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ABSTRACT: TiO2 anatase plays a central role in energy and environmental
research. A major bottleneck toward developing artiﬁcial photosynthesis with
TiO2 is that it only absorbs ultraviolet light, owing to its large bandgap of 3.2
eV. If one could reduce the bandgap of anatase to the visible region, TiO2based photocatalysis could become a competitive clean energy source. Here,
using scanning tunneling microscopy and spectroscopy in conjunction with
density functional theory calculations, we report the discovery of a highly
reactive titanium-terminated anatase surface with a reduced bandgap of less
than 2 eV, stretching into the red portion of the solar spectrum. By tuning the
surface preparation conditions, we can reversibly switch between the standard
anatase surface and the newly discovered low bandgap surface phase. The
identiﬁcation of a TiO2 anatase surface phase with a bandgap in the visible and
high chemical reactivity has important implications for solar energy
conversion, photocatalysis, and artiﬁcial photosynthesis.
KEYWORDS: Photocatalysis, TiO2 anatase, titanium-terminated surface phase, bandgap reduction to the visible,
scanning tunneling microscopy and spectroscopy, density functional theory
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Considerable eﬀort has been expended to increase the
reactivity of pristine TiO2 anatase by controlling the dominant
crystal facet22 or by introducing oxygen vacancies.23 In the
broadest sense, oxygen vacancies in TiO2 are preferential active
sites for molecular adsorption and dissociation, in addition to
being traps for photoexcited charged carriers.5 However,
isolated oxygen vacancies at the energetically most favorable
anatase (101) surface are not stable and diﬀuse to subsurface
layers, in contrast to TiO2 rutile (110). In addition, isolated
oxygen vacancies have been shown to exhibit repulsive
interactions.24−26 The tendency for single oxygen vacancies to
diﬀuse away from this catalytically active surface is detrimental
to the overall reactivity of anatase (101). These qualities
suggest that there are limits to the chemical reactivity of the
anatase (101) surface through the creation of isolated oxygen
vacancies.
In this article, we introduce a new surface phase of anatase
(101), which combines two highly desirable attributes, namely
a reduced bandgap in the visible and higher chemical reactivity.
This surface phase lacks the outermost oxygen layer of the
stoichiometric surface and is fully covered by a layer of Ti4c
atoms. By simply controlling the oxidation time and temperature, we can reversibly switch the surface termination between

natase is the technologically most relevant polymorph of
titanium dioxide, ﬁnding applications in dye-sensitized
solar cells,1,2 lithium ion batteries,3,4 as a catalyst,5,6 and in selfcleaning coatings.7 The relative lack of studies on well-deﬁned
anatase surfaces, compared to the archetypal rutile TiO2, is due
to the challenging growth of large synthetic crystals and the
scarcity of high quality natural mineral single crystals. While
rutile and anatase are both constructed from octahedral
building blocks, diﬀerences in the octahedral arrangement and
distortion between rutile and anatase result in distinct behavior
for each polymorph. In particular, anatase eﬃciently separates
photoexcited charge carriers which is key to the superior
performance of anatase over rutile in photocatalytic applications.8−10
The drawback to using anatase in photocatalytic applications
lies in its large bandgap (3.2 eV), which limits the spectrum of
photons that can create electron−hole pairs to participate in
oxidation or reduction reactions to the UV and corresponds to
only 4% of the incident solar energy. Hence, reducing the
bandgap of TiO2 to coincide with the visible spectrum is a
highly active area of research with strategies based on doping,
ion implantation, metal loading, and composite semiconductors.11−17 However, in most cases the photocatalytic eﬃciency
suﬀers from defect-induced recombination losses and a limited
solubility of substitutional heteroatoms.18 Another approach is
the introduction of bandgap states by a modiﬁcation of the
surface as reported on rutile (001)19 and (011).20,21
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an oxygen-terminated stoichiometric phase and a titaniumterminated nonstoichiometric phase. The electronic structure at
diﬀerent atomic positions, e.g., step edges and terraces of the
new surface termination, was directly measured by lowtemperature scanning tunneling microscopy and spectroscopy
(STM/STS) and compared with the oxygen-terminated phase.
Comparing our STM/STS data with ﬁrst-principles calculations
based on density functional theory (DFT), we demonstrate that
the new phase is a substoichiometric, titanium-terminated
anatase surface. We are able to establish that the reduced
bandgap originates from the presence of surface gap states
associated with the exposed Ti4c and Ti5c sites. This
unprecedented titanium-terminated surface, with a bandgap in
the visible region, holds promise for improving the harvesting
of photons in a broader range of the solar spectrum, resulting in
enhanced heterogeneous catalysis, photovoltaics, and other
industrial applications.
The stoichiometric oxygen-terminated surface (Figure 1a,b)
was prepared by a combination of sputtering, annealing, and
oxygen-annealing (detailed procedures in Methods). By
increasing the temperature of the oxygen annealing from 670
to 920 K, a titanium-terminated anatase surface phase is created
on the stoichiometric oxygen-terminated surface (Figure 1d,e),
which is overlaid with a blue color to discriminate it more
clearly from the oxygen-terminated surface in red (original data
in Supplementary Figure S1). Three observations are
immediately apparent from this STM topograph: the
titanium-terminated surface shows a diﬀerent electronic
contrast to the oxygen-terminated surface, the titaniumterminated regions reveal a high density of adsorbates, while
the oxygen-terminated regions are free of adsorbates and bulk
defects, and terraces of the titanium-terminated surface have a
diﬀerent step edge conﬁguration. The oxygen-terminated
surface (Figure 1a,b) shows characteristic trapezoidal terraces
with step edges oriented along the [010], [11−1], and [−111]
directions.18 The [010] edge is adsorbate free, while the
[−111] edge is often partially covered with adsorbates after
standard cleaning procedures indicating that the reactivity of
[−111] oriented edges is higher than that of [010] oriented
edges and the terrace, which well agrees with previous
reports.27 Removing the outermost layer of bridging oxygen
atoms results in a new preferential step direction with step
edges oriented in the [010], [12−1], and [−111] directions,
which can be seen in Figure 1e. These [12−1] steps are only
found on the titanium-terminated phase (Supplementary Figure
S2, ball-and-stick model Figure S9) and indicate a change in the
local bonding environment of the surface titanium atoms. In
addition, STM linescans show that the terrace of the Titerminated phase has a step height of 3 Å and, thus, is an
intermediate step terrace structure compared to steps on the Oterminated phase which have a height of 4.5 Å (Supplementary
Figure S3).
Terraces with an oxygen-termination show a uniform
contrast indicating a high degree of homogeneity and possess
few reactive oxygen vacancy sites (surface or subsurface)
indicative of a sample that is not heavily bulk reduced.28 The
titanium-terminated surface phase can locally cover more than
50% of the surface and can be annealed up to 500 °C for 30
min without reverting to the stoichiometric surface (Figure 1d).
Moreover, the oxygen-terminated phase can be fully recovered
when the crystal is further annealed in oxygen atmosphere at
920 K. Alternating these surface preparation procedures allows
the controlled switching of a purely oxygen-terminated surface

Figure 1. Reversible transition of the TiO2 anatase (101) surface
phases. (a) STM image (Vs = 2.0 V, I = 0.1 nA, T = 5 K) shows the
clean oxygen-terminated anatase (101) surface. The preferential
orientations of step edges are indicated by white arrows. (b) High−
resolution STM image of the anatase (101) surface with trapezoidal
island along the [010], [−111], and [11−1] direction. The black
arrows indicate adsorbates that sit on the [−111] step edge. (d) STM
image of a titanium-terminated surface (blue overlay) coexisting with
an oxygen-terminated surface (red overlay) on the same crystal,
following a modiﬁed preparation method (see SI for more details).
The preferential orientation of the Ti-terminated step edges are
changed to [010], [−111], and [12−1]. (e) High-resolution STM
image of a Ti-terminated island. The oxygen-terminated surface
(shown in a and b) can be recovered by additional annealing in oxygen
atmosphere. (c, f) Ball-and-stick models of the optimized structures of
the oxygen- and titanium-terminated anatase (101) surface. The
structural model of the titanium-terminated (101) surface (f) is
obtained by removing the bridging oxygen atoms (O2c) from the
oxygen-terminated surface, leading to the formation of Ti4c atoms at
the top of the surface and Ti5c atoms underneath (scale bars: (a) and
(d) 20 nm, (b) and (e) 1 nm).

to a partially covered titanium-terminated surface, and vice
versa.
The proposed and calculated structure of the Ti-terminated
anatase surface phase is shown in Figure 1f, together with the
conventional O-terminated surface phase in Figure 1c. Upon
removing the topmost oxygen atoms from the pristine anatase
(101) surface (circled area), the structure undergoes relaxation,
with the 3-fold coordinated oxygen atoms (O3c) relaxing
outward by 0.3 Å. Additionally, while on the pristine (101)
surface the bright protrusions observed in STM topographs
originate from the 5-fold coordinated Ti atoms (Ti5c), on the
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Figure 2. Electronic structure and topography of the Ti-terminated surface of TiO2 anatase (101). (a) Atomic resolution STM image (Vs = 2.0 V, I =
0.1 nA) reveals a Ti-terminated patch (blue) embedded in an oxygen-terminated terrace (red). (b) DFT-calculated STM images of the oxygen- and
titanium-terminated (101) surfaces for a positive bias voltage of 1 eV. The overlaid models indicate the atomic positions of the Ti (yellow rectangles)
and O (red circles) atoms on the surface. The red dotted lines in (a) and (b) highlight the oﬀset of the bright protrusions between the two diﬀerent
phases. (c) Top view of a waterfall plot of tunneling spectra taken on the line in (a). The variance in the CBM is an artifact due to the normalization
of the diﬀerential conductance to 1 (see Supplementary Figure S4). The spectra recorded at the O-terminated surface (red lines) reveal the common
featureless bandgap of ∼4 eV. The spectra on the blue line which are taken on the Ti-termination show a reduced bandgap (2 eV) due to the
bandgap state at −3.3 V (scalebars: (a) 1 nm, (b) 2 Å).

the values of previous reports,19,20 the reduction of the bandgap
on the Ti-terminated surface is signiﬁcantly larger (details see
SI). Our DFT calculations indicate that this additional peak
arises from occupied d states of the undercoordinated Ti4c and
Ti5c atoms at the surface, as suggested in refs 31−35. The
electron spins of these atoms are arranged in a paramagnetic
ground state, with a magnetization of 1.0 Bohr magneton per
surface Ti atom; i.e., we ﬁnd one unpaired electron per Ti atom
as expected. For clarity, the calculations described here
correspond to a ferromagnetic alignment, with other
conﬁgurations yielding similar results. The existence of gap
states corresponding to O vacancies and the creation of Ti3+
species is well-established in bulk TiO2 polymorphs.36,37
However, at variance with the standard defects in bulk oxides,
in the present case the gap states deﬁne completely delocalized
surface states. The presence of occupied gap states reduces the
bandgap of the Ti-terminated surface by raising the valence
band maximum by 1−1.5 eV with respect to the pristine
surface. For this calculation the Hubbard parameter was set to
3.5 eV, corresponding to the average of those previously used
to describe O vacancies in bulk TiO2,38−40 and very close to
that determined using self-consistent linear-response theory, 3.3
eV.38
Combining atomically resolved spectroscopy with DFT
calculations we now turn our focus to the atomic and electronic
structure of step edges on the oxygen-terminated surface. Our
principal observation is that [−111] step edges are not
stoichiometric and contain oxygen vacancies. The presence of
oxygen vacancies (and undercoordinated Ti sites) leads in turn
to a bandgap state identical to that observed on the titaniumterminated surface. For the oxygen-termination, step edges
along the [010] direction exhibit dim features (Figure 3a) in
between the bright protrusions. To understand the origin of
these features we simulated STM images of these step edges
from ﬁrst-principles utilizing the atomistic models, which
correspond to those analyzed in ref 41. Our calculated STM
image of the stoichiometric [010] step edge is in close
agreement with experiment (Figure 3b). Considering the
atomistic model of this step edge in Figure 3c, we assign the
dim features to rows of Ti5c atoms at the edge. For step edges
along the [−111] direction, our calculations were able to

reduced surface the bright protrusions arise from the newly
formed Ti4c atoms and the Ti5c atoms underneath.
Figure 2a shows a close-up of a titanium-terminated patch
embedded in an oxygen-terminated terrace. Notably, a clear
shift of the bright protrusions between the titanium- and
oxygen-terminated surface phases is revealed. The red dots
mark the center of the bright protrusion. Extending the regular
lattice from the oxygen-terminated surface to the titaniumterminated surface, the red overlay clearly sits between the rows
on the titanium-terminated surface. DFT calculations were
performed to generate simulated STM topographs of the
diﬀerent surface phases and are shown in Figure 2b. The
features observed in the experimental images are wellreproduced by our calculations and can be rationalized as
follows: Upon reduction of the pristine surface, adjacent rows
of Ti5c and Ti6c atoms are replaced by corresponding rows of
Ti4c and Ti5c atoms (Figure 2b). The modiﬁed oxidation state
of these atoms and the additional contribution of the newly
formed rows of Ti5c lead to a rounding of the protrusions and
an oﬀset of the topograph. The shape of the protrusions is
slightly dependent on the choice of the Hubbard parameter in
the calculations, but the oﬀset between rows is largely
independent of the calculation details.
High-resolution STM imaging combined with atomically
resolved spectroscopy was used to carefully examine the
electronic structure of the Ti-terminated surface as shown in
Figure 2. We have mapped the local density of states in an
atom-speciﬁc manner over both the oxygen- and titaniumterminated surfaces. A set of I−V curves is plotted for 20
positions on a line traversing the two surface phases (Figure 2a)
and is depicted in a top view of a normalized waterfall plot in
Figure 2c. The red regions of the waterfall plot correspond to
negligible diﬀerential conductance and indicate the bandgap
region. Spectra taken on the red lines are taken on the oxygenterminated surface and show the onset of the valence band
maximum (VBM) and conduction band minimum (CBM)
separated by a bandgap of 4 eV − an overestimation due to tipinduced band bending common for semiconductors29,30 (CBM
0.5 V, VBM −3.5 V). Spectra obtained on the blue line reveal a
drastically reduced bandgap of 2 eV (CBM 0.5 V, VBM −1.5
V) with an additional peak at −3.3 V. Comparing our results to
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Figure 3. Comparison of electronic structure of the O-terminated and Ti-terminated surfaces. (a, d) Magniﬁed STM image (Vs = 2.0 V, I = 0.1 nA)
of the step edges oriented along the [010] and [−111] directions of the oxygen-terminated island in Figure 1b. (b, e) DFT-derived STM images and
(c, f), optimized ball-and-stick models of the step edges imaged in (a) and (d), respectively. The atomistic model proposed for the step edge (d) is
decorated with oxygen vacancies (one vacancy every two Ti atoms in the top row), indicated as hollowed spheres in (f). Additional views of this step
edge are provided in Supplementary Figure S5. (g, h) Zoomed-in STM images of step edges and terrace of the titanium-terminated island in Figure
1d. (i) Representative tunneling spectra taken at diﬀerent positions of the diﬀerent surface phases. (j) DFT STS spectra of the step edges and
surfaces of TiO2 anatase. The CBM is depicted to relate the energies of the experimental and calculated spectroscopy data (scalebars = 2 Å).

more generally to all the atomistic models of stoichiometric
step edges that we investigated.
For the [−111] edge, our calculations shown in Figure 3j
indicate that the new feature in the bandgap appears only when
we consider a nonstoichiometric step edge, as was done in
Figure 3f. By analyzing the partial density of states, we ﬁnd that
this new peak is derived from the Ti 3d states of the Ti4c atoms
and leads to a reduction of the bandgap by approximately 1−
1.5 eV. Considering the overestimation by tunneling spectroscopy and the typical underestimation by DFT-based calculations42 of the bandgap, the calculated spectra are in good
qualitative agreement with the experiment (Supplementary
Figure S7). These observations strongly support the assignment
of the [−111] topographs and STS data to an oxygen deﬁcient
step edge. Although the precise energetics of the gap states is
sensitive to the choice of the Hubbard parameter, the
qualitative features are robust, as we conﬁrmed with separate
calculations using the PBE0 functional.43 The double-peak
structure in Figure 3j was also reported in previous theoretical
studies of O vacancies in bulk TiO237 and is not resolved in the
experiment.
Taken together, our combined experimental and theoretical
analyses reveal a substoichiometric, titanium-terminated anatase
(101) surface. This titanium-terminated surface represents a
unique surface phase and cannot be considered as a simple

reproduce the isolated protrusion at the edge of the measured
topograph (purple square in Figure 3d) only after incorporating
O vacancies, as shown in Figure 3e and f. Therefore, the
[−111] step edge is decorated by O vacancies.
To clarify this aspect we turn to the STS analysis shown in
Figure 3i and j. The red spectrum in Figure 3i is taken at the
clean oxygen-terminated terrace, and the black spectrum was
obtained at the unreactive [010] edge. Both spectra show the
same behavior without any features between the VBM and
CBM onsets. The purple spectrum obtained on the highly
reactive [−111] edge shows a reduced bandgap of 2 V (CBM
0.5 V, VBM −1.5 V) with an additional peak around −2.7 V.
This spectrum coincides with the spectra obtained at the
titanium-terminated island (blue and teal). Therefore, we
conclude that the titanium-terminated surface phase and the
[−111] edge of the O-terminated surface have the same
undercoordinated Ti4c atoms due to missing oxygen atoms
which lead to the bandgap reduction. Note that similar
measurements were repeated at hundreds of diﬀerent positions
on diﬀerent islands of the particular surface termination, thus
proving the reproducibility. In line with our experimental
observations, the calculated projected density of states of the
stoichiometric [010] step edge on the pristine anatase (101)
surface does not exhibit gap states. This observation applies
6536
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exchange and correlation functional,44 as implemented in the
Quantum ESPRESSO software package.45 Only valence
electrons were explicitly described, including the Ti 3s and
3p semicore states, and the core−valence interaction was taken
into account by means of ultrasoft pseudopotentials.46 The
wave functions and charge density were represented through
plane-wave basis sets with energy cutoﬀs of 35 and 200 Ry,
respectively. Spin polarization was taken into account in the
calculations of the Ti-terminated surface. In order to properly
describe the energetics of the Ti 3d states we included
Hubbard-like corrections by means of the simpliﬁed rotationalinvariant formulation of ref 47. The calculated STM topographs
and STS spectra reported in the manuscript were obtained
using a value of the Hubbard parameter U of 3.5 eV. This value
represents an average of the range of Hubbard parameters
previously used to study O vacancies in bulk TiO2,38−40 and is
close to the Hubbard parameter determined from ﬁrstprinciples using linear-response calculations.38 Surface Brillouin
zone integrations were carried out using 2 × 3 and 4 × 4
Monkhorst−Pack meshes, for the calculations of the step edges
and of the extended surfaces, respectively. All structures were
optimized within DFT+U using both conjugate-gradient and
damped Car−Parrinello minimizations, until the forces on
atoms were less than 0.04 eV/Å. The STM images were
calculated within the Tersoﬀ−Hamann approximation at
constant current,48 by considering electronic states within 1
eV from the conduction band edge. We note that for the
pristine surface we ﬁnd that the brightest protrusions
correspond to Ti5c atoms, while in ref 41 they were assigned
to O2c. Our test calculations indicate that this assignment is
sensitive to small changes in atomistic and electronic structure
for diﬀerent values of the Hubbard U. The STS spectra were
calculated as local density of states integrated over the terraces
or the step edges.

reduced anatase surface with isolated (subsurface) oxygen
vacancies. Moreover, the undercoordinated Ti4c atoms coalesce
into entire domains with a high degree of structural similarity
and a new electronic structure. The new proposed structure of
the reactive [−111] step edge similar to the Ti-terminated
surface gives an explanation for the increased reactivity. The
titanium-terminated surface presented here augments the
versatility of the technologically most important metal oxide,
anatase TiO2. The combination of a reduced surface bandgap
and enhanced reactivity of undercoordinated Ti sites opens
new possibilities in photovoltaics and photocatalytic applications.
Methods. Sample Preparation. We employed a naturally
grown TiO2 anatase (101) crystal which was polished, with a
roughness of less than one lattice constant (SurfaceNet GmbH,
Germany). The size of the crystal was 4 × 4 × 2 mm3 with a
metallic opaque color. We prepared the crystal in situ in our
preparation chamber (base pressure in the low 10−10 mbar) by
repeated cycles of annealing (920 K, 10−30 min), Ar+sputtering (1 keV, 10 min) and annealing in oxygen
atmosphere (670 K, 30−60 min, 1 × 10−6 mbar). The
temperature ramp for heating was 2 K/s, while the speed for
cooling was slower at 0.5 K/s.
Titanium-Terminated Surface Preparation. The anatase
crystal was heated up to 920 K and remained at the
temperature for 20 min with a maximum pressure of 2.0 ×
10−9 mbar. Sputtering was performed at substrate temperatures
below 330 K with an Ar-ion sputtering gun at energies of 1 keV
for 10 min at a pressure of about 6 × 10−6 mbar, which resulted
in a sample current of 1.1 μA. Sputtering was performed at
grazing incidence, 20° to the surface plane. This annealing and
sputtering cycle was repeated one more time. Afterward, the
sample was annealed to 920 K for 10 min in ultrahigh vacuum.
The chamber was backﬁlled with oxygen (p = 8 × 10−7 mbar)
for 30 min while keeping the substrate at 920 K. Subsequently,
the sample was annealed in vacuum for another 20 min at 920
K. Due to residual oxygen in the chamber during the post
annealing step, the pressure decreased during this time from 6
× 10−9 mbar to 3.5 × 10−9 mbar. The crystal was cooled down
slowly until it reached room temperature and then transferred
into the STM operated at 5 K.
Oxygen-Terminated Surface Preparation. To recover the
stoichiometric oxygen-terminated surface, the sample was
annealed to 920 K. After 10 min of annealing in ultrahigh
vacuum, the chamber was backﬁlled with oxygen until 8 × 10−7
mbar and the sample remained at the elevated temperature for
30 min. Afterward, the oxygen was pumped out, and the sample
was post-annealed for 20 min. The pressure again decreased
from 6 × 10−9 mbar to 3.5 × 10−9 mbar.
Measurements. We performed the experiments on the TiO2
anatase (101) surface in a home-built 5K scanning tunneling
microscope (STM) in constant current mode. The STM was
equipped with electrochemical etched Pt−Ir tips bought from
Agilent Technologies (N9801A), USA. Unless otherwise stated
the set point current and voltage for the topography images was
100 pA and +2 V which means that the empty states were
measured. The diﬀerential conductance measurements were
performed with a set point current and bias of 100 pA and +1.5
V, respectively. The lock-in ampliﬁer modulated the bias at a
frequency of 2.5 kHz above the cutoﬀ frequency of the
feedback loop with a modulation voltage of 20 mV.
Computational Details. Density functional theory calculations were performed using the Perdew−Burke−Ernzerhof
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