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ABSTRACT: A TiO2 film with dominant anatase {001} facets is directly
prepared by direct-current reactive magnetron sputtering at room temperature
without using morphology-controlling agents. The formation mechanism of
anatase TiO2 films with dominant {001} facets is explained by the competition
between thermodynamics and ion impinging in the deposition process. The
crystalline TiO2 film shows a superior photocatalytic efficiency for the
degradation of Rhodamine B under UV−visible (λ > 250 nm) lights.
Furthermore, a comparable photodegradation of Rhodamine B is also found
on the TiO2 film surface by using visible (λ > 420 nm) lights. During film
growth, the surface bombarded by high energy of ions yields plenty of oxygen
defects, which can enhance the photocatalytic activity of the films irradiated
under visible light.

KEYWORDS: TiO2 films, oriented anatase {001} facets, room temperature, oxygen defects,
enhanced visible-light photocatalytic activity

1. INTRODUCTION

As a semiconductor photocatalyst, anatase TiO2 with special
orientation has attracted increasing interest in recent years.1−3

A high percentage of reactive facets in photocatalysts by crystal
facet engineering are of the competitive advantages in
optimizing photocatalytic reactivity or selectivity.4−6 Both
theoretical and experimental studies show that the {001} facets
are much more reactive activities than the {101} facets.7−10

Unfortunately, anatase TiO2 crystals are usually dominated by
{101} facets, which are thermodynamically stable owing to
their lower surface energy (0.44 J·m−2) than that of {001}
facets (0.90 J·m−2).11 Since the breakthrough work by Yang et
al.,10 much effort has been dedicated to the fabrication of
anatase TiO2 crystals with a high percentage of exposed {001}
facets and to the exploration of these crystals for photocatalytic
behavior.12−16 However, in these cases, the synthesis of anatase
TiO2 with dominant reactive {001} facets involves the use of
morphology-controlling agents (MCAs; e.g., fluorine species
and diethylenetriamine), which must be eventually removed in
order to obtain clean facets. The need for a MCA-free synthesis
route stimulates the ongoing research in this field. Currently,
significant progress has been made in this field by Amano and
co-workers,17 who reported the fabrication of anatase TiO2

crystals with dominant {001} facets at a temperature of 1300
°C without using MCAs. However, such a high temperature can

give rise to more requirements on equipment and more energy
consumption. Apparently, it is highly desirable to develop the
preparation of anatase TiO2 crystals with dominant {001}
facets at room temperature in a MCA-free synthesis route.
Moreover, most of the photocatalysts are usually in the
powdered form, which has to be separated from the water in a
slurry system after photocatalytic reaction and is inconvenient
for many practical applications. This trouble can be overcome
by immobilizing anatase TiO2 crystals as the film on a
substrate.18

As mentioned above, the anatase TiO2 (001) surface is
strongly suggested to be more catalytically active than other
crystalline phases and facets by several theoretical calculations
and experimental results. However, the validity of the enhanced
photocatalytic activity of the anatase (001) surface is still
controversial; in fact, it is in contrast to some recent
experimental observations.1,3 It can be pointed out by other
researchers3 that the photocatalytic reactivity can be simulta-
neously tuned through the synergistic effects of absorbance,
redox potential, and mobility of charge carriers. Generally, the
crystal facets {001} perform a stronger adsorption capacity and
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a lower redox potential than other facets owing to their higher
density of surface undercoordinated atoms and smaller band
gap.3 Nevertheless, recently, the presence of Ti3+ has been
suggested to be important for enhancing the photoactivity of
(001)-dominant anatase TiO2 because of the radical species
yielded by Ti3+ sites.19 It is thus essential to fully characterize
the Ti3+ defects of the anatase TiO2 (001) surface to explicitly
identify their effects on the photocatalytic activity. In addition,
TiO2 films have no visible-light response because of their large
energy gap of 3.2 eV. The need for effective utilization of solar
energy stimulates the ongoing research in this area toward
visible-light-responsive TiO2 films.12

Here we report the TiO2 film with dominant anatase {001}
facets (TF001) prepared by direct-current (dc) reactive
magnetron sputtering at room temperature without using
MCAs. This TiO2 film exhibits an excellent ability for
photodecomposition of Rhodamine B (RhB) under UV−
visible and visible light irradiation to the benchmark TiO2 film
with dominant anatase {101} facets (TF101). This result can
be closely related with Ti3+ defect sites and dominant {001}
facets in TF001.

2. EXPERIMENTAL SECTION
A TiO2 film with dominant anatase {001} facets was directly deposited
on n-type Si(100) wafers and plane glass slides by a dc reactive
magnetron sputtering system (Shengyang Tengao Vacuum Technol-
ogy Co. Ltd., JSS-600) with a titanium target (99.99% purity) at room
temperature. In the deposition equipment, the angle between the
target and the substrate surface normal was fixed at 37° with a
substrate rotation of 15 rpm for the deposition process. Prior to
loading into the chamber, silicon substrates were ultrasonically cleaned
in acetone, deionized water, and ethanol, respectively. Meanwhile,
glass substrates were ultrasonically cleaned in a 1.0 mol·L−1 sodium
hydroxide solution, deionized water, and ethanol, respectively. Then
the silicon and glass substrates were placed together in a carrier plate
to obtain the film at identical deposition conditions, as described
below. It was necessary to point out that the film deposited on silicon
substrates was used to analyze its structure, while the film with glass
substrates was employed to evaluate its photocatalytic and optical
properties. Using a load-lock system, the base pressure of the
deposition chamber was kept at 5.0 × 10−5 Pa, and the process
pressure was maintained at 2.0 Pa. The target and substrate distances
were set at 15 cm. Thereafter, deposition was conducted at a dc power
of 700 W (or power density of 8.9 W·cm−2), a deposition time of 2.5
h, a substrate bias of −80 V, and a fixed hybrid gas composed of 35
sccm argon flow rates and 5 sccm O2 flow rates. Although there was no
intentional substrate heating in this experiment, the substrate
temperature increased from around 40 to 90 °C during deposition
because of bombardment of the energetic particles on the substrate
surface. After deposition, the crystalline TiO2 film with dominant
anatase {001} facets was obtained. In addition, the detailed
preparation and characterization of a TiO2 film with dominant anatase
{101} facets are described in the Supporting Information (SI).
The chemical composition and valence-band (VB) spectrum of the

film surface were analyzed by X-ray photoelectron spectroscopy (XPS)
with monochromated Al Kα radiation at a pass energy of 29.4 eV. All
binding energies were referenced to the C 1s peak (285.0 eV) arising
from adventitious carbon. X-ray diffraction (XRD) measurement was
applied to characterize the crystalline structure of the film on a Rigaku
Ultima IV diffractometer with grazing-angle mode. Raman measure-
ment was carried out using a HR800 Raman microscopy instrument
with a 532 nm argon-ion laser and a resolution of 1 cm−1. The surface
morphology of the film was obtained by atomic force microscopy
(AFM; SII Nano Technology Ltd., Nanonavi Π) in noncontact mode.
The thickness and cross-sectional structure of the film were observed
by cross-sectional high-resolution transmission electron microscopy
(HRTEM; Tecnai G2 F20 S-Twin) with an acceleration voltage of 200

kV applied. Electron paramagnetic resonance (EPR) spectra were
taken on a JES FA-200 (JEOL) continuous-wave EPR spectrometer by
applying an X band (9.1 GHz) and a sweeping magnetic field at 120 K.

The optical transmittance characteristics were monitored on a
Hitachi U-3010 UV−visible−near-IR spectrophotometer at normal
incidence from 250 to 2600 nm. The absorption coefficient α relates to
the transmittance T and film thickness d as follows:

α = − T
d

ln( )
(1)

The optical energy band gaps of TiO2 films have been estimated by
using the classical relationship of optical absorption:

α ν ν= −h B h E( )m
g (2)

where B, Eg, and hν denote the band-tailing parameter, optical band
gap, and photon energy, respectively. The value of m should be 2, a
characteristic value for the indirect allowed transition that dominates
over optical absorption.

A total of 1.5 mL of a 0.01 M RhB aqueous solution was diluted by
50 mL of deionized water, and then the dilute solution was stirred
under darkness for 2 h to achieve adsorption−desorption equilibrium.
Subsequently, the solution was injected into a small-size container with
a hollow part of 2.5 × 2.5 × 1.0 cm3 using a 5 mL injector. The
schematic diagram of the degradation experiment was shown in a
previous work.20 It needs to be emphasized that TiO2 films were
irradiated with a xenon lamp (power 300 W) for 2 h to decompose
pollutants absorbed on their surface prior to degradation. At given
irradiation intervals (30 min), the absorption spectrum of the RhB
solution was measured by UV−visible spectroscopy with wavelengths
from 650 to 400 nm. The concentration of RhB was determined by
monitoring the changes in the absorbance maximum at about 550 nm.
According to the Lambert−Beer law, the absorbance is proportional to
the concentration of a dilute solution, from which the photo-
degradation percentage is calculated using the formula

η =
−

×
C C

C
100%0

0 (3)

where η is the degradation rate, C0 the initial concentration of the RhB
solution, and C the concentration at a certain irradiation time. In
general, the degradation of RhB can be considered as first-order of the
dynamical reaction, as follows:

=
C
C

ktln 0
(4)

where k is the reaction rate and t the reaction time. It should be
emphasized that photocatalytic tests were implemented in the stable
conditions (e.g., 25 °C and a humidity of 45%).

3. RESULTS AND DISCUSSION
The AFM image (shown in the SI) indicates that the surface of
a TiO2 film with dominant anatase {001} facets was composed
of flat sheets with widths of 200−250 nm. The root-mean-
square (rms) roughness of the film was around 7.76 nm,
making known a relatively smooth surface. The XRD peak
position of TF001 in Figure 1a presents a little shift toward low
angle compared to the anatase phase (space group I41/amd
(JCPDS No. 21-1272), as marked by a blue dotted line in
Figure 1a), implying significant defect-induced distortion in the
film. Further analysis of this pattern indicates that the intensity
of the (004) diffraction peak of the film was more intense and
sharper than that of other peaks, suggesting a preferential
growth along the c axis of the anatase lattice. In the previous
investigation on XRD patterns, the anatase TiO2 films own a
sole or dominant (001) plane when a (004) diffraction peak or
a distinct (004) preferred orientation is observed.21−24 On the
basis of former researches, TF001 could have a preference for
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the (001) plane. In addition, it should be noted that a slight
(110) rutile diffraction peak was also found in the pattern,
which could be attributed to the high energy of positive ions,
leading to nucleation of the rutile phase.25 TEM images of
TF001 in Figure 1b exhibit that the film had a dense and
continuous columnar structure oriented highly perpendicular to
the surface of the substrate26 and the film thickness was 1.85
μm at a deposition time of 2.5 h. Regarding the morphology of
{001} facet-dominated anatase TiO2, a truncated bipyramid has
been confirmed,27 as shown in the upper left of Figure 1b. It
can be revealed from the bottom-left inset in Figure 1b that the
top of the columnar crystal was planar (marked by blue lines),
in line with a cross-sectional view of the truncated bipyramid.
To identify the exposed facets of the film on the surface,
HRTEM was employed to display a surface atomic structure.
The HRTEM image in Figure 1c gives lattice fringes with
spacing of 0.238 nm on the film surface, which is assigned to
the (004) plane of anatase TiO2. These results indicate that the
top surface of TF001 exists a specified amount of (001) facets.
Raman spectra were used to preliminarily survey the exerted
influence of the percentage of exposed {001} facets on the
geometric structure.28 As shown in Figure 1d, the intensity of
the Raman peaks for TF001 was different from that for TF101,
although the peaks of both films appeared at 144 (Eg), 394
(B1g), 514 (A1g), and 636 (Eg) cm−1 corresponding to three
Raman modes of anatase TiO2. It has been generally known
that the Eg, B1g, and A1g modes are generated by the symmetric
stretching vibration of O−Ti−O, symmetric bending vibration
of O−Ti−O, and antisymmetric bending vibration of O−Ti−
O, respectively. Usually, the surface of the regular TiO2 with
dominant {101} facets consists of saturated 6c-Ti and 3c-O and
unsaturated 5c-Ti and 2c-O, while TiO2 with highly exposed

{001} facets only shows the unsaturated 5c-Ti and 2c-O
bonding modes on the surface.10 Therefore, for the surface of a
TiO2 film, the percentage of exposed {001} facets is closely
correlated with the number variations of the symmetric
stretching vibration and the antisymmetric bending vibration
of O−Ti−O; namely, the intensity ratio of the Eg and A1g peaks
in the Raman spectra can approximately determine the
percentage of exposed {001} facets, as reported by other
researchers.28 Table 1 lists the percentage of exposed {001}

facets for TF001 (54.3%) and TF101 (19.8%). In addition,
according to the XRD data, the percentage of {001} facets for
the whole TF001 can be about 50% derived directly from the
intensity ratio of the (004) diffraction peak and other
diffraction peaks, which nearly keeps in step with the result
provided by Raman. Interestingly, besides the above four
typical Raman peaks of anatase TiO2, an unanticipated peak for
TF001 appears at 310 cm−1 in Figure 1d. In the previous
investigation on Raman spectra of TiO2, it has been pointed out
that the oxygen deficiency can result in a new weak mode at
wavenumbers higher than 300 cm−1.29 With respect to the
presence of oxygen deficiency, the detailed work will be
implemented in the following section.
The key to controlling the anatase TiO2 crystals with

dominant crystallographic facets is to change the relative
stability of each facet during deposition, which is intrinsically
determined by the competition between thermodynamics and
ion impinging. If a film is prepared by a deposition process in
the absence of high energy of ion bombardment, the preferred
orientation is often determined by the thermodynamic
parameter. It is generally known that the crystal plane with
lowest surface free energy will be grown preferentially to keep
the thermodynamic stability. As a consequence, the TiO2 films
usually exhibit a (101) preferred orientation because of the
lowest surface free energy. However, when a high power
density or current density (such as 8.9 W·cm−2 or 22.0 mA·
cm−2) and a considerable substrate bias (such as −80 V) are
imposed on the target and substrate (as shown in Figure 2a),
respectively, the development of a preferred orientation is also
related to the planes with deep ion channeling.30,31 The density
of energy deposition is lower for planes with deep ion
channeling than that for other planes. During the deposition
process, the radiation damage for these planes is low, and they
can serve as seeds for further growth. Like a model proposed by
Dobrev,32 the local high temperature induced by a thermal
spike effect causes recrystallization when the high energy of
ions bombard the film. The planes with deep channeling
directions aligned in the incidence direction of ions can remain
the coolest and, accordingly, act as recrystallization centers.
Thus, the high deposition energy will change the preferred
orientation of the film with deep ion channeling direction along
the incidence direction of ions.
In general, the film surface with the highest atomic density

exhibits the lowest surface free energy. Figure 2b shows the
atomic structures of the (001) and (101) planes in anatase

Figure 1. (a) XRD pattern, (b) TEM images (the upper left inset is a
schematic of truncated anatase TiO2, and the bottom left inset
corresponds to the red ring with high magnification), and (c) HRTEM
images (the inset corresponds to the white box with high
magnification) of the TF001. (d) Raman spectra of TF001 and
TF101. Therein, A and R denote the anatase and rutile phases in part
a, respectively.

Table 1. Intensity (Area) of the Raman Peaks and
Percentage of Exposed {001} Facets

sample
peak area of Eg/144

cm−1 (cm2)
peak area of A1g/514

cm−1 (cm2)
percentage of

{001} facets (%)

TF001 27445.8 14893.7 54.3
TF101 59651.5 11821.4 19.8
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TiO2 related to this work. It is easily observed that the TiO2
films with (001) orientation have higher surface free energy
than those with (101) orientation because of loose atomic
arrangement in the (001) plane. In thermodynamics, the (001)
orientation of anatase TiO2 is unstable, leading to it hardly
existing in the film surface. However, the bombarding ions can
avoid meeting the atoms because of deep ion channeling, which
reduces the radiation damage for these crystallites. The
crystallites grown on the substrate are projected on the surface
normal to the incidence direction of ions (37° to the substrate,
as shown in Figure 2a) in order to find wider channels. It can
be seen that the (101) plane is densely packed and the (001)
plane parallel to the substrate surface offers wider channels for
bombarding ions in Figure 2c. When the film is impinged with
high energy of ions, the radiation damage for crystallites with
{001} planes [e.g., (004)] will be less than for that with {101}
planes [e.g., (101)]. Less damage can be produced in
crystallites with {001} planes than with {101} planes and
other planes. Therefore, the crystallites with {001} facets
preferentially grow, replacing the crystallites with {101} facets,
as shown in Figure 1.
The UV−visible and visible light photocatalytic activity of a

TiO2 film with dominant anatase {001} facets was evaluated by
photodegradation of RhB. As shown in Figure 3a,c, the
photodegradation process of RhB was faster on TF001 than on
TF101 (its structure is given in the SI) under both UV−visible
and visible light irradiation. It was emphatically pointed out that
the degradation rate of RhB on TF001 irradiated under visible
light was nearly equal to that on TF101 irradiated under UV−
visible light. This indicated that the photocatalytic activity of
TF001 was considerable under visible light irradiation.
However, the degradation rate of RhB was faster under UV−
visible light than under visible light, of which the ratio was
around 3 for each film. Parts b and d of Figure 3 show the
change in absorption spectra recorded for the RhB aqueous
solution/TiO2 film with dominant anatase {001} facets under
UV−visible and visible light irradiation as a function of the
irradiation time, respectively. After an irradiation time of 120
min, RhB on TF001 was almost completely degraded under
UV−visible light irradiation and remained one-third of the
concentration under visible light irradiation. In addition, to
further measure the photocatalytic activity of both films, the
turnover frequency (TOF) and turnover number (TON) were
calculated by their definitions. TOF is equal to the number of
reactant molecules converted per minute per catalytic site for

given reaction conditions, and TON results from multiplication
of TOF and the lifetime of the catalyst.33 The total number of
RhB during the testing process is around 1.13 × 1018, obtained
by the concentration of RhB (0.3 mM) and the volume of the
reaction container (6.25 mL). The active sites for the thin-film
catalyst should be distributed at the top surface of the film with
exposure in the solution. In this work, because of the
morphology and rms of TF001, we propose roughly that the
film surface is made up of a large sum of uniform square
pyramids minutely described in the SI. Thus, during the
photodegradation process, the number of active sites for TF001
are about 1.35 × 1017 at the reaction interface (area of 6.25
cm2). After irradiation by UV−visible light for 120 min, the
values of TOF and TON are 1.16 × 10−3 s−1 and 8.37 for
TF001, respectively. These results clearly demonstrate a
satisfactory photocatalytic activity of a TiO2 film with dominant
anatase {001} facets under both UV−visible and visible light
irradiation. With respect to the reason for the high photo-
catalytic activity of the film, it will be further discussed in detail
below.
With respect to the process of photocatalysis with semi-

conductor photocatalysts, three mechanistic steps should be
involved as follows: excitation, bulk diffusion, and surface
transfer of photoexcited charge carriers.34−36 The photo-
catalytic reactivity of a TiO2 film can therefore be
simultaneously tuned through the synergistic effects of the
absorbance, redox potential, and mobility of charge carriers,
which are determined by its electronic band structure and
surface atomic structure. Accordingly, the photoactivity of a
TiO2 film with dominant anatase {001} facets must still be
related to both its electronic band structure and surface atomic
structure. The electronic band structure of TF001 is shown in
Figure 4a,b,d. The study of optical absorption gives information
about the band structure of compounds.37,38 Figure 4a
demonstrates that the derived band gap from plots of the

Figure 2. (a) Schematic diagram of a dc reactive magnetron sputtering
configuration. (b) Atomic structures of the (001) and (101) planes in
anatase TiO2. (c) Projection of the (001) and (101) planes on the
surface normal to the ion incident direction. The gray solid and blue
hollow spheres represent titanium and oxygen elements in both parts b
and c, respectively.

Figure 3. Comparison of the photocatalytic decomposition on TF001
and TF101 under UV−visible (a) and visible (c) light irradiation;
variation of the absorption spectra of a RhB aqueous solution degraded
by TF001 under UV−visible (b) and visible (d) light irradiation.
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optical absorption coefficients α versus incident photon energy
E is 3.1 eV, which is smaller than that of the previous work (3.2
eV).1,3 This indicates that the intrinsic absorption edge of the
TiO2 film in this work has a definite red shift, leading to an
enhanced visible-light photocatalytic activity. The narrow band
gap could be ascribed to the presence of the defects (e.g., Ti3+

ions or oxygen vacancies).39 The XPS VB spectrum (Figure 4b)
reveals that the VB maximum of the film is at 0.95 eV, which
exemplifies the Ti 3d defect states on the surface or subsurface
of the film.40 To further confirm the presence of Ti3+, a typical
XPS spectrum of Ti 2p of the film surface is shown in Figure 4c.
After deconvolution with a Lorentzian−Gaussian distribution
function is performed, the Ti 2p3/2 spectrum of the film
displays two peaks at 458.7 and 457.1 eV, which are assigned to
Ti4+ and Ti3+, respectively.19 However, a limited Ti3+ doping
concentration on the surface only creates localized oxygen
vacancy states that deteriorate the electron mobility and exhibit
a negligible visible photoactivity.41 In the theoretical and
experimental work reported by other researchers, it is suggested
that, with the aim to achieve an efficient activity in the visible
spectrum, the concentration of Ti3+ must be sufficiently high to
induce a continuous vacancy band of electronic states just
below the conduction band edge of TiO2.

41,42 As a result, low-
temperature EPR was conducted to identify a certain amount of
Ti3+ existing in the inner film of TF001. The inset in Figure 4c
shows the EPR spectrum of TF001 obtained after exposure to
air in the dark for 1 week. Two major features in this spectrum
(g1 = 1.962 and g2 = 1.987) both belong to the paramagnetic
Ti3+ centers.27,43 Because of the instability of Ti3+ at the surface
of anatase, the EPR result implies that the bulk of Ti3+ centers
are located in the inner film. From another point of view, the
Ti3+ defects in the inner film, even in the subsurface, are stable

when the film has long-term exposure to air without external
stimulation (e.g., bias voltage, illumination).44 It is reported that
the subsurface Ti3+ defects in TiO2 anatase could also
contribute to the higher photocatalytic activity because of
merging with adsorbed O2 to form the bridging O2 dimer.

45 In
addition, during the photodegradation process, the subsurface
oxygen vacancies (VO’s) caused by Ti3+ centers could diffuse to
the film surface, leading to the presence of surface VO’s.

44 On
the basis of these results, the presence of Ti3+ is unambiguously
verified in the surface and bulk of TF001. The existence of
defect states can substantially cause the band blending effect, as
shown in Figure 4d. When defect states are present, the extra
electrons in the defects act as donor-like states that create an
accumulation layer in the near-surface region. Thus, a
downward band bending is formed as a result of an upward
shift of the Ti 4d peaks in the VB spectrum.46 It is necessarily
pointed out that the presence of Ti3+ has been suggested to be
important for the photoactivity of {001}-dominant anatase
TiO2 by previous researchers.19,47 The reduced titanium-rich
defects can be the most active sites for H2O and O2 to produce
the radical species, which attack the organic molecules (such as
RhB) to decompose into the end products. Therefore, the
proposed cooperative mechanism of the surface and electronic
structures works well for a TiO2 film with dominant anatase
{001} facets. In addition, on the basis of the surface roughness
of the film (in Figure 1a) and TF101 (shown in the SI), the
order of the photocatalytic activity above is not very consistent
with the order of the surface roughness or surface area. Herein,
it is believed that the surface area is not the decisive factor
influencing the activity of the TiO2 film in this work.

Figure 4. (a) Optical absorption coefficients α as a function of the incident photon energy E for indirect allowed transition for TF001. (b) XPS VB
spectrum of TF001. (c) XPS spectrum of Ti 2p of the surface of TF001 (the inset is the EPR spectrum of TF001). (d) Schematic diagram of the
band-bending effect due to donor-like surface defect states.
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4. CONCLUSIONS

In summary, a MCA-free and low-temperature synthesis route
for the preparation of TiO2 films with dominant anatase {001}
facets is proposed by dc reactive magnetron sputtering. The
proposed route is simple and reproducible. The formation of
anatase TiO2 films with dominant {001} facets is explained by
the competition between thermodynamics and ion impinging in
the deposition process. In addition, because of the presence of
Ti3+, TiO2 films with dominant {001} facets show excellent
photocatalytic activity under both UV−visible and visible light
irradiation.
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