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Rutile TiO2 nanostructured film with exposed pyramid-shaped (111) surface was successfully fabricated
using metal titanium foil as substrate through a facile vapor-phase hydrothermal method. The fabricated
rutile TiO2 film was composed of vertically aligned rod-like structures with diameters ranged from 400 to
700 nm and thickness of ca. 2.0 lm. The obtained rutile TiO2 film as photoanode exhibited excellent pho-
toelectrocatalytic activity toward water oxidation and rhodamine B decolorization under UV illumina-
tion, which was more than 3.5 and 1.2 times of that obtained by highly ordered anatase TiO2

nanotube array film photoanode under the same experimental conditions, respectively. The excellent
photoelectrocatalytic performance of the rutile TiO2 film photoanode could be due to the superior
photoelectron transfer property and the high oxidative capability of {111} crystal facets. The superior
photoelectron transfer capability of the photoanodes was manifested by the inherent resistance (R0) of
the photoanodes using a simple photoelectrochemical method. The calculated R0 values were 50.5 and
86.2 X for the rutile TiO2 nanostructured film and anatase TiO2 nanotube array film, respectively. Lower
R0 value of the rutile TiO2 photoanode indicated a superior photoelectron transfer capability owing to
good single crystal property of the rod-like rutile nanostructure. Almost identical valence band level
(1.94 eV) of the rutile TiO2 nanostructured film and anatase TiO2 nanotube array film (meaning a similar
oxidation capability) further confirmed the significant role of photoelectron transfer capability and
exposed high-energy {111} crystal facets for improved photoelectrocatalytic performance of the rutile
TiO2 nanostructured film photoanode.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Owing to excellent photocatalytic activity, titanium dioxide
(TiO2) has been widely investigated in varieties of applied fields
such as environmental remediation, solar-driven hydrogen produc-
tion, solar cells and lithium-ion batteries [1–10]. Although rutile
TiO2 possesses better chemical stability and UV absorption capabil-
ity, anatase TiO2 is more active for photocatalytic reaction than
rutile TiO2 ascribing to the more negative conduction band edge
potential of anatase TiO2, which is more favorable for reducing O2

to O2
��, greatly decreasing the recombination of photogenerated car-

riers [11–14]. The disadvantage of rutile TiO2 with more positive
conduction band edge potential has been the biggest limitation
of rutile TiO2 for photocatalytic application owing to high
recombination of photogenerated carriers [14]. To solve this issue,
our previous studies have demonstrated that a simple photoelectro-
chemical approach can be used to physically separate oxidation
half-reaction (at the working electrode) and reduction half-reaction
(at the auxiliary electrode) [15–17]. Using this approach, the applied
potential bias can serve as an external driving force to timely
remove the photogenerated electrons to the external circuit then
to the counter electrode where the reduction-half reaction takes
place [18,19]. Therefore, the recombination of photogenerated car-
riers can be effectively suppressed and the lifetime of photogenerat-
ed carriers (e.g., photogenerated holes) is significantly improved,
leading to high photocatalytic efficiency [15–17].

It is well known that the photocatalytic performance of TiO2

photocatalyst is highly dependent on its size, morphology,
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structure and crystal facet [20]. Specifically, TiO2 crystal structures
with uniquely exposed crystal facets have exhibited great potential
in environmental remediation, water splitting of hydrogen produc-
tion and solar energy conversion [21–23]. Recently, powder form
rod-like rutile TiO2 structures with exposed {111} top-facets and
{110} side-facets have been developed, exhibiting excellent hydro-
gen production capability under visible light illumination [24].
Studies have indicated that the exposed {111} top-facets and
{110} side-facets of rutile TiO2 crystals can serve as oxidative
and reductive sites for trapping photogenerated holes and
electrons, respectively, which is favorable for inhibiting the recom-
bination of the photogenerated carriers, improving the photocata-
lytic efficiency [25,26]. To employ photoelectrochemical technique
for further improving photocatalytic efficiency, rutile TiO2 nano-
structured film with 100% exposed pyramid-shaped (111) surface
has been fabricated onto FTO conductive glass substrate via a facile
hydrothermal method by us [15–17]. The resulting rutile TiO2 film
as photoanode has shown superior photoelectrocatalytic perfor-
mance toward oxidation of water and organics and bactericidal
application under UV and visible light illumination ascribing to
the superior photoelectron transfer property and high oxidative
capability of the exposed {111} crystal facets of the rutile TiO2 film
[15–17]. To date, rutile TiO2 nanostructures with exposed {111}
crystal facets regardless of powder form or film form are exclu-
sively synthesized by liquid-phase hydrothermal method [17,24].
Recently, our group developed a novel vapor-phase hydrothermal
method to fabricate inorganic nanostructured materials [27–30].
The fabricated nanomaterials with unique structure displayed
great application potential, which was unavailable using liquid-
phase hydrothermal method owing to the distinct growth environ-
ment and mechanism of vapor-phase hydrothermal method
[27–30]. Our studies indicated the feasibility of using vapor-phase
hydrothermal method as a new synthetic method means to fabri-
cate inorganic nanostructured materials with unique structure
and property. Moreover, these nanostructured materials may be
directly applied for energy generation and environment
remediation.

Herein, rutile TiO2 nanostructured film with exposed pyramid-
shaped (111) surface was directly grown onto a titanium foil
substrate via a facile vapor-phase hydrothermal method. Some
experimental parameters such as the concentration of reaction
precursors, reaction temperature and reaction time were investi-
gated in detail to obtain the optimum experimental conditions.
After calcination at 450 �C for 2 h in air, the fabricated rod-like
rutile TiO2 nanostructured film was directly used as photoanode
for photoelectrocatalytic oxidation of water and decolorization of
rhodamine B (RhB) under UV illumination. It should be noted that
there is no published paper to date reported the photoelectrocata-
lytic decolorization of RhB on rutile TiO2 nanostructured film with
exposed pyramid-shaped (111) surface. For comparison, highly
ordered anatase TiO2 nanotube array film onto metal titanium foil
substrate was also evaluated under the same experimental
conditions.
Fig. 1. XRD pattern (A), SEM ((B) cross-sectional, photograph and (C) surface of
rutile film on titanium foil substrate) and TEM images of the prepared rutile TiO2

film with exposed pyramid-shaped (111) surface.
2. Materials and methods

2.1. Synthesis

The rutile TiO2 film with exposed pyramid-shaped (111) sur-
face on titanium foil was synthesized by a simple vapor-phase
hydrothermal method reported by us [27–30]. In a typical synthe-
sis process, titanium foil (30 mm � 15 mm � 0.25 mm) was put on
a Teflon holder which was about 3 cm above 10 mL of reaction
solution containing 0.88 M H2O2 (30%, Sigma–Aldrich) and 4.6 M
HCl (32%, Sigma–Aldrich). The subsequent reaction was carried
out at 200 �C for 24 h. After the reaction, the autoclave was natu-
rally cooled down to room temperature. Then, the titanium foil
substrate was taken out, rinsed adequately with deionized water
and dried at 60 �C for 12 h. The obtained sample was subsequently
calcined in a tube furnace at 450 �C for 2 h in air with a heating rate
of 2 �C min�1. For comparison, highly ordered anatase TiO2 nano-
tube array film was fabricated by anodization technique using
metal titanium foil as substrate [31]. After anodization, the
obtained nanotube film was thermally treated at 450 �C for 2 h in
air for further photoelectrocatalytic application.
2.2. Characterization

The structural characteristics of the samples were investigated
using X-ray diffractometer (XRD, Shimadzu XRD-6000, equipped
with a graphite monochromatic Cu Ka), scanning electron
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microscope (SEM, JSM-6300F) and transmission electron micro-
scope (TEM, Philips F20). The valence-band XPS spectra of the sam-
ples were analyzed by X-ray photoelectron spectroscopy (XPS,
Kratos Axis ULTRA incorporating a 165 mm hemispherical electron
energy analyzer). UV–vis diffuse reflectance spectra of the
films were recorded on a Varian Cary 300 UV–vis–NIR
spectrophotometer.
2.3. Measurements

The photoelectrochemical measurement was performed using a
three-electrode system cell with a quartz window for illumination
[16,17]. The prepared TiO2 film was employed as a working elec-
trode with a light illumination area of 0.785 cm2, a platinum foil
and a saturated Ag/AgCl as counter electrode and reference elec-
trode, respectively. A 0.1 M NaNO3 solution was used as supporting
electrolyte. A voltammograph (CV-27, BAS) was used for the appli-
cation of potential bias, while potential and current signals were
recorded using a Macintosh (AD Instruments). UV illumination
was carried out using a 150 W xenon arc lamp light source with
focusing lenses (HF-200W-95, Beijing Optical Instruments). To
Fig. 2. Photograph of the sample obtained without H2O2 (A). SEM images of samples ob
avoid the electrolyte from being heated-up by the infrared light,
a UV-band-pass filter (UG 5, Avotronics Pty. Ltd.) was used. The
UV light intensity was regulated and carefully measured at
365 nm.

The directly photolytic, photocatalytic, electrocatalytic and
photoelectrocatalytic decolorization of RhB were carried out in a
similar three-electrode photoelectrochemical reactor with 60 mL
of solution containing 0.1 M NaNO3 and 2.0 mg L�1 RhB. The illu-
minated area of the photoanode was 1.766 cm2. For PEC experi-
ments, the applied potential was +0.8 V and the light intensity of
UV was 3.0 mW cm�2. The concentration of RhB after reaction
was determined using the UV–vis spectrophotometer (UV-1800,
Shimadu) at 554 nm.

The photoelectrocatalytic decolorization efficiency was calcu-
lated according to Eq. (1).
Decolorization efficiency ð%Þ ¼ C=C0 � 100% ð1Þ
where C presented the concentration of residual RhB after reaction
and C0 was original concentration of RhB.
tained at 180 �C for 24 h (B), with 1.5 M (C), 3.0 M (D), 6.1 M (E) and 7.6 M (F) HCl.
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3. Results and discussion

3.1. Structure characteristics

Fig. 1A shows the XRD pattern of the prepared sample after cal-
cination. Clearly, the diffraction peaks from the film can be indexed
to a rutile phase TiO2 with lattice parameters of a = 4.584 Å and
c = 2.953 Å (JCPDS, card no. 89-4920) [16,24]. The morphology of
the prepared rutile TiO2 film is investigated by SEM technique, as
shown in Fig. 1B and C. The cross-sectional SEM image indicates
that the rutile TiO2 film is consisted of vertically aligned rod-like
arrays with diameters ranging from 400 to 700 nm and thickness
of ca. 2.0 lm (Fig. 1B) and the film is well grown on the titanium
foil substrate (inset in Fig. 1B). The surface SEM image shows rutile
TiO2 rod-like structures with surface exposed pyramid-shaped
crystal facets (Fig. 1C). Further observation reveals that the angle
between the bottom and lateral edges of the pyramid crystal facet
is ca. 53.6�, matching closely to the theoretical value between the
[110] and [011] directions for a tetragonal rutile TiO2 [17,24].
TEM image as shown in Fig. 1D displays detailed structure infor-
mation of an individual rutile TiO2 rod-like structure. The selected
area electron diffraction (SAED) and high-resolution TEM (HRTEM)
image (insets in Fig. 1D) demonstrate a good single-crystal nature
Fig. 3. SEM images of the samples obtained at different reaction
of the rutile TiO2 structure. The SAED pattern reveals a preferred
growth along the [001] direction of the rutile TiO2 rod-like struc-
ture. The HRTEM image confirms the fringe spacings of 3.23 Å and
2.95 Å, which are consistent with the d values of (110) and (001)
planes of the tetragonal rutile TiO2, respectively [15–17]. Based on
the above results, it can be confirmed that the top exposed pyra-
mid-shaped crystal facets are {111} facets of rutile TiO2, similar
with the reported results [15–17].

To understand the formation process of the rutile TiO2 film with
exposed pyramid-shaped (111) surface on the titanium foil, the
effect of reaction conditions on the resultant rutile TiO2 morphol-
ogy is investigated, as shown in Fig. 2. It is found that H2O2 plays
an important role in the formation of high quality rutile TiO2 film
with exposed (111) surface on the titanium foil substrate (inset
in Fig. 1B). In the absence of H2O2, the titanium foil is severely cor-
roded and only fragments can be obtained after vapor-phase
hydrothermal reaction (Fig. 2A). Similar results have also been
addressed in our pervious work, indicating that the formation of
peroxotitanium complex by Ti4+ reacting with H2O2 during the
hydrothermal reaction can slow effectively the hydrolysis of the
titanium precursor, which is favorable for the formation of {111}
faceted rutile TiO2 [16,17]. Further experiments demonstrate that
rutile TiO2 film with exposed high-quality (111) surface cannot
times (A) 1 h; (B) 3 h; (C) 6 h; (D) 12 h; (E) 18 h; (F) 30 h.



Fig. 4. (A) XRD pattern of the fabricated anatase TiO2 nanotube arrays after
calcination. (B) Surface SEM image of the fabricated anatase TiO2 nanotube arrays
after calcination; the top right inset of cross-sectional SEM image; the bottom left
inset of SAED pattern of individual anatase nanotube.
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be achieved when the reaction temperature is below 200 �C (e.g.,
180 �C, Fig. 2B).

In this work, the effect of hydrochloride acid (HCl) concentra-
tion on the resultant rutile TiO2 morphology is also investigated
in 10 mL of reaction solution containing 0.88 M H2O2 at 200 �C
for 24 h. The corresponding SEM images are shown in Fig. 2C–F.
When the HCl concentration is set at 1.5 M, a mixture of micro-
sized and nano-sized protrudes can be observed on the titanium
foil substrate (Fig. 2C). Increasing HCl concentration to 3.0 M
(Fig. 2D), the independent rod-like structures can be obtained with
incomplete {111} crystal facets and wide range of diameters. Fur-
ther increasing HCl concentration to 4.6 M, high-quality rutile TiO2

film with exposed pyramid-shaped (111) surface can be achieved
(Fig. 1C). However, higher HCl concentration (e.g., 6.1 and 7.6 M) is
unfavorable for the formation of high-quality rutile TiO2 film with
exposed pyramid-shaped (111) surface, and only nanorod-like
arrays with irregular surface can be observed, as shown in Fig. 2E
and F. The above results demonstrate that an apt HCl concentration
is critically important to fabricate high-quality rutile TiO2 nanorod-
like array film with exposed pyramid-shaped (111) surface using
vapor-phase hydrothermal method. The optimal HCl concentration
is chosen to be 4.6 M in this work.

With a reaction solution containing 4.6 M HCl and 0.88 M H2O2

and reaction temperature of 200 �C, the effect of hydrothermal
reaction time on the morphology of the resultant rutile TiO2 film
is also studied. Fig. 3 shows the surface SEM images of the obtained
products collected at different reaction intervals (1, 3, 6, 12, 18 and
30 h). Under high hydrothermal temperature (e.g., 200 �C), metal
titanium foil can readily react with HCl vapor to produce unstable
Ti3+, and then Ti3+ is instantly hydrated and oxidized by H2O vapor
to form Ti4+ on the substrate [32]. Subsequently, the formed Ti4+

reacts with H2O2 vapor to generate peroxotitanium complex which
further hydrolyzes to form TiO2 growth seeds. It can be seen from
Fig. 3 that the density, diameter size and length of the obtained
rod-like array structure obviously enhance with increasing hydro-
thermal time. Moreover, incomplete pyramid-shaped {111} crystal
facets start to appear with prolonging hydrothermal reaction time
(e.g., 18 h, Fig. 3E). High-quality rutile TiO2 film with exposed
(111) surface can be achieved at hydrothermal reaction time of
24 h (Fig. 1C). Further increasing vapor-phase hydrothermal reac-
tion time is not favorable for maintaining high-quality {111} crys-
tal facets of rutile TiO2 rod-like structures (e.g., 30 h, Fig. 3F). The
above investigations suggest that under the optimum conditions
such as 10 mL of reaction solution containing 0.88 M H2O2 and
4.6 M HCl, reaction temperature of 200 �C and reaction time of
24 h, a high-quality rutile TiO2 film with exposed pyramid-shaped
(111) surface on the titanium foil can be obtained by a simple
vapor-phase hydrothermal method.

3.2. Photoelectrocatalytic property

In previous report, our theoretical calculations have indicated
that (111) surface of rutile TiO2 is a high-energy surface, meaning
high oxidative capability of the rutile TiO2 film with exposed (111)
surface [16]. In this work, the rutile TiO2 film with exposed pyra-
mid-shaped (111) surface onto metal titanium foil substrate was
directly used as photoanode to evaluate its performance by photo-
electrocatalytic oxidation of water and decolorization of RhB under
UV irradiation. For comparison, highly ordered anatase TiO2 nano-
tube array photoanode was also measured by photoelectrocatalytic
oxidation of water and decolorization of RhB. Fig. 4 shows the XRD
pattern and SEM image of the fabricated highly ordered TiO2 nano-
tube array film after calcination at 450 �C for 2 h. As shown in
Fig. 4A, anatase is predominant crystal phase of the TiO2 nanotube
arrays. The surface SEM image indicates that the fabricated anatase
TiO2 nanotubes possess outer diameters ranging from 70 to
100 nm, mean tube wall thickness of ca. 17 nm and film thickness
of ca. 820 nm (Fig. 4B and inset). The SAED displays multiple dif-
fraction rings of an individual nanotube, meaning that the wall of
nanotube was composed by polycrystalline TiO2 [33]. Although
some studies have demonstrated that highly ordered nanotube
structures can provide superior electron transfer pathways, the
polycrystalline nanotube wall may be not beneficial for electron
collection during electron transfer owing to the boundary scatter-
ing effect of polycrystalline nanoparticles [33].

Fig. 5A and B shows the voltammograms of the photoanodes
made of rutile TiO2 film and anatase TiO2 nanotube film in 0.1 M
NaNO3 supporting electrolyte with or without UV illumination.
As shown, without UV illumination, only a negligible dark current
is measured for both rutile and anatase TiO2 photoanodes. For the
cases under UV illumination with different light intensities, the
measured photocurrents (Iph) increase linearly with applied poten-
tial bias in the range of low applied potential, and then reach sat-
urated state (saturated photocurrent, Isph) at higher applied
potentials. This linearly increased Iph in the range of low applied
potential can be due to the limitation of free photoelectron trans-
port within the TiO2 photocatalyst films [33,34]. The saturated
photocurrents at higher potentials (ca. 0.64 and 0.32 V for rutile
TiO2 film and anatase TiO2 nanotube film, respectively) can be
ascribed to the limitation of the interfacial processes at the photo-
catalyst/electrolyte interface [33,34]. Moreover, an increase in the
saturated photocurrent is also observed as the light intensity
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increases, due to the stronger light intensity leading to the gener-
ation of more charge carriers [32]. Our previous studies have dem-
onstrated that the magnitude of Isph represents the maximum rate
of water oxidation under a given light intensity [33,34]. Fig. 5C
shows the plots of Isph against the light intensity (u) derived from
Fig. 5. Voltammograms obtained under different light intensities from rutile TiO2

film (A) and anatase TiO2 nanotube (B) photoanodes in 0.1 M NaNO3 supporting
electrolyte solution, respectively. The light intensity of curves 1–11, in turn, were 0,
1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and 10.0 mW cm�2. (C) Relationships of
saturation photocurrent with light intensity for rutile TiO2 film and anatase TiO2

nanotube photoanodes, respectively. The saturation photocurrent data were
derived from the curves shown in A and B at +1.0 V of applied potential.
Fig. 5A and B for rutile TiO2 film and anatase TiO2 nanotube film at
+1.0 V of applied potential bias. Linear relationships with the slope
values of 0.518 mA mW�1 (R2 = 0.992) and 0.147 mA mW�1

(R2 = 0.993) are obtained for rutile TiO2 film and anatase TiO2

nanotube film photoanodes, respectively. It is well known that
the slope value of the Isph–u curve quantitatively represents the
photoelectrocatalytic activity of the photoanode under the given
experimental conditions. Clearly, the slope obtained from the pho-
toanode made of rutile TiO2 film is more than 3.5 times of that
obtained from the anatase TiO2 nanotube film photoanode, con-
firming significantly improved photoelectrocatalytic activity
toward water oxidation of rutile TiO2 film photoanode.

Fig. 6A displays directly photolytic (DP), electrocatalytic (EC),
photocatalytic (PC) and photoelectrocatalytic (PEC) decolorization
performances of RhB with or without TiO2 photoanode and/or UV
irradiation. Obviously, no obvious decolorization of RhB can be
observed by EC process (applied potential of +0.8 V) within
150 min, while the decolorization efficiencies of RhB by DP and
PC processes within 150 min are only 3.5% and 21.9%, respectively.
A remarkable increase in the decolorization efficiency (92.0%) can
be observed by PEC process within 150 min, which is more than
1.2 times of that (76.0%) using anatase TiO2 nanotube photoanode
by PEC technique. Furthermore, under the given experimental con-
ditions, the photoelectrocatalytic decolorization of RhB using rutile
TiO2 and anatase TiO2 nanotube photoanodes is of first order
reaction. The calculated decolorization kinetic rate constants (k)
Fig. 6. (A) Decolorization kinetic curves of RhB under EC, DP, PC and PEC by the
rutile TiO2 film and anatase TiO2 nanotube photoanodes. (B) The decolorization rate
constants of the rutile TiO2 film and anatase TiO2 nanotube photoanodes for RhB.
The applied potential was +0.8 V and the light intensity of UV was 3.0 mW cm�2.



J. Chen et al. / Journal of Colloid and Interface Science 429 (2014) 53–61 59
are 0.0138 and 0.0092 min�1 for rutile TiO2 film and anatase TiO2

nanotube photoanodes, respectively (Fig. 6B), indicating higher
photoelectrocatalytic decolorization efficiency of rutile TiO2 film
photoanode than that of anatase TiO2 nanotube film photoanode.
This significantly improved photoelectrocatalytic efficiency of
rutile TiO2 film photoanode can be ascribed to many attributes,
such as excellent photoelectron transport property and high oxida-
tive capability of exposed pyramid-shaped (111) surface.

In our previous studies, the theoretical calculations have indi-
cated that the pyramid-shaped (111) surface is a high-energy sur-
face with a surface energy of 1.46 J/m2, which is much higher than
that (0.35 J/m2) of routine rutile TiO2 (110) surface [16], meaning
high oxidative capability of the pyramid-shaped (111) surface. The
high oxidative capability of the pyramid-shaped (111) surface is
very favorable for improving the photoelectrocatalytic perfor-
mance of the rutile TiO2 film photoanode. Our previous studies
have confirmed that the charge transport process inside of a pho-
tocatalyst layer can be manifested by the photocatalytic resistance
of a photocatalyst – an intrinsic property of a semiconductor
photocatalyst, which can be characterized quantitatively using a
simple photoelectrochemical method [34,35]. In this work, the
intrinsic resistance (R0) of photoanodes made of rutile TiO2 film
and anatase TiO2 nanotube film is measured to reveal the photo-
electron transport property of these two TiO2 photocatalyst films.
As discussed above, the voltammograms shown in Fig. 5A and B
Fig. 7. Relationships between the resistance and the saturation photocurrent measu
Relationships between the resistance and the inversed saturation photocurrent with the
from Fig. 5A and B.
include two parts, namely, linear increase part and leveled off part.
The former exhibits a pure resistor-type behavior, suggesting that
the whole reaction is controlled by the photoelectron transport
process inside the photocatalyst layer [34,35]. Thus, the photocur-
rent is determined by the rapidity of the photoelectron transport
across the photocatalyst layer [34,35]. The overall resistance (R)
values of the voltammograms under different light intensities
can be calculated in accordance with the Ohm law by dividing
the potential change by the corresponding photocurrent within
the linear part of the voltammograms [34,35]. Plotting R against
Isph derived from Fig. 5A and B gives the hyperbolic curve as shown
in Fig. 7A and B for rutile TiO2 film and anatase TiO2 nanotube film
photoanodes, respectively. The quantitative relationship between
R and Isph can be expressed as [16]:

R ¼ k=Isph þ R0 ¼ RI þ R0 ð2Þ

where k is a proportionality constant; Isph is the saturation photo-
current at a constant potential bias (+1.0 V in this work); R0 and
RI are the constant and the variant components of the resistance,
respectively.

From Eq. (2), R is the total reaction resistance, which is the sum
of a variant (RI = k/Isph) and a constant (R0) component. For a given
photoanode, RI represents the interfacial reaction resistance,
depending on experimental conditions, such as light intensity and
reactant concentration, while R0 collectively represents an intrinsic
red with the rutile TiO2 film (A) and anatase TiO2 nanotube (B) photoanodes.
rutile TiO2 film (C) and anatase TiO2 nanotube (D) photoanodes. Data were derived



Fig. 8. (A) UV–vis absorption spectra of the rutile TiO2 film and anatase TiO2

nanotube. (B) XPS valence-band spectra of the rutile TiO2 film and anatase TiO2

nanotube. (C) Determined valence-band and conduction-band edges of the rutile
TiO2 film and anatase TiO2 nanotube photoanodes.
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property of a TiO2 photocatalyst reflecting photoelectron transport
process inside TiO2 photocatalyst layer [16]. This intrinsic R0 value
is independent of experimental conditions [16,33]. Fig. 7C and D
display the plots of R against 1/Isph values for rutile TiO2 film and
anatase TiO2 nanotube film photoanodes. As shown, plotting R
against 1/Isph gives a straight line for both photoanodes, indicating
that the variant resistance component is inversely proportional to
Isph. R0 values for the two photoanodes can be obtained from the
intercepts of the curves with a value of 50.5 and 86.2 X for rutile
TiO2 film and anatase TiO2 nanotube film photoanodes, respec-
tively. The obtained k values are 511.5 and 468.6 X mA for rutile
TiO2 film and anatase TiO2 nanotube film photoanodes, respec-
tively. The physical meaning of the slope, k, can be explained as
the minimum applied potential bias required to remove 100% of
the photogenerated electrons from the photocatalyst layer [34].
The higher k value (511.5 X mA) for the rutile TiO2 film photoanode
over the anatase TiO2 film photoanode (468.6 X mA) can be attrib-
uted to the more positive conduction band edge potential of the
rutile TiO2 [33]. Meanwhile, the rutile TiO2 film photoanode has
almost 42% lower than R0 (50.5 X) in comparison with that of the
anatase TiO2 nanotube photoanode with an intrinsic R0 = 86.2 X,
owing to the superior single crystal property of the rutile TiO2

rod-like structure. The anatase TiO2 nanotube is composed of poly-
crystals, which enhances the photoelectron scattering effect result-
ing in higher R0 value at the crystalline boundaries [33]. The
superior photoelectron transfer property contributes significantly
improved photoelectrocatalytic activity toward water oxidation
and RhB decolorization of the rutile TiO2 film photoanode.

It is well known that the photoelectrocatalytic oxidation capac-
ity of a photocatalyst is mainly determined by its valence band
edge potential [33]. In this work, the electronic band structures
of the rutile TiO2 film and the anatase TiO2 nanotube film photoa-
nodes are therefore investigated. Fig. 8A shows the UV–vis diffuse
reflection spectra of these two photoanodes. As shown, an obvious
redshift in the band gap absorption edge for the rutile TiO2 film
versus the anatase TiO2 nanotube film is observed and the calcu-
lated band gaps of the rutile TiO2 film and anatase TiO2 nanotube
film are around 2.94 eV and 3.22 eV, respectively. Fig. 8B shows
XPS valence-band (VB) spectra of the rutile TiO2 film and anatase
TiO2 nanotube film. The VB spectra reveal that the VB maximum
of these two TiO2 films is almost identical (ca. 1.94 eV)
[33,36,37], indicating the same valence band edge position of these
two TiO2 films. Similar results have also been reported by Zhao
et al. [33] and Hagfeldt et al. [38]. Based on the above results,
the conduction band (CB) minimum of the anatase TiO2 nanotube
film is calculated to be 0.28 eV more negative than that of the rutile
TiO2 film. The electronic band structures of these two TiO2 films are
illustrated in Fig. 8C. The almost identical valence band edge posi-
tion means a similar photocatalytic oxidation capacity for these
two TiO2 films because only an oxidative process can occur at
the photoanode film, and the conduction band edge position has
not been a limiting factor for the photocatalytic activity of pho-
toanode using a photoelectrochemical approach [33]. The XPS VB
data also indicate that the rutile TiO2 film photoanode has suffi-
cient photocatalytic oxidation capacity toward water and RhB that
is similar to the anatase TiO2 nanotube photoanode, while the low
intrinsic resistance (R0, representing superior photoelectron trans-
port capability) of the rutile TiO2 film contributes significantly to
the high photoelectrocatalytic activity toward water oxidation
and RhB decolorization in this study.
4. Conclusion

High-quality rutile TiO2 film with exposed pyramid-shaped
(111) surface has been directly grown on titanium foil by using
a simple vapor-phase hydrothermal method. The obtained rutile
TiO2 film as photoanode exhibited superior photoelectrocatalytic
activity toward water oxidation and RhB decolorization. XPS
valence-band spectra indicated that the rutile TiO2 film had almost
identical valence band position with the anatase TiO2 nanotube
film, meaning a similar oxidation capability. However, the lower
intrinsic resistance (R0) of the rutile TiO2 film contributed to more
than 3.5 and 1.2 times higher photoelectrocatalytic activity toward
water oxidation and RhB decolorization than the anatase TiO2

nanotube film, indicating the superior photoelectron transport
property of the rutile TiO2 film.
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