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In the  present  work,  it is  described  the  fabrication  and  characterization  of TiO2 nantotubes  prepared
potentiostatically  using  1.0  or 5.0  vol.%  ionic  liquid  electrolyte  medium  at 10  or 20 ◦C. These  experimental
conditions  led  to TiO2 nanotubes  with  63-77  nm  pore  diameter,  crystallite  sizes  between  27-33  nm,  and
band-gap  values  in the  3.1-3.2  eV range.  Although  the  morphology  and  band-gap  values  were  similar,
the  water  splitting  reaction  showed  differences  in  terms  of  photocurrent,  up to 300%.  Besides,  we  report
iO2 nanotubes
ater splitting

lectron lifetime
hotocurrent transients

also important  changes  in those  parameters  related  with  electronic  defects,  such  as  carrier  density  (ND),
width  of  depletion  layer  (w)  and  Debye  length  (�D). Then,  the enhancement  on  photoelectrochemical
properties  could  be related  to a decrease  in  the rate of  surface  recombination  processes.  Finally,  these
proposition  are  in  agreement  with  the  open-circuit  voltage-decay,  where  was  observed  a  higher  electron
lifetime  for TiO2NT  obtained  at higher  vol.%  of  ionic  liquid.
. Introduction

Efficient splitting of water into H2/O2, photocatalytically acti-
ated, is probably the most desired pathway to convert abundant
olar energy into “hydrogen”, the proposed clean energy carrier
f the future. The total amount of solar energy impinging on the
arth‘s surface in one year is about 3x1024 J, or approximately 104

imes the worldwide yearly consumption of energy [1]. The search
or efficient conversion of solar energy into other useful forms is, in
iew of the increasing anxiety over the exhaustion of fossil energy
esources and attendant global warming, one of the most important
hallenges for future.

However, there are three major important tasks for the solar
roduction of hydrogen: (1) Stability. Metal oxides are the most
hotochemically stable semiconductors in aqueous solution, but
heir band-gaps are either too large (≈3.0 eV) to absorb a significant
raction of incident solar energy, or their semiconductor charac-
eristics (e.g. charge transport) are poor [2]. (2) Band-gap values.
onsidering the water splitting energy of 1.23 eV and overpotential

osses, the semiconductor(s) should have a band-gap greater than
.7 eV. However, semiconductors with relative low band-gaps have

een found to lack stability during water splitting [2]. (3) Energy

evel edge position. Even though a semiconductor may  generate suf-
cient energy to drive an electrochemical reaction, the band edge
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position may  prevent it from react leading to water splitting [2].
For spontaneous water splitting, water oxidation and reduction
potential must lie between the valence and conduction band edges.

Among inorganic oxides, TiO2 is an important candidate for
efficiently water splitting reaction. Several papers in the litera-
ture [3,4] have demonstrated that besides the microstructure, the
morphology is important to optimize the oxide properties. Then,
TiO2 nanotubes (TiO2NT) seem to be a promise material as pho-
toanode to water splitting application, once these nanostructures
provide unique electronic properties, such as high electron mobil-
ity [5], appropriated band edge positions [6], quantum confinement
effects [7], high specific surface area [8], high mechanical strength
[9] and photocorrosion resistance [10]. In this scenario, TiO2NTs
seem to be a versatile compound and one of the most investigated
nanostructure in materials science.

Among the factors that affect the TiO2NT properties, elec-
trochemically obtained, the non-aqueous electrolyte can be
regarded as a very important variable. In this context, ionic
liquid (IL) have many applications, such as powerful solvents
and electrically conducting fluids (electrolytes). Specifically dur-
ing titanium anodization, the use of a fluor salt which is liquid
at ambient temperature, such as 1-butyl-3-methyl-imidazolium-
tetrafluoroborate (BMIM-BF4), is important as fluoride precursors
source which determine the quality, morphology and density of the

nanotubes. The use of ionic liquid as electrolyte during the TiO2NTs
obtainment by electrochemical means is quite recent, and just few
papers have reported it. Schmuki et al. [11] observed the formation
of well-ordered self-organized TiO2 nanotube layers in BMIN-BF4
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Table  1
Experimental conditions in which TiO2NT arrays were obtained.

TiO2NT Vol.% IL T/◦C
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TiO2NT photoelectrodes do not show any significant difference
from a morphologic point of view, the synthesis conditions resulted
in significant differences regarding the structural and electronic
properties, as will be discussed below.
2  5.0 10
3  1.0 20
4  5.0 20

onic liquid electrolyte. According to the authors, by changing the
otential and anodization time, the maximum thickness achieved
as approximately 650 nm and the maximum diameter obtained
as around 43 nm.  Misra et al. [12] for the first time in the liter-

ture, synthesized double-wall vertically oriented TiO2NT arrays
y a simple sonoelectrochemical anodization process using BMIM-
F4 ionic liquid at room-temperature. The concentric nanotubes
ith external diameters of around 82 and 206 nm were obtained by

his process. In addition to the double-wall nature of these nano-
ubes, the external diameter of >200 nm is the largest among all
he anodization processes. Teixeira et al. [13] observed that a max-
mum nanotube growth rate was obtained at 1.0 vol % BMIM-BF4.
urthermore, the TiO2 nanotubes obtained showed photocatalytic
ctivities for the degradation of pollutants using methyl orange dye
s a prototype and hydrogen generation by water splitting.

In light of this, the present study aims to investigate how
tructural (crystallite size) and electronic parameters (flatband
otential, carrier density, width depletion layer, Debye screening

ength) affect the photoelectrocatalysis towards the water splitting
eaction.

. Experimental

.1. Preparation of the TiO2 nanotube arrays

Self-ordered TiO2NT arrays were prepared by anodizing 1 cm2

f titanium foil (99.8% Alfa Aesar) in electrolytes composed of
thylene glycol (Synth), Milli-Q water (10 vol. %) and 1-butyl-3-
ethyl-imidazolium-tetrafluoroborate (BMIM-BF4 Sigma Aldrich)

1 or 5 vol. %). Prior to each anodization, Ti samples were ultra-
onicated in acetone followed by distilled water rinses and dried
n N2 stream. Anodization was performed at 10 and 20 ◦C using a
tandard two-electrode cell with Ti foil as anode and a platinum foil
4 cm2) as cathode, which underwent a constant applied voltage of
0 V, using a Keithley 2410 sourcemeter. The voltage was  swept
rom the OCP to different values at v = 0.1 V s-1, holding at the final
otential value for 4 hours. The TiO2NT photoelectrodes herein pre-
ared and discussed along the text are specified in Table 1. After the
nodization process, the samples were rinsed with distilled water
nd thermally treated at 450 ◦C for 120 minutes to eliminate water,
rganic portions, improve its mechanical stability and to obtain the
iO2-anatase crystalline phase. Soon after, a cooling rate of 5 ◦C
in-1 was used.

.2. Material Characterization

The TiO2NTs morphological characterization was carried out
sing a Supra 35 Zeiss Field Emission Scanning Electron Micro-
cope. The optical absorption spectra were obtained using a UV-vis
pectrometer (UV-vis DRS; Cary 5G). The X-ray diffraction (XRD)
atterns were obtained using a Siemens diffractometer model D-
000 with CuK� radiation and � = 1.5406 Å.

.3. Photoelectrochemical Activity and Water Splitting

eneration

Photoelectrochemical measurements were performed
n the photocell with a quartz (d = 3 cm)  window. The
 Acta 136 (2014) 404–411 405

photoelectrochemical measurements were performed using
an Autolab PGSTAT-30 Potentiostat/Galvanostat. Platinum wire
and TiO2NTs were respectively used as counter and working
electrodes. All potential were referred to the reversible hydrogen
electrode (RHE). Photoelectrochemical test were carried out using
0.5 M H2SO4 solution as electrolyte. A solar simulator (Newport
Oriel Arc lamp housing 67005, Oriel xenon lamp 6255, Oriel arc
lamp power supply 69907 USA) was used as light source.

3. Results and discussion

Current-time curves obtained during the formation of the TiO2
nanotube arrays films in BMIM-BF4 ionic liquid at 80 V are shown
in Fig. 1.

Similar current-time profile was  observed for all TiO2NT elec-
trodes. A sharp drop in current was observed in the first stage due
to the formation of a barrier oxide layer; followed by an increase
in current caused by the oxide layer pitting by fluoride ions and
finally, the current reaches a steady value This behaviour follows
in agreement with the literature [14]. Electrodes TiO2NT-1 and 2
exhibited lower current values compared to TiO2NT-3 and 4, what
can be related to the lower temperature (10 ◦C) used during the
anodization process. Additionally, it is possible to observe that the
current values increase for higher ionic liquid concentrations, e.g. 1
and 5%, as can be observed for TiO2NT-1, 3 (1 vol.% IL) and TiO2NT-
2, 4 (5 vol. % IL). Again, it agrees with the reported characteristics
of Ti in F− containing electrolyte described by in the literature [15].

The surface morphology of TiO2NT was investigated by FESEM
microscopy and is depicted in Fig. 2.

The average pore diameter obtained at 10 ◦C was  around
77.5 ± 2.4 nm and 64.0 ± 2.5 nm for samples obtained in 1vol.% and
5vol.% of IL respectively. For nanotubes obtained at 20 ◦C, the pore
diameter were approximately 75.8 ± 2.8 nm and 68.0 ± 2.0 nm for
samples obtained in 1vol.% and 5vol.% IL respectively. It is pos-
sible to observe that TiO2NTs prepared at higher percentages of
IL lead to a decreasing in the tube diameter comparing the sam-
ples prepared at the same anodization temperature. Although the
Fig. 1. Anodization current-time behaviour for Ti foil at 80 V in ethylene glycol elec-
trolyte. a) TiO2NT-1 (10 ◦C, 1vol.% IL), b) TiO2NT-2 (10 ◦C, 5vol.% IL), c) TiO2NT-3
(20 ◦C, 1vol.% IL) and d) TiO2NT-4 (20 ◦C, 5vol.% IL). t = 240 min.



406 R.G. Freitas et al. / Electrochimica Acta 136 (2014) 404–411

F  a) TiO
a

a
c
(

F
r
b

ig. 2. FESEM images of TiO2NT arrays grown in different conditions. Tube diameter:
nd  d) TiO2NT-4, d∼68.0 ± 2.0 nm.
As can be observed by the X-ray diffraction patterns in Fig. 3,
ll TiO2NT samples crystallized in the anatase phase, which is
haracterized by peaks at 2� = 25.281 (101) and 2� = 48.049 (200)
JCPDS – 21-1272). The TiO2NT self-ordered film was thin, as

ig. 3. XRD patterns of the TiO2NTs arrays annealed at 450 ◦C for 2 hours. A, R, Ti
epresent anatase, rutile and titanium diffraction peaks respectively. a) TiO2NT-1,
)  TiO2NT-2, c) TiO2NT-3 and d) TiO2NT-4.
2NT-1, d∼77.5 ± 2.4 nm, b) TiO2NT-2, d∼64.0 ± 2.5 nm,  c) TiO2NT-3, d∼75.8 ± 2.8 nm

metallic titanium peaks were also observed (JCPDS 44-1294) at
higher intensities rather than anatase-TiO2 ones. Also, a small
amount of rutile-TiO2 crystalline phase was  detected at 2� = 27.446
(110) and 2� = 36.085 (101) (JCPDS – 21-1276).

The crystallite sizes (CS) were calculated using the Debye-
Scherrer equation from the anatase (101) peak. The values obtained
were 27.0, 28.0, 30.0 and 33.5 nm for TiO2NT-1, 2, 3 and 4 pho-
toelectrode respectively, as shown in Table 2. Considering the
experimental error, the CS are the same for all the prepared sam-
ples. These values are similar to those previously reported in the
literature [14,16] for TiO2NT electrodes.

The band-gap, Eg, was  estimated using the Tauc-Wood equation
[17]:

(˛h�)s = h� − Eg (1)
where � is the absorption coefficient, hv and Eg are photon energy
and optical band-gap energy, respectively. The value used for s was
0.5 once TiO2 is classified an indirect gap semiconductor. Eg values
were thus determined by extrapolation of the linear portion of the

Table 2
Structural and electronic parameters obtained from XRD and Mott-Schottky mea-
surements for TiO2NT arrays.

TiO2NT C.S./nm EFB/V ND/cm-3 w/nm �D/nm

1 27.0 1.11 6.8x1018 7.7 1.4
2  28.0 1.25 5.5x1018 6.7 1.6
3  30.0 1.2 1.5x1019 4.5 0.95
4  33.5 1.26 1.3x1019 4.2 1.0
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Fig. 4. Plot of (�hv)0.5 vs. hv for the estimation of the TiO NT band-gap energy. a)
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Fig. 5. a) Photocurrent transients generated during photoirradiation under UV-
Visible light, b) zoomed in photocurrent transients *circled-signed in a) and c)
2

iO2NT-1, b) TiO2NT-2, c) TiO2NT-3 and d) TiO2NT-4.

�hv)s curve versus the photon energy, hv,  to (�hv)s = 0. Concern-
ng the TiO2 electronic properties of, the relevant energy levels that
orm the band edges, and thus, define the band-gap, are considered
o be the Ti3d states and O2p levels. The lowest empty energy lev-
ls are Tidxy and thus they are representative of the conduction
and (CB) edge, whereas full O2p states (in particular, nonbonding
� states) define the valence band (VB). Both anatase and rutile
how this general distribution of states [18,19]. Besides, the lin-
ar dependence of (�hv)0.5 on hv indicates that TiO2 is essentially,
ndirect-transition-type semiconductor. The straight-line portion
f the curve, when extrapolated to zero, gives the optical band-gap
g of 3.1-3.2 eV for all TiO2NTs-photoelectrodes, as shown in Fig. 4.
he reported band-gap values of anatase phase (bulk) is 3.2 eV [20],
n agreement with the anatase-TiO2 phase observed in Fig. 3.

TiO2 has an indirect optical band-gap for anatase (3.2 eV) and for
utile (3.0 eV). Amorphous material is reported to have a mobility
ap of about 3.2–3.5 eV [18,19]. Crucial for the optical and elec-
rical properties, is the presence of defects that provide additional
tates in the band-gap near the CB or VB. Particularly important to
iO2 are oxygen vacancies and Ti3+ states, which, to a large extent,
ominate optical and electrical properties of the material. Typically
i3+ states are situated about 0.2–0.8 eV below the conduction band
21]. Electrons may  be trapped in the Ti3+ sites or holes may  be
rapped in oxygen states, leading to radicals covalently bonded to
he TiO2 surface. Such shallow defects can easily release trapped
harge carries to the nearby of the conduction or valence band by
hermal excitation.

Systematic photoelectrochemical measurements were carried
ut on the TiO2NTs photoelectrodes. Chronoamperograms were
erformed to examine the photoresponse over time along light
n/off cycles, as shown in Fig. 5a.

The pattern of TiO2NTs photocurrent obtained is highly repro-
ucible for the on/off light cycles presented, Fig. 5a. Besides, the
hronoamperograms profiles, Fig. 5b, are similar to those described
n the literature [22–24] for water splitting on TiO2NTs photoelec-
rodes. This behaviour is attributed to the photogeneration and
ecombination of electron-hole pairs under on/off light conditions.
nder illumination, the photoinduced electrons transport from the

iO2NT walls to the Ti substrate rapidly to produce photocurrent.
nder dark conditions, the holes recombine with electrons from

he TiO2 conduction band leading to the decrease of photocurrent.
photocurrent spectra. E = 0.5 V. 0.5 M H2SO4 electrolyte. T = 25 ◦C. a) TiO2NT-1, b)
TiO2NT-2, c) TiO2NT-3 and d) TiO2NT-4.

The spike-like shape of photocurrent transients observed in
Fig. 5b is a typical fingerprint of intense surface recombina-

tion process [25,26]. After the initial rise of photocurrent upon
switching-on the light, a rapid decay is observed followed by a
cathodic current “overshoot” after the light is switching-off. It
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Fig. 6. Electron lifetime measurements determined form the open-circuit voltage-
08 R.G. Freitas et al. / Electroch

uggests that the photogenerated holes are being trapped in the
urface states too deeply to induce efficient water oxidation and
herefore, accumulating at the surface. This increases the prob-
bility of conduction band electrons to be captured, inducing
ecombination rather than photocurrents. When the light is inter-
upted, the holes accumulated in surface states still continue to
ecombine for some time, and so a cathodic current overshoot is
bserved. As a result, TiO2NTs electrodes prepared at higher vol.

 IL i.e. TiO2NT-2 and 4 photoelectrodes, exhibited lower surface
ecombination process compared to those obtained at lower vol. %
L (TiO2NT-1 and 3 photoelectrodes). As consequence of the lower
urface recombination process exhibited by TiO2NT-4 (observed in
ig. 5b), such photoelectrodes also exhibited higher peak photo-
urrent depicted by Fig. 5a and 5c, as described below.

It is possible to observe in Fig. 5a, that TiO2NTs-2 and 4 elec-
rodes exhibited a higher photocurrent compared to TiO2NTs-1
nd 3 photoelectrodes. One possible explanation is that higher
oncentration of IL leads to an increasing in the photoelectrocataly-
is. Also, the photocurrent increased 305% for TiO2NT-4, compared
o the TiO2NT-1 photoelectrode. An explanation for the increase
n the peak photocurrent for higher vol. % IL TiO2NTs prepared
t the same anodization temperature, can be explained in light
f Fig. 5b.

In order to estimate how the concentration of IL and the anodiza-
ion temperature affect the photocurrent along the UV range, the
hotocurrent spectra are shown in Fig. 5c. It is possible to observe
n increasing of 295% in the photocurrent for TiO2NT-4 compared
o TiO2NT-1 photoelectrodes. This value is in agreement with that
i.e. 305%) obtained in Fig. 5a. Such increase in the photocurrent
alues is related to the decrease in the surface recombination pro-
ess, as discussed in Fig. 5b. All TiO2NTs show a peak wavelength
round 300 nm.  These peak wavelength values are in agreement
ith the literature. Lin et al. [27] studied the strategy of doping

e3+ into TiO2NT to enhance its photocatalytic activity. The peak
hotocurrent for TiO2NT-Fedoped observed was near 325 nm.  Lin
t al. [28] also studied the water splitting under TiO2NT with plat-
num nanoparticles. The authors also observed a maximum on the
ncidence photon current efficiency on the UV-region. Augustynski
t al. [29] observed a maximum in the photocurrent efficiency at
80 nm for nanocrystalline TiO2 films. Finally, Jin et al. [30] studied
he photoelectrooxidation of methanol in TiO2NT, and observed a

aximum in the photocurrent density near 250 nm.
Open-circuit voltage-decay (OCVD) measurements were con-

ucted to investigate the recombination kinetics of the TiO2NTs
hotoelectrodes. According to Kamat et al. [31], the open-circuit
oltage of the photoelectrochemical cell represents the difference
n Fermi level between TiO2NT and counter electrodes. In the dark,
he electrode potential is dictated by the redox equilibrium. Band-
ap excitation of TiO2 results in charge separation. As the holes
re scavenged by H2O at the interface, the electrons accumulate
ithin the TiO2NTs. Electrons accumulation causes a shift in the

ermi level to more negative potentials, and it reflects in an increase
n the VOC. The open-circuit voltage reaches a maximum as the
lectron accumulation competes with the charge recombination
nd this attains a steady state. Upon stopping the illumination, VOC
ecays as the electrons accumulated within the TiO2NT are scav-
nged by acceptor species in the electrolyte (e.g. H+) as well as
ndergo recombination with trapped holes. Thus monitoring the
ecay of the voltage provides an insight into the pathways by which

oss of accumulated electrons occurs within TiO2NT.
Following the technique as reported by Bisquert et al. [32], OCVD

easurements were performed by monitoring the VOC transients

uring relaxation from an illuminated quasi-equilibrium state to
he dark equilibrium, see Fig. 6-inset.

When the illumination on the TiO2NT photoelectrodes is inter-
upted, the excess electrons are removed due to recombination,
decay in dark-inset. Inset: the curves of open-circuit photovoltage-decay of the
TiO2NT arrays. 0.5 M H2SO4 electrolyte. T = 25 ◦C. a) TiO2NT-1, b) TiO2NT-2, c)
TiO2NT-3 and d) TiO2NT-4.

with a photovoltage decay rate directly related to the electron life-
time, by the following expression:

� = kBT

e

(
∂VOC

∂t

)−1

(2)

where the thermal energy is given by kBT, e is the positive elemen-
tary charge, and ∂VOC/∂t is the derivative of the open circuit voltage
transient. Fig. 6 is the plot of the response time obtained by apply-
ing Eq. 2 to the data in Fig. 6-inset. In general, the recombination
reaction in photoelectrodes is a nonlinear property that shows a
second order behaviour with respect to the electron concentration.
The shape of the VOC curve shows a dependence on the quasi-fermi
level, confirming a trap-assisted conduction mechanism [32]. This
means that the effective recombination contains contribution not
only from the free carriers, but also from the trapping, detrap-
ping and charge-transfer mechanism. Moreover, the minor delay
in the electron lifetime through trapping and detrapping events
is also expected considering the various TiO2 crystallite phases
encountered along the tubular structure of the TiO2NTs. The shorter
lifetimes observed at low VOC in Fig. 6 are related to the charge-
transfer delay.

It is possible to observe also that in comparison to reported
OCVD measurements, TiO2NT photoelectrodes prepared at higher
vol.% IL (TiO2NT-2, 4 photoelectrode) exhibited longer lifetimes
prepared at the same temperature anodization. Therefore, fewer
recombination centers can be observed for those samples prepared
using a high vol.% IL. It is important to stress out that these data
corroborates different aspects:i) the higher photocurrent observed
in Fig. 5a, ii) the lower cathodic current values (spike-like shape)
which could then be related to a decrease in the surface recombi-
nation process (Fig. 5b), and finally, iii) higher photocurrent values
observed in Fig. 5c for TiO2NT-4 photoelectrode.

Aiming to investigate the photoresponse of TiO2NTs photo-
electrode, i-V characteristic were also carried out by linear sweep
voltammetry. In order to verify that no leakage current was present,
linear sweep voltammogram of TiO2NT-4 photoelectrode in dark

conditions are also presented in Fig. 7.

The photocurrent density of TiO2NT increases with the applied
potential, and almost reaches a plateau-like behaviour at 0.7 V
for all TiO2NTs photoelectrodes. It is possible to observe that the
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ig. 7. Linear sweep voltammograms for TiO2NT arrays. v = 50 mV s-1. 0.5 M H2SO4

lectrolyte. T = 25 ◦C. a) TiO2NT-1, b) TiO2NT-2, c) TiO2NT-3 and d) TiO2NT-4.

nset potential and the half-wave potential (short vertical line
igned) shifted 250 and 260 mV  respectively, towards more neg-
tive potentials for TiO2NT-4 compared to TiO2NT-1 samples. The
egative shift of half-wave potential indicates that, the charge sep-
ration and transportation in TiO2NT-4 photoelectrodes are more
fficient. Achieve a low photocurrent onset and saturation poten-
ial is important, because it reduces the applied potential required
o achieve the maximum photocurrent, and thus, increases the
verall efficiency of water splitting. Moreover, it is possible to
bserve an increase in the peak photocurrent for TiO2NT-4 of 130%
ompared to TiO2NT-1 photoelectrodes. Finally, it is possible to
bserve that TiO2NT prepared at higher vol.% IL presented higher
eak photocurrent prepared at the same anodization temperature.
he photoelectrocatalysis trends presented, are in agreement with
hose data presented in Fig. 5a, b, c and 6.

Aiming to gain information about the electronic properties of
he TiO2NT electrodes, AC impedance measurements were per-
ormed in the dark. It provides information about the intrinsic

lectronic properties of the semiconductor in contact with the elec-
rolyte solution, as shown in Fig. 8.

ig. 8. Mott-Schottky plot without illumination for TiO2NT arrays. f = 1 kHz. 0.5 M
2SO4 electrolyte. T = 25 ◦C. a) TiO2NT-1, b) TiO2NT-2, c) TiO2NT-3 and d) TiO2NT-4.
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Based on the Mott-Schottky plot (1/C2 vs. E), one can extrapolate
the position of the flatband potential EFB from the x-axis inter-
cept, which is shown in Fig. 8 and Table 2. The capacitance of the
semiconductor is described by the Mott-Schottky equation:

1
C2

=
(

2
e0εε0ND

)  [
(E − EFB) − kBT

e0

]
(3)

wherein e0 is the fundamental charge constant, � the dieletric con-
stant of TiO2, �0 the permittivity of vacuum, ND the donor density,
E the electrode applied potential, EFB the flatband potential, and
kBT/e0 is a temperature-dependent correction term.

As can be seen in Fig. 8, the flatband potential calculated were
1.11, 1.25, 1.2 and 1.26 V for TiO2NT-1, 2, 3 and 4 photoelectrodes
respectively (see Table 2), and significant change in the donor den-
sity could also be observed.

The donor density (Nd) is derived by the slope of the Mott-
Schottky plot and it is calculated via the equation:

ND = −
(

2
e0εε0

)(
∂1⁄C2

∂V

)−1

(4)

The donor densities were than calculated to be 6.8x1018,
5.5x1018, 1.5x1019 and 1.3x1019 cm-3 for TiO2NT-1, 2, 3 and 4 pho-
toelectrodes respectively. It is possible to observe that TiO2NTs
prepared at 20 ◦C exhibited higher donor density compared to
TiO2NTs electrodes prepared at 10 ◦C. Schmuki et al. [33] observed
that the contribution to the photoresponse from the nanotubes is
related to the annealing temperature, and, the authors used the
same temperature as we did here, 450 ◦C. The authors observed
such high doping level (1018-1019 cm-3) for TiO2NT annealed and
correlated it to the crystalline state of the material. From a different
point of view, amorphous materials contain high density of recom-
bination centers that virtually inhibit any photoconductivity in the
tube walls. Zhang et al. [34] studied TiO2 nanorods for water split-
ting applications. The authors obtained donor density near 4.5x1017

cm-3. In comparison, Li et al. [35] obtained Nd values of 2x1018 cm-3

for TiO2 nanowires prepared by a solvo-thermal route. According
to the authors, such increasing in the carrier density was  attributed
to a high level of defects caused by oxygen vacancies. Furthermore,
in the present work, one can say that the higher was  the anodiza-
tion temperature employed, the greater were the oxygen vacancies
observed for the material, thus, the material exhibited higher car-
rier. As can be observed, TiO2NT-3, 4 photoelectrodes displayed
higher donor density compared to TiO2NT-1 and 2 photoelectrodes,
prepared at 20 and 10 ◦C respectively.

The width of the depletion layer (w), can also be derived from
the Mott-Schottky plot relationship and is described by:

wdl =
(

2εε0

e0ND

)1⁄2(
E − EFB − kBT

e0

)1⁄2
(5)

A potential of 1.5 V was chosen to calculate the width of deple-
tion layer, and the values obtained were 7.7, 6.7, 4.5 and 4.2 nm
for TiO2NT-1, 2, 3 and 4 photoelectrodes respectively (see Table 2).
Observe that, the width of depletion layer decreases for TiO2NT
obtained at higher anodization temperature. Moreover, higher
vol.% IL leads to decreasing in the width of depletion layer for
TiO2NT obtained at the same anodization temperature. Munoz
et al. [36] studied semiconducting properties of TiO2NT, and also
observed width of depletion layer near 7 nm.  Waser et al. [37,38]
studied the effect of TiO2 thin films preparation conditions on
the width of depletion layer. According to the authors [37,38] the

reduction of depletion width with increasing temperature may
result from a change of charge density in the depletion region. A
higher temperature can help trapped charge to be released and
leave behind ND ionized sites in the depletion layer, therefore a
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igher ND leads to a thinner depletion width w,  as observed and
escribed in data presented herein.

It is important to point out, that the TiO2NT-4 photoelec-
rode exhibited the lowest width of depletion layer (w = 4.2 nm).
urthermore, such photoelectrode performed the highest photo-
lectrocatalysis for water splitting reaction, as already discussed
n Figs. 5–7. If the film thickness is of the same order of magni-
ude of the width of space charge region (depletion layer). Then,

ost of photogenerated carriers formed inside the film reach the
iO2-electrolyte interface. Grimes et al. [39] correlated sol-gel pre-
ared 10-540 nm TiO2 thin films with measured photocurrent
nder UV illumination. A 70 nm photoelectrode showed maxi-
um photocurrent, nearly six times higher than those of the

80-540 nm photoelectrodes. The authors suggested that films hav-
ng smaller thickness than the space charge layer show a larger
hotocurrent due to more effective electron-hole separation. More-
ver, according to Burda et al. [22] an important question for
he transport of photogenerated carriers is if the depletion layer
xceeds half of the tube-wall thickness. This is important because
hen these photogenerated electron-hole pairs form within a layer
epleted of charge carriers, the likelihood is increased that they
re spatially separated and add to a measurable photocurrent [40].
herefore, changing vol.% IL and anodization temperature it is pos-
ible to modulate the width of TiO2NT depletion layer leading
o an enhancement in the photocatalysis activity. Besides, in the
resent case, the highest photoelectrocatalysis activity observed
TiO2NT-4) can be related to its lowest width of depletion layer,
nd consequently, to a more effective electron-hole separation.

The Debey length (�D) gives the spatial distance needed for an
ffective field screening, i.e. the distance over which significant
harge separation can occur. Assuming Boltzmann statistics, the
ebye length decreases with increasing concentration of carriers
s:

D =
(

εε0kBT

NDe2
0

)1⁄2
(6)

The Debye lengths obtained were 1.4, 1.6, 0.95 and 1.0 nm for
iO2NT-1, 2, 3 and 4 photoelectrodes, respectively. It is possible
o observe that higher anodization temperatures decrease Debye
engths. Trapalis et al. [41] studied anatase-TiO2 nanoplates, and
bserved Debye lengths around 1.07 and 1.64 nm for samples pre-
ared in vacuum and in air conditions respectively. Poruzet et al.
42] also studied anatase-TiO2 nanopourous, and observed Debye
engths around 1.5 nm.  These values are in agreement with those
eported in this paper.

Lewis et al. [43] discussed the improvements of nanostructures
ompared to planar devices, and its relation towards water split-
ing reaction, such as decoupling of the direction of light absorption
nd charge-carrier collection. In order to design an efficient pho-
oelectrode for water splitting applications, the absorber must be
hick enough to absorb all the light, but also must be of suf-
cient electronic quality (i.e. purity and crystallinity) such that
xcited minority carriers that are photogenerated deep within the
hotoelectrodes are able to diffuse to surface, where they can
e collected. As demonstrated above, TiO2NT obtained at higher
nodization temperature reduce the distance that carriers must
ravel, and hence enable near-unity collection efficiencies despite
hort minority carrier diffusion lengths. Therefore, increasing the
hotoelectrocatalysis activity for TiO2NT-4 photoelectrode com-
ared to others.

The decrease in the distance that carrier must travel leads to

igher ability of carriers to diffuse to surface, where they can
e collected. Such improvement on TiO2NT prepared at higher
nodization temperature, may  be associated to the higher crys-
allite size obtained in such experimental conditions. Higher

[
[

[
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crystallite size leads to a decreasing on the density of defects (where
electron-holes recombination takes place). It could also improve
the diffusion coefficient, and consequently, the photoelectrocatal-
ysis activity. Ramakrishina et al. [44] studied the improvement of
electron diffusion coefficient of TiO2 nanowires. According to the
authors [44], enhanced particle size reduce the space charge region,
thereby leading to an improved diffusion process. Low diffusion
coefficients of TiO2 nanoparticles can be understood by the hypoth-
esis of electron traps in the grain boundary. Such defects could
act as electron trap sites resulting from interconnection between
nanoparticles. Thus, it is expected that increasing in the crystal-
lite size could result in an improved electron transport during the
water splitting reaction.

From the data described above, it is possible to conclude that was
possible to prepare samples with different photoelectrochemical
properties which are related to the synthesis variables conditions.

4. Conclusions

In summary, we  have prepared TiO2NT arrays photoelec-
trodes in ionic liquid media. Although the morphology, crystallite
size and band-gap data were similar, the parameters calculated
from Mott-Schottky plots revealed significant differences among
the electrodes. The enhancement in the water splitting reaction
obtained for the TiO2NT-4 photoelectrode, seems to be linked to
its small electron-hole recombination rate and, consequently, to a
high electron lifetime.
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36] A.G. Muñoz, Electrochimica Acta 52 (2007) 4167–4176.
37] C. Nauenheim, L. Yang, C. Kügeler, A. Rüdiger, R. Waser, RWTH Aachen (2006).
38] L. Yang, C. Nauenheim, A. Rüdiger, H. Schroeder, R. Waser, IEEE EDS Workshop

on Advanced Electron Devices (2006).
39] C.A. Grimes, O.K. Varghese, S. Ranjan, Light, Water, Hydrogen The Solar Gener-

ation of Hydrogen by Water Photoelectrolysis, 1 ed., Springer, New York – USA,
2008.

40] R.P. Lynch, A. Ghicov, P. Schmuki, Journal of The Electrochemical Society 157
(2010) G76–G84.

41] K. Pomoni, M.V. Sofianou, T. Georgakopoulos, N. Boukos, C. Trapalis, Journal of
Alloys and Compounds 548 (2013) 194–200.
43] M.G. Walter, E.L. Warren, J.R. McKone, S.W. Boettcher, Q.  Mi, E.A. Santori, N.S.
Lewis, Chemical Reviews 110 (2010) 6446–6473.

44] P.S. Archana, R. Jose, C. Vijila, S. Ramakrishna, The Journal of Physical Chemistry
C  113 (2009) 21538–21542.

http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0120
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0120
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0120
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0120
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0120
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0120
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0120
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0120
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0120
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0120
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0120
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0120
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0120
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0120
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0120
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0120
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0125
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0125
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0125
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0125
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0125
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0125
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0125
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0125
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0125
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0125
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0125
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0125
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0125
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0125
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0125
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0125
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0130
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0130
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0130
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0130
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0130
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0130
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0130
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0130
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0130
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0135
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0140
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0140
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0140
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0140
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0140
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0140
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0140
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0140
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0140
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0140
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0140
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0140
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0140
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0140
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0140
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0140
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0145
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0145
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0145
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0145
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0145
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0145
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0145
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0145
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0145
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0145
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0145
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0145
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0145
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0145
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0150
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0155
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0155
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0155
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0155
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0155
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0155
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0155
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0155
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0155
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0155
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0155
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0160
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0160
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0160
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0160
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0160
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0160
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0160
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0160
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0160
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0160
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0160
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0160
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0160
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0160
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0160
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0160
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0160
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0160
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0160
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0165
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0165
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0165
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0165
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0165
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0165
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0165
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0165
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0165
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0165
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0165
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0165
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0165
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0165
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0165
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0165
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0165
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0170
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0170
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0170
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0170
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0170
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0170
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0170
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0170
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0170
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0170
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0170
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0170
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0170
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0170
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0170
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0170
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0175
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0175
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0175
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0175
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0175
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0175
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0175
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0175
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0175
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0175
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0175
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0175
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0175
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0175
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0175
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0175
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0175
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0175
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0175
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0180
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0180
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0180
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0180
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0180
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0180
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0180
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0180
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0180
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0180
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0180
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0185
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0185
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0185
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0185
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0185
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0185
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0185
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0185
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0185
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0185
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0185
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0185
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0185
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0190
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0190
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0190
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0190
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0190
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0190
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0190
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0190
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0190
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0190
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0190
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0190
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0190
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0190
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0190
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0190
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0190
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0190
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0195
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0200
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0200
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0200
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0200
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0200
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0200
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0200
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0200
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0200
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0200
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0200
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0200
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0200
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0200
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0200
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0200
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0205
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0210
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0210
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0210
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0210
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0210
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0210
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0210
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0210
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0210
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0210
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0210
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0210
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0215
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0220
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0220
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0220
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0220
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0220
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0220
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0220
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0220
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0220
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0220
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0220
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0220
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0220
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0220
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0220
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0220
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0220
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0220
http://refhub.elsevier.com/S0013-4686(14)01098-6/sbref0220

	Preparation and Characterization of TiO2 Nanotube Arrays in Ionic Liquid for Water Splitting
	1 Introduction
	2 Experimental
	2.1 Preparation of the TiO2 nanotube arrays
	2.2 Material Characterization
	2.3 Photoelectrochemical Activity and Water Splitting Generation

	3 Results and discussion
	4 Conclusions
	Acknowledgements
	References


