 x 10~ '° torr regime.
Commercial rutile TiO,(011) single crystals (MTI Corporation) were used for the
experiments. Sample preparation was done by standard surface science procedures,
consisting of several cycles of low-energy Ar* ion sputtering and vacuum annealing
to ~650 °C. To prepare the new surface structure, clean samples were annealed
within the vacuum chamber in a 1 x 10~ ° torr O, atmosphere. STM measurements
were performed at room temperature with a tungsten tip. Empty states were probed
with a bias voltage of 1.2 V. For STS, the tip was stabilized under tunnelling
conditions of 1.2 V and 1.0 nA before disabling the feedback loop and ramping the
bias voltage from -3 V to 2 V and recording the tunnelling current. The I-V curves
were numerically differentiated to obtain dI/dV curves.

Valence band photoemission studies were performed at the 3m-TGM
beamline?® of the Center for Advanced Microstructure and Devices (CAMD)
synchrotron in Baton Rouge, LA. Angle-resolved photoemission spectra were
collected in normal emission with the linear polarized light incident at 45° to the
surface normal. All spectra were normalized to the photon flux. The photon grating
used in these measurements was optimized for a maximum photon flux at ~80 eV
photon energy. Therefore, for lower photon energies the counting statistics is not
as good as for photon energies close to 80 eV, and the spectra appear noisier in
Fig. 4 than in Fig. 3. XPS was performed in a home-made XPS chamber (base
pressure < 5 x 10~ '* mbar) with a Resolve 120 Hemispherical Analyser. Normal
emission spectra were recorded with a non-monochromatized Al K, (1,486.7 eV)
X-ray source placed at 45° with respect to the sample surface.

Resonant photoemission. In resonant photoemission®, the photoemission
intensity of electronic valence band states was measured as a function of photon
energy. An increase in the photoemission intensity is observed as part of a
de-excitation process of photo-excited states. Excited states are formed at photon
energies that allow intra-atomic excitations from a core level into empty states above
E. De-excitation is possible by photoemission from occupied states that have some
orbital character of the excited state. Therefore, increased photoemission from
valence band states at specific excitation thresholds gives a tell-tale sign of their
hybridization with the photo-excited state. For TiO,, photoemission resonances of
valence states with excited Ti 3d or Ti 4sp states are commonly observed!*. Photo-
excitation occurs by promoting a Ti 3p core-level state to these empty states located
above the Fermi level. Because the Ti 4sp states are ~8 eV higher above the Fermi
level than the Ti 3d states, which form the bottom of the conduction band,
hybridization of the predominantly O 2p valence band states with Ti 3d or Ti 4sp
states can be distinguished. Ti 3p to Ti 3d excitations require an energy of ~46 eV,
and the energy difference between Ti 3p and Ti 4sp is ~54 eV. Therefore, resonances
at photon energies of ~46 eV or ~54 eV are manifestations of Ti 3d or Ti 4sp
hybridization, respectively. For the resonance photoemission measurements
reported in this article, the photon energy was varied between hv =40 eV and
hv =70 eV, and full valence band spectra were acquired for each photon energy.
Constant initial state curves were derived by measuring the photoemission intensity
at a binding energy of 2.1 eV.
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