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a  b  s  t  r  a  c  t

This  paper  describes  a crystallization  method  for  anodized  TiO2 nanotube-array  using  a hydrothermal
process.  Pre-sintered  TiO2 nanotube-array  could  further  crystallize  without  experiencing  a  collapse  of
the  nanotubes  under  the  hydrothermal  environment.  Applying  the  hydrothermal  crystallization  method,
the transition  of  surface  bonds  of  nanotube  from  Ti–O  to Ti–OH/Ti–OH2 can be  controlled  by  acidic
hydrothermal  pH  levels.  Dissolution  and  structural  transformation  of  nanotubes  was  easily  induced  if the
eywords:
iO2 nanotube
ydrothermal
rystallization

hydrothermal  environment  became  basic.  These  effects  depicted  great  influence  on  the  anchoring  of  car-
boxylate  groups  on the surface  of TiO2 nanotubes  and  affected  the  performance  of  the  dye-sensitized  solar
cell utilizing  the hydrothermally  crystallized  TiO2 nanotubes  as  the  photoelectrode.  The  photoenergy  con-
version  efficiency  increased  from  6.40%  for  thermally  annealed  nanotubes  to  7.13%  for  hydrothermally

lumin
ye-sensitized solar cells
ydroxyl group

crystallized  ones  under  il

. Introduction

TiO2 nanotubes have been widely researched in recent years for
any advanced applications in photocatalytic functions, sensing

echnology, solar cells and photoelectrolysis [1–4]. Various meth-
ds have been proposed to prepare the TiO2 nanotubes including
emplate assisted deposition, the sol–gel process, the hydrothermal

ethod and anodic oxidation [5–8]. Usually, synthetic methods,
uch as the sol–gel or hydrothermal method, result in randomly
riented nanotubes, while deposition with a template or anodic
xidation can fabricate one dimensionally well aligned nanotube-
rrays. For anodic oxidation, the geometrical properties, such as
ore diameter and the tube length of the anodized nanotubes can be
asily controlled by the electrochemical conditions [9,10].  Because
f the advantages of the highly ordered structure, the high surface-
o-volume ratio and the ease of fabrication, there has been a lot of
esearch focused on the photovoltaic application of anodized TiO2
anotubes [10–15].

However, the as-anodized TiO2 nanotubes are amorphous. It
s obviously necessary to improve the crystallinty of TiO2 nano-

ubes and, among the available techniques, thermal annealing is the

ost commonly used method for nanotube crystallization. After
eing subjected to 450–500 ◦C thermal annealing, the nanotubes

∗ Corresponding author at: Department of Electronics Engineering, National Chiao
ung University, 1001 Ta-Hsueh Road, Hsinchu 30010, Taiwan.
el.: +886 3 5712121x54252; fax: +886 3 5724361.
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013-4686/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
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ation  of  100  mW  cm−2.
© 2012 Elsevier Ltd. All rights reserved.

will be in pure anatase phase, which is favorable in applications
of catalytic and photo energy harvesting [4,16,17]. After thermal
annealing, nanotubes are in polycrystalline form with a crystal-
lite size of 20–30 nm.  To further enhance the crystallinity, Yu et al.
have examined the influences on the nature of crystallization of the
anodized nanotubes by hydrothermal and vapor thermal methods
[18]. They have found that the surface properties and photocatalytic
activities of the TiO2 nanotubes are dependent on the method used
for crystallization. Both techniques could substantially increase the
TiO2 crystallite sizes [19–21].  Nevertheless, severe collapse of the
nanotubes would be simultaneously induced during the hydrother-
mal  process, thus making hydrothermal methods an inapplicable
method for improving the crystallinity of nanotubes.

Herein, we  found the hydrothermally induced collapse problem
can be prevented by employing a pre-sintering technique. The crys-
tallinity of the hydrothermally crystallized nanotubes was better
than those crystallized by thermal annealing. Besides, great influ-
ence of the hydrothermal pH level on the resulting surface hydroxyl
groups and on the structure of the hydrothermally crystallized
nanotubes were identified. Different bonding types on the surface
did affect the adsorption of carboxylate groups of bipyridyl dyes on
the nanotube and greatly impact the photovoltaic performance of
the fabricated solar cells.

2. Experimental
2.1. Preparation of the free-standing nanotube-array

To fabricate TiO2 nanotube-arrays, anodization of Ti foil
(0.25 mm,  Alfa Aesar) was carried out at 50 V, 40 ◦C in solution

dx.doi.org/10.1016/j.electacta.2012.05.157
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:chchien@faculty.nctu.edu.tw
dx.doi.org/10.1016/j.electacta.2012.05.157
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ontaining 0.3 wt% NH4F and 2 vol% H2O in ethylene glycol with
t serving as the counter electrode. The bias was  provided by a DC
ower supply, and the temperature of the overall reaction was  con-
rolled by a temperature-static tank. Before the anodization, the Ti
oil was first cleaned by sonication in de-ionized water and in iso-
ropanol, and a preliminary anodizaiton of the cleaned Ti foil was
rstly applied for 30 min  at 10 ◦C. After the first anodization, the
rstly anodized TiO2 layer was removed by sonication in water so
hat the surface of the Ti foil was textured to enhance the ordering
f the TiO2 nanotubes formed afterward. Then, the TiO2 nanotube-
rray was fabricated by anodization for 1–2 h at 40 ◦C.

After the anodization, the TiO2 nanotube-array was sintered at
00 ◦C for 1 h under atmospheric ambient. Next, the pre-sintered
ample of TiO2 nanotubes was set in a 23 ml  autoclave, and
0–14 ml  solution was filled into the Teflon aligner of the autoclave.
he autoclave was heated to 240 ◦C in an oven using a heating rate
f 6 ◦C min−1 for the hydrothermal reaction. After the hydrother-
al  reaction process proceeded for 2 h, the autoclave was allowed

o cool to room temperature naturally. Then, the sample was  moved
ut and the surface of the nanotubes was cleaned using CF4/CHF3
lasma to remove disoriented nanotubes. The sample was finally
nodized again at 50 V for 30 min  to cause detachment of the
anotube-array. Next, the third anodized layer was dissolved in

 M HCl solution, and the TiO2 nanotube-array was separated from
he Ti substrate to be a free standing membrane.

.2. Fabrication and measurement of solar cells

The detached nanotube membrane was bonded to fluorine
oped tin oxide (FTO, 12 � �−1) glass. The sol of titanium iso-
ropoxide in acetic acid mixed with polyethylene glycol was
sed to bond the closed ends of the TiO2 nanotubes to the FTO
lass. The nanotube-array bonded on FTO was annealed at 400 ◦C

 h for sintering of the bonding sol and the removal of residual
olution. The peripheral edges of the nanotube region were
leaned by tape to remove additional TiO2 particles formed by the
ol. The nanotube-array was then immersed into 3 × 10−4 M
3 (cis-di(thiocyanato)-bis(2,2′-bipyridyl-4,4′-dicarboxylic
cid)-ruthenium(II)) or N719 (bis(tetrabutylammonium)[cis-
i(thiocyanato)-bis(2,2′-bipyridul-4-carboxylate-4′-carboxylic
cid)-ruthenium(II)]) solution for 12 h. To measure the amount
f the dye adsorbed by the nanotubes, the dye was  desorbed
nto 5 mM KOH aqueous solution, and the concentration of the
esorbed solution was measured by UV–Visible spectroscopy.

To fabricate the solar cell, the dye loaded nanotube-array was
sed as one electrode, and Pt sputtered FTO was used as the counter
lectrode. The two electrodes were spaced by a 60 �m thermo-
lastic film, and an electrolyte containing 0.05 M I2, 0.1 M LiI, 0.5 M
-tert-butylpyridine and 0.6 M 1-propyl-3-methylimidazolium in
-methoxypropionitrile, was filled into the space. The photovoltaic
haracteristic of the fabricated cell was measured by an electrical
ourcemeter (Keithley 2400) with the cell illuminated by a solar
imulator (Oriel 96000) with a global AM 1.5 filter. The illumina-
ion power density was modified to be 100 mW cm−2 by a power

eter (840-C, Newport).
The internal charge recombination rates of the fabricated cells

ere measured by electrical impedance spectroscopy (EIS) using
 potentiostat (EG&G 273A) equipped with a frequency response
nalyzer. DC bias ranged from 0.5 V to 0.7 V with AC signal of 5 mV
mplitude was applied and the recorded frequency range was 105

o 10−2 s−1.
.3. Characterizations of nanotubes

The prepared free-standing nanotube-array was  bonded
nto the glass substrate in order to characterize the crystalline
 Acta 78 (2012) 236– 243 237

properties by measuring the grazing incidence X-ray diffraction
(GIXRD) using a PANalytical X’Pert Pro diffractometer with Cu
K� radiation. In order to analyze the surface bonding modes of
the dye molecules on the surface of the hydrothermally treated
nanotubes, the nanotube-array was  bonded to the intrinsic sili-
con wafer for measurement of the Fourier transformed infrared
spectroscopy (FTIR) using a QS-300 FT-IR spectrometer (BIO-RAD).
The measurement of X-ray photoelectron spectroscopy (XPS) was
performed using a VG Scientific Microlab 310F system with an Mg
K� source, and the XPS binding energies were calibrated using an
additionally deposited Pt pad on the substrate.

2.4. The first-principles calculations of the nanotubes

The first-principles calculations of the anatase nanotubes are
performed in the framework of density functional theory (DFT)
with the Perdew–Burke–Ernzerhof (PBE) exchange correlation
functional and the projector augmented wave (PAW) basis, as
implemented in the Vienna Ab-initio Simulation Package (VASP).
The plane-wave energy cutoff is taken to be 400 eV. The anatase
nanotubes follow the same crystal geometries proposed by Ban-
dura and Evarestov [22]. One first takes an infinitely long belt of
a single anatase sheet with its length and width in the (1 0 1) and
(0 1 0) directions, respectively, and then the sheet is rolled along
(0 1 0) to form a tube. This tube structure is then relaxed by DFT
calculations.

3. Results and discussion

3.1. Effects of pre-sintering temperature and hydrothermal
solution volume

To sustain the high pressure environment in the hydrothermal
process, the as-anodized TiO2 nanotubes have to be pre-sintered.
First, we tested different pre-sintering temperature followed by
a hydrothermal treatment at 240 ◦C in water. With pre-sintering
temperature below 350 ◦C, most of the TiO2 nanotubes were
destroyed during the hydrothermal process. This caused a 70%
shortening of tube length, and an additional nanoparticle-like
structure was formed on the sidewall of remaining nanotubes. The
collapse of the anodized nanotubes after hydrothermal treatment
was  found to be avoidable when the pre-sintering temperature
was  raised to 400 ◦C. The pre-sintered nanotubes were observed to
maintain their tubular structure even after the hydrothermal pro-
cess reached a temperature of 240 ◦C, which was higher than the
reported hydrothermally induced collapse temperature of 180 ◦C
[18].

Fig. 1 shows the XRD results of the pre-sintered nanotubes
before and after the hydrothermal process of various conditions.
A pure anatase phase was identified for the nanotubes after
pre-sintering and hydrothermal treatment. Fig. 1a depicts the com-
parison of XRD of nanotubes of different pre-sintering temperature
followed by the same hydrothermal condition in 10 ml water. The
enhancement of crystallinity properties was clearly observed when
comparing the (1 0 1) X-ray diffraction intensities of the 400 ◦C
pre-sintered nanotubes before and after the hydrothermal process.
Even lowering the pre-sintering temperature to 350 ◦C, followed by
a hydrothermal treatment, demonstrates nanotubes with higher
crystallinity properties than the 400 ◦C sintered sample. When
the pre-sintering temperature was over 450 ◦C, later hydrother-
mal  treatment in 10 ml  water seemed insufficient to induce further

crystallization of the nanotubes. On the other hand, Fig. 1b shows
a comparison of XRD peaks of nanotubes that were pre-sintered
at the same 400 ◦C with varying amounts of water used in the
hydrothermal process. The data show a strong dependence of the



238 Y.-Y. Kuo et al. / Electrochimica

Fig. 1. XRD results of the hydrothermally crystallized nanotubes (a) with differ-
e
h

c
d
v
c
t

c

F
t

nt pre-sintering temperatures and (b) with different amounts of water for the
ydrothermal treatment. The anatase peaks are labeled.

rystallinity of the nanotubes on the amount of water, which is
ue to the rise in reaction pressure in the autoclave as the water
olume increased. The crystallinity of the 240 ◦C hydrothermally

rystallized nanotubes in 14 ml  water was found to be 7% higher
han that of 500 ◦C annealed nanotubes.

The photovoltaic characteristics of the dye-sensitized solar
ells made by nanotubes fabricated with different pre-sintering

ig. 2. FESEM images of nanotubes hydrothermally treated in HNO3 of (a) pH 1, (b) pH 3,
he  hydrothermal process.
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temperatures and with different water volumes in the hydrother-
mal  process are summarized in Table 1. The nanotubes were
prepared by anodization at 50 V for 1 h, after which the tube length
was  approximately 12 �m.  Solar cells using 10 ml  water hydrother-
mally treated nanotubes with higher pre-sintering have shown
better performance. This should directly result from the higher
crystallinity of the nanotube pre-sintered at a higher temperature.
On the other hand, the solar cells with nanotubes treated with
larger amounts of water showed a better performance because of
the further effects of enhanced crystallinity as well. Additionally,
the adsorbed amounts of both N3 and N719 dye were noticed to be
influenced by the hydrothermal conditions. Thus, the photocurrent
density and the energy conversion efficiency of the cell with a lower
pre-sintering temperature (400 ◦C) but hydrothermally treated in
a larger water volume (14 ml)  were higher than those of the cell
pre-sintered at 500 ◦C but treated in 10 ml  water.

3.2. Influences on nanotube morphology of hydrothermal pH

In order to elucidate the influences of the hydrothermal
treatment on the surface characteristics of TiO2 nanotubes, the
hydrothermal treatment was  implemented in a solution of differ-
ent pH levels. The FESEM images of the nanotubes hydrothermally
treated in pH1, pH3 diluted nitric acid solutions, de-ionized water,
pH 10 and pH 12 potassium hydroxide aqueous solutions are shown
in Fig. 2a–e. The images show that there is no apparent structural
transformation of the nanotubes after hydrothermal treatment in
an acidic environment of pH 1, pH 3 to pH 7; however, small par-
ticles began to arise for less basic pH 10, and the nanotubes were
observed to be totally destroyed when they were treated in con-
centric basic conditions with pH levels higher than 12.

The destruction of the pre-sintered nanotubes under concentric
basic conditions was hypothesized to arise from the induced stress
of the anions (OH−) adsorbed on the surface of the nanotubes dur-
ing the hydrothermal process. We  examined the DFT calculated
nanotubes of different surface conditions. To simulate the nano-

tubes being treated with “less basic” or “highly basic” solutions,
we placed hydroxyl ions on both the inner and outer surfaces of
a nanotube, under half and full coverages. The relaxed structures
of the different coverages are shown in Fig. 3. As can be identified

 in (c) water and in KOH of (d) pH 10, (e) pH 12, and (f) the solution pH before/after
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Table 1
The photovoltaic properties of the dye-sensitized solar cells using 240 ◦C hydrothermally crystallized TiO2 nanotubes of different pre-sintering temperature and water
volume.

Pre-sintering
temperature [◦C]

Hydrothermal
water volume [ml]

Dye Dye load
[10−8 mol cm−2]

Voc [V] Fill factor Power conversion
efficiency [%]

400 10 N3 6.59 5.67 0.69 0.69 2.70
400 10 N719 6.51 4.52 0.74 0.72 2.41
500  10 N3 9.61 7.10 0.75 0.67 3.65
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500  10 N719 8.20 

400  14 N3 14.44 

400 14 N719 13.96 

n the figures, there are significant rearrangements of the atomic
ositions and chemical bonds after the adsorption of the hydroxyl
roups. Each pair of nearest inner and outer hydroxyl ions stretched
he half-coverage tube along the normal direction of the tube wall,
ausing a breaking Ti–O bond. The full-coverage tube was  even
ore complex, and had the hydroxyl ions undergo recombination

o form water molecules and ligands. We  quantified the geometry
hange of the hydroxyl-covered anatase nanotubes by an O–Ti–O
ond angle � as in the figures. The � angle increased from 83.8◦ of

 clean tube to 94.0◦ of less basic tube, and finally reached 104.4◦

or the highly basic one. The O–Ti–O bond angle highly depended
n the coverage density of the hydroxyl groups.

Also, Fig. 2f shows a change of pH value in the solutions after
he hydrothermal reaction. Interestingly, we noticed that pH lev-
ls less than 3 slightly increased after the hydrothermal process
hereas those pHs greater than 3 dropped dramatically. This ten-
ency indicated a decreased H+ concentration in the solutions of
H less than 3 and an increased H+ concentration in the solutions
f water under basic conditions. As a result, we  suggested that
cidic and basic solutions induce an opposite surface polarity on
he hydrothermally treated nanotubes.

.3. Influences on crystalline and surface bonding properties of
ydrothermal pH

Fig. 4 is the XRD spectra of the nanotubes hydrothermally
reated in solutions of different pH levels. The influence of the
nion or cation in the acidic hydrothermal environment on the
rystallinity and the crystallite size of the nanotubes are not appre-
iable; both the full width at half maximum (FWHM) and the peak
ntensities showed similar values. In contrast, a decrease on FWHM
f the destroyed nanotube of basic pH could be identified, which

eant a larger crystallite size of 24 nm was produced; this could

e also be judged from the FESEM images of the collapsed nano-
ubes as well. Additional aggregation of the TiO2 particles on the
idewall of the destroyed nanotube could more easily happen in

able 2
he photovoltaic properties of dye-sensitized solar cells using 18 �m TiO2 nanotubes trea

Hydrothermal pH Dye Dye load [10 −8 mol cm−2] Jsc [mA  c

pH 1 N3 13.24 5.99 

pH  1 N719 10.26 4.43 

pH  2 N3 17.47 7.27 

pH  2 N719 12.87 6.49 

pH  3 N3 21.46 10.49 

pH  3 N719 15.04 8.27 

Water N3 26.84 11.59 

Water N719 20.23 9.48 

pH  10 N3 20.71 7.61 

pH  10 N719 14.58 7.23 

pH  11 N3 17.35 6.90 

pH  11 N719 11.05 6.09 

pH  12 N3 10.27 5.06 

pH  12 N719 8.15 3.39 
6.11 0.75 0.64 2.92
9.40 0.74 0.66 4.56
8.63 0.75 0.65 4.19

the hydrothermal process and therefore cause a further increased
crystallite size [18].

After applying these hydrothermally treated nanotubes to fab-
ricate the solar cells, we  found there was a significant dependence
of the photovoltaic characteristics of the solar cells on the pH of
the hydrothermal solution. Table 2 summarizes the photovoltaic
parameters of these cells; the nanotubes were all fabricated at 50 V,
40 ◦C for 2 h, with a length of 18 �m.  The best performing cells
were nanotubes treated in water. The photocurrent density and
power conversion efficiency decreased markedly when the nano-
tubes were treated in a more acidic or more basic environment.
This strong dependence of the photocurrent on hydrothermal pH
value result was noticed to be from the greatly varying dye loads
in the nanotubes treated in the solutions of different pH values.
The measured amount of the dye adsorbed showed a peak on the
nanotube treated in water and decreased once the hydrothermal
environment became more acidic or more basic; similar dependen-
cies were clearly observed in both the N3 dye and the N719 dye.
For basic pH levels, the decrease on dye adsorption should directly
result from the decreased surface area of the structurally trans-
formed nanotubes, but for acidic pH levels, this behavior might be
due to the changed surface chemistry after the hydrothermal pro-
cess. On the other hand, in contrast to the decreased photocurrent
density for both acidic and basic conditions, the open-circuit volt-
age of the cells showed an opposite shift. A decreased Voc for the
acidic condition and an increased Voc for the basic condition could
be identified from the table. We  thus hypothesized this result could
directly result from a change on surface dipoles induced during the
hydrothermal process of different pH conditions as discussed pre-
viously. A similar dependence was also observed on the solar cell of
nanotubes treated at pH12 even though a destroyed structure was
identified.

Fig. 5a shows the FTIR spectra of the nanotubes undergoing

hydrothermal treatment at different pH levels. By comparing the
spectrum of nanotubes adsorbed with N719 to that of the bare
nanotubes without dye, the presence of the carboxylic acid and
carboxylate groups of N719 was  identified. As noted in Fig. 5b, in

ted by different hydrothermal pH levels.

m−2] Voc [V] Fill factor Power conversion efficiency [%]

0.71 0.62 2.63
0.70 0.70 2.16
0.70 0.62 3.17
0.70 0.55 2.48
0.68 0.70 4.99
0.69 0.69 3.92
0.71 0.61 5.02
0.72 0.68 4.61
0.74 0.68 3.84
0.73 0.72 3.79
0.74 0.69 3.51
0.72 0.69 3.02
0.73 0.65 2.39
0.73 0.63 1.56
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on hydrothermally treated nanotubes. The shift of the �(NC) was
found to be less than the reported shift for N719 adsorbed on
TiO2 nanoparticles, which indicated a weaker interaction between
the thiocyanate of N719 and the TiO2 nanotubes. In the high
ig. 3. The DFT calculated TiO2 nanotubes with (a) clean surface, (b) surface half
overed by hydroxyl ions, and (c) surface fully covered by hydroxyl ions.

he low wavenumber region the FTIR spectra of the N719 sensitized
anotubes treated in pH 3, water and pH 10 similarly showed the
arbonyl stretch band at 1717 cm−1, the carboxylate vibrations of

−1 −1
(COO-sym and COO-asym) at 1601–1607 cm , 1371–1377 cm
nd �(C O) at 1233 cm−1. The �(C O) at 1233 cm−1 shows a
hift less than 5 cm−1 to the reported �(C O) of 1230 cm−1; this
xcluded the occurrence of the ester-like linkages of the N719 when
Fig. 4. XRD results of the nanotubes hydrothermally treated within solutions of
different pH levels. The anatase peaks are labeled.

adsorbing onto the hydrothermally crystallized nanotubes accord-
ing to Falaras’s research [23]. By taking the carboxylate difference
(�� = �(COO-sym) − �(COO-asym)), the binding mode of the N719
could be further identified [24,25]. The ��  are 232 cm−1, 230 cm−1

and 230cm−1 for N719 adsorbed on nanotubes treated in solution
of pH 3, water and pH 11, respectively. With �� less than 235cm−1,
which is the��  of neat state of N719, the binding of the N719 on
the nanotubes of different hydrothermal pH levels should be in the
same mode of bidentate bridging.

In the high wavenumber region of the FTIR spectrum, �(NC)
of thiocyanate were found at 2098–2010 cm−1 for N719 adsorbed
Fig. 5. (a) The FTIR spectra of the nanotubes of different hydrothermal pH con-
ditions. (b) The low wavenumber region and the characteristic peaks for the FTIR
spectroscopy of N719 adsorbed on nanotubes.
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ig. 6. O 1s XPS of (a) as prepared and hydrothermally treated TiO2 nanotubes in di
H  12.

avenumber region of the FTIR spectra of the nanotubes, there was
 broad band at ca. 3200 cm−1; this should result from the presence
f hydroxyl groups, Ti–OH/Ti–OH2, on TiO2 surface [24,26].  Within
he broad band, the occurrence of peaks at 2962–2966 cm−1 for
719 adsorbed nanotubes was ascribed to CH3 of tetrabutylammo-
ium (TBA) cations as the �(CH2) in TBA also found at 1470 cm−1

27].
According to the FTIR results of N719 adsorbed nanotubes, the
onding mode of the dye on the surface of hydrothermally treated
anotubes in different pH levels have been known to be similarly

n bidentate bridging. The influence of pH on the amount of dye
dsorption might arise from the change of electronic interactions

ig. 7. N 1s XPS of N719 dye adsorbed on (a) as prepared and hydrothermally treated Ti
OH,  pH 10; and (f) KOH, pH 12.
t solution: (b) HNO3, pH 1; (c) HNO3, pH 3; (d) water; (e) KOH, pH 10; and (f) KOH,

between the dye and the surface groups of nanotubes. For further
insight, the XPS analyses of the hydrothermally treated nanotubes
were performed. Fig. 6 shows the O 1s XPS results of the nano-
tubes hydrothermally treated in various acidic and basic conditions.
Asymmetric broadening, which has been known to come from
Ti–OH/Ti–OH2 groups on the TiO2 surface, toward higher bind-
ing energy of the main peak of Ti–O/bulk oxygen can be identified
in the spectra [28,29]. In Fig. 6a, there was  a significant increase

on the bulk oxygen peak after the hydrothermal treatment. This
should be caused by the improved crystallinity after the hydrother-
mal  treatment since better crystallinity could reduce the scattering
probability of excited electrons from bulk oxygens. According to

O2 nanotubes in different solution: (b) HNO3, pH 1; (c) HNO3, pH 3; (d) water; (e)
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Fig. 8. (a) The photocurrent density–voltage plot and (b) the charge recombination
rates of the N719-sensitized solar cell in front side illumination mode using 480 ◦C
3  h annealed nanotubes (A480) followed by 240 ◦C, 4 h hydrothermal treatment in

higher pressure were also not sustainable in the autoclave, these
hydrothermal conditions were not examined further.
42 Y.-Y. Kuo et al. / Electroch

immons and Beard’s work, the O 1s peak can be resolved into three
aussian peaks associating with the oxygen in the TiO2 bulk, the
xygen of Ti–OH and the oxygen of Ti–OH2 from low to high binding
nergies [28]. Based on this method, the O 1s XPS of the hydrother-
ally treated nanotubes were resolved as shown in Fig. 6b–f. The

eaks of the bulk oxygen, the Ti–OH and the Ti–OH2 were observed
t ca. 530.3 eV, 532.2 eV and 533.3 eV respectively. By comparing
he resolved components of the XPS of nanotubes with different
ydrothermal pH, we found that the ratio of Ti–O/bulk oxygen
radually increased concomitant with the gradually decreased ratio
f Ti–OH and Ti–OH2 as the pH increased. This result suggested
he surface oxygens or Ti–OH on TiO2 nanotubes could react with
ydrogen ions and thus lead to more Ti–OH and Ti–OH2 in more
cidic environment. On the other hand, hydrogen ions could be
eleased via the dissociation of Ti–OH and Ti–OH2 when the solu-
ion was in basic condition. As a result, the reason why the pH less
han 3 slightly increased whereas those pHs greater than 3 dropped
ramatically shown in Fig. 2f could be well explained.

Fig. 7 depicts N 1s XPS of N719 dye adsorbed on the as prepared
nd hydrothermally treated TiO2 nanotubes in different solutions
f varying pH levels. After dye absorption on the nanotubes, sig-
ificant differences of N 1s XPS for the hydrothermally treated
anotubes were observed. According to the study of Johansson
t al., the N 1s spectra of N719 can be resolved to three peaks
orresponding to NCS, pyridine and TBA [30,31]. Strong depen-
ence of the detected TBA signal on the hydrothermal pH value
as observed. There were two possible sources contributing the

BA signal. One came from the non-dissociated TBA of the N719,
nd the other was due to the dissociated TBA cation adsorbed on
he TiO2 surface [27]. The ratio change on the detected TBA for
719-sensitized nanotube with different hydrothermal pH should
e primarily caused by the dissociated TBA cation adsorbed on
he TiO2 surface. As examined before, the amount of the adsorbed
ye on hydrothermally treated TiO2 nanotube heavily decreased
s the hydrothermal solution became more acidic or more basic.
herefore, there were more sites available for the dissociated TBA
dsorption, which resulted into the increase on TBA portion of N
s XPS signal. Also, it is noteworthy that the decreased dye load on
anotubes of more acidic or more basic pH should not be caused
y the TBA cation since a similar dependence was also observed for
3 dye, of which TBA is lacked.

.4. Enhancement of photoenergy conversion efficiency of
ydrothermally crystallized nanotubes

Previous results showed improved energy conversion efficiency
hen dye-sensitized solar cells use TiO2 photoelectrode nanotubes
ydrothermally crystallized in water under high pressure. Accord-

ngly, we further examined the dye solar cells of thermally annealed
anotubes with hydrothermal treatment in increased amount of
ater. As Fig. 8a shows, when TiO2 nanotubes were thermally

nnealed at 480 ◦C for 3 h, the fabricated solar cell exhibited 6.40%
nergy conversion efficiency under illumination of 100 mW cm−2.
fter hydrothermal treatment at 240 ◦C in 15 ml  or 16 ml  water for

 h, the energy conversion efficiency of the solar cell using a nan-
tube photoelectrode can be further improved to 7.10% and 7.13%
espectively. The short-circuit current density Jsc increased from
3.23 mA  cm−2 to 13.81 mA  cm−2, and the open-circuit voltage Voc

ncreased from 0.70 V to 0.73 V. The charge recombination rates
f the cells measured by electrical impedance spectroscopy also
howed differences. As Fig. 8b shows lower charge recombination
ates in hydrothermally treated nanotubes compared to those of

hermally annealed nanotubes at 0.5–0.7 V can be identified. This
nhancement could result directly from the better crystalline prop-
rties and the transformed surface bonds of the hydrothermally
reated nanotubes. As shown in Fig. 9, the TiO2 nanotubes were
15  (HT240 15) or in 16 ml  (HT240 16) water. The nanotubes were fabricated at 50 V
for 2 h at 40 ◦C.

all in pure anatase phase, and there was  approximately 10% differ-
ence on crystallinity of the 480 ◦C annealed nanotube before and
after the 240 ◦C hydrothermal treatment.

For hydrothermal water volumes in excess of 16 ml,  we  observed
the ends of pre-sintered nanotubes began to collapse and result in
broken tubes on top of the oriented nanotube-array. Under such
conditions, the hydrothermal pressure could become too high to
the nanotubes. On the other hand, because higher temperature and
Fig. 9. XRD results of 480 ◦C 3 h annealed nanotubes (A480) with or without 240 ◦C,
4  h hydrothermal treatment in 15 (HT240 15) or in 16 ml  (HT240 16) water. The
nanotubes were fabricated at 50 V for 2 h at 40 ◦C. The anatase peaks are labeled.
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. Conclusion

The destruction of the nanotubes under the hydrothermal
ondition was prevented by employing a 400 ◦C pre-sintering pro-
ess. The crystallization property and the surface bonding type
f the hydrothermally treated TiO2 nanotubes were observed to
e enhanced by choosing the proper hydrothermal condition.
he crystallinity of the nanotubes depended on the volume of
he solution, which was related to the hydrothermal pressure.

 further improved crystallinity of the hydrothermally treated
iO2 nanotubes than that of simply thermal annealed nano-
ubes was identified in our experiment. The performance of the
ye-sensitized solar cell using the hydrothermally treated TiO2
anotube as the photoelectrode was also dependent on the extent
f the hydrothermally induced crystallinity properties.

We also found that the hydrothermal pH did influence the sur-
ace bonding type of the TiO2 nanotubes. XPS studies of O 1s spectra
f the hydrothermally treated nanotubes revealed that the acidic
ydrothermal treatment could cause a bond transition from Ti–O
nd Ti–OH to Ti–OH2 groups on the TiO2 nanotube surface, which
esulted into the heavily decreased dye loads. On the contrary,
or the basic hydrothermal pH, structural destruction during the
ydrothermal process still happened even after a pre-sintering pro-
ess. According to DFT calculations, the dissolution of the nanotubes
ould be related to the stretching by adsorbed hydroxyl ions.

According to the results of our experiments, the anodized TiO2
anotube hydrothermally crystallized in water led to the best per-

ormance of the fabricated solar cell in contrast to cells using the
anotubes with other hydrothermal conditions. However, The TiO2
anotubes might be further improved if the structural transforma-
ion in the basic hydrothermal process could be prevented.
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