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The self-aligned highly ordered TiO
2
nanotube (TNT) arrays were fabricated by potentiostatic anodization of Ti foil, and we found

that the TNT-array length and diameter were dependent on the electrolyte (NH
4
F) concentration in ethylene glycol and anodization

time. The characteristics of the fabricated TNT arrays were characterized by XRD pattern, FESEM, and absorption spectrum. As
the electrolyte NH

4
F concentration in the presence of H

2
O (2 vol%) with anodization was changed from 0.25 to 0.75 wt% and the

anodization periodwas increased from 1 to 5 h, the TNT-array lengthwas changed from9.55 to 30.2 𝜇mand theTNT-array diameter
also increased. As NH

4
F concentration was 0.5 wt%, the prepared TNT arrays were also used to fabricate the dye-sensitized solar

cells (DSSCs). We would show that the measured photovoltaic performance of the DSSCs was dependent on the TNT-array length.

1. Introduction

Since the phenomenon of photocatalytic splitting of water
on nanostructure TiO

2
electrodes was discovered in 1972

[1], extensive investigations have been devoted to improve
the photocatalytic efficiency of TiO

2
-based photo electrodes.

TiO
2
is a wide bandgap (anatase 3.2 eV and rutile 3.0 eV) n-

type semiconductor, and TiO
2
-based photo electrodes have

been studied in many fields, such as photocatalysis, dye-
sensitized solar cells (DSSCs), and gas sensors because of
its outstanding physical, chemical, and optical properties
[2–4]. A great advantage of the nanoparticle (NP)-DSSCs
is that TiO

2
nanoparticles have a large surface area for

dye adsorption, but diffusion, limited by traps, for electron
transport in NP-DSSCs impedes the efficiency of conversion
of light to electricity [5, 6]. To improve the efficiency of
charge collection by promoting both more rapid electron
transport and slower charge recombination, several methods
with TiO

2
films constructed of oriented one-dimensional

(1D) nanostructures have been established. Compared with
nanoparticles, TiO

2
nanowires and nanotubes have 1D

nanostructures and are suggested to be superior in chemical

and photo electrochemical performance, due to its one-
dimensional channel for carrier transportation, in which the
recombination of e−/h+ is expected to be reduced. For that,
DSSCs based on one-dimensional TiO

2
nanowires have been

reported. One-dimensional TiO
2
such as nanotube is more

attractive due to its large specific surface area and well-
defined charge carriers transport path. Because the surface
area of TiO

2
nanotube (TNT) arrays is higher than that of

TiO
2
nanowires due to the additional surface area enclosed

inside the hollow structure.
Anodic oxidation is a powerful and efficient technique

for fabricating highly ordered TNT arrays [7, 8]. The highly
ordered TNT arrays exhibited good performance when used
as a photo electrode, due to the unique nanostructure that
facilitates separation of the photoexcited charges and results
in higher charge collection efficiencies [9]. Of a variety of
TiO
2
synthesis strategies, particular interest has been given to

the anodic oxidized growth of TNT layers onTi foil, as it leads
to an array of closely packed vertically aligned tubes [7, 10, 11].
A self-assembled TNT arrays can be fabricated by anodic
oxidation of Ti foil in HF-containing acidic electrolyte. In
contrast to randomnanoparticle systems where slow electron
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diffusion typically limits device performance [12, 13], the pre-
cisely oriented nature of the crystalline (after annealing) TNT
arrays makes them excellent electron percolation pathways
for vectorial charge transfer between interfaces [13]. In this
study, the TNT arrays with different lengths were fabricated
on the Ti substrates by varying the anodization period and
changing the aqueous electrolytes to organic electrolytes.
20 nmPt on transparent conductive ITO glass was used as the
electrode to increase the conductivity. In the past, only few
researches were used to discuss the effects of TNT arrays with
different lengths on the characteristics of DSSCs. We would
investigate the TNT arrays in the applications of the DSSCs,
and we would also investigate the effects of the TNT-array
length on the properties of the investigated DSSCs.

2. Experimental

We fabricated ordered nanochannel TNT arrays at 25∘C on
anodizing titanium (Ti) foil (Aldrich, 99.7% purity) as square
discs (50mm × 50mm) at a constant voltage of 60V. The
electrolyte solutions contained ammonium fluoride (NH

4
F,

99.9%; 0.25, 0.5, and 0.75wt%) in EG in the presence of H
2
O

(2 vol%, pH=6.8)with anodization for varied periods (1–5 h).
Ti foils, 0.25mm thick, were degreased by ultrasonication in
acetone and then isopropanol, respectively, for about 30min,
followed by rinse with deionized (DI) water, and finally dried
in the air before being used. Highly ordered TNT arrays
over large areas were prepared by a potentiostatic anodization
in a two-electrode electrochemical cell with a platinum (Pt)
sheet as counter electrode. All anodization experiments were
carried out at room temperature. The Ti foils were anodized
in a concentration of 0.25wt%, 0.50wt%, and 0.75wt%NH

4
F

(98+% ACS reagent) and ethylene glycol (99.8% anhydrous)
solution. For the two-step process, the TNT arrays were first
rinsed with ethanol, dried in air, and annealed at 150∘C for 2 h
to remove organic solvents. Then they were then crystallized
at 450∘C for another 1 h in an air furnace.The structure of the
fabricated DSSCs was shown in Figure 1, which was different
from the most reported structures; the effective area in this
study was 40mm × 40mm, and 20 nm Pt was deposited on
ITO by using sputter method to increase the conductivity. As
Figure 1 shows, the preparation of the DSSCs on the TNT/Ti
foils was composed of four steps: (i) fabrication of TNT arrays
on Ti foils by anodization, (ii) annealing the TNT array/Ti
foil, (iii) deposition Pt onto ITO glass, and (iv) formation of
the DSSCs.

The TiO
2
electrodes were immersed into the N-719

(Solaronix, Aubonne, Switzerland) dye solution (0.5mM in
ethanol) and were held at room temperature for 24 h to
adsorb the dye molecules. The dye-treated TiO

2
electrodes

were rinsed with ethanol and dried under nitrogen flow.
The amount of N-719 dye absorbed on the TNT arrays
was measured with a UV-visible-NIR spectrophotometer
equipped with an integrating sphere. The liquid electro-
lyte was prepared by dissolving 0.1M of lithium iodide
(LiI), 0.01M of iodine (I

2
), 0.6M of 1-butyl-3-methylimid-

azolium iodide (BMII), 0.1M of guanidinium thiocyanate
(GuNCS), and 0.5M of 4-tert-butylpyridine (TBP) in

Pt/ITO

Ti substrate

Glass

Dye absorbed
on TiO2

nanotubes

Figure 1: Structure of the fabricated DSSCs.

acetonitrile/valeronitrile (85 : 15 v/v). Current-voltage char-
acteristic of the fabricated DSSCs was measured using a
Keithley 2400 source meter under simulated AM 1.5G illumi-
nation (100mWcm−2) provided by a solar simulator (69920,
1 kW Xe lamp with an optical filter, Oriel) to determine
the open-circuit voltage (𝑉oc), short-circuit current (𝐽sc),
fill factor (FF), and conversion efficiency (𝜂). Photocurrent
densities were measured in a standard three-electrode con-
figuration with the TNT arrays as a photo-anode electrode,
Pt-ITO foil as the counter electrode, and a saturated calomel
electrode (SCE) as the reference electrode.

3. Results and Discussion

X-ray diffraction (XRD) patterns were used to characterize
the structure of the anodized TNT arrays. As shown in
Figure 2, themainly crystalline phase of the as-prepared TNT
arrays was amorphous. As compared with the JCPDS files,
the diffraction peaks of Ti and rutile TiO

2
phases could be

found, and these diffraction peaks were not enhanced as the
TNT-array length increased. It is noted that the anatase TiO

2

peaks are much worse than the Ti and rutile TiO
2
peaks,

so it is reasonable to neglect the influences of such trace
anatase TiO

2
content in the as-prepared TNT arrays. As TNT

arrays were annealed at 450∘C for 1 h, the diffraction peaks
of anatase TiO

2
were clearly observed. For the free-standing

TNT arrays, the diffraction peaks of Ti substrate disappeared,
and the rutile TiO

2
phase was still observed, most of the

diffraction peaks could be attributed to the anatase TiO
2

phase. The diffraction peaks at about 2𝜃 = 25.5∘, 37.3∘, 38.1∘,
48.2∘, 54.2∘, and 55.2∘ are indexed to the (101), (103), (004),
(200), (105), and (211) crystal faces of anatase TiO

2
phase

(PDF card 75-1537, JCPDS).
Figure 3 shows the variations in the TNT-array length,

the samples are prepared in different NH
4
F concentrations

(0.25wt%, 0.50wt%, and 0.75wt%) and ethylene glycol solu-
tion at an anodization potential of 60V for different time (1 h,
3 h, and 5 h), respectively. For a 0.25wt%NH

4
F concentration

and anodization at, respectively, a time of 1 h, 3 h, and 5 h, an
increase in TNT-array length from about 9.55𝜇m, 15.7 𝜇m
to 19.8 𝜇m was observed. Also, as the NH

4
F concentration

increased from 0.50wt% to 0.75wt%, an increase in the
TNT-array length with increasing anodization time was also
observed. As the same anodization time was used, higher
NH
4
F concentration resulted in TNT arrays with larger

diameters and longer lengths (will be shown in Figure 4).
We attribute the increase in TNT-array length with larger
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Figure 2: Comparison on the XRD patterns of TNT arrays before
and after annealing.
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Figure 3: TNT-array length as a function of NH
4
F concentration

and anodization time.

NH
4
F concentration to the increased reaction chances for

ionic transport through the barrier layer at the bottom of the
pore, and that can result in faster movement of the Ti/TiO

2

interface into the Ti metal.
Figure 4 shows the SEM top- and cross-section views

of TNT arrays anodized at 60V for a 0.50wt% NH
4
F

concentration and anodization at, respectively, a time of
1 h, 3 h, and 5 h. It is evident that the highly ordered TNT
arrays consist of very regular tubes with different inner
diameters, which are dependent on the anodization time.
Figures 4(a), 4(c), and 4(e) show that these TNT arrays have
overall similar lengths and have very smooth walls typical
of nanotubes grown in Ti substrates. The as-anodized TNT
arrays are typically amorphous (as Figure 2 shows), and
they can be crystallized by annealing in air. The evolution of

the surface morphology as a result of annealing shows that
the regular tubular structure remains stable until around
450∘C. The whole TNT arrays remained intact being stood
on the Ti substrates, even for the TNT arrays with a length
as short as 9.68𝜇m (Figure 4(b)) and as long as 26.3 𝜇m
(Figure 4(f)). Figures 4(b), 4(d), and 4(f) clearly display the
cross-section of the two-step anodized TNT films, where a
structure of bilayers can be seen: the top layer of crystallized
TNT arrays and the bottom layer of titanium substrate.There
is no significant change in the pore diameter or wall thickness
even after annealing at 450∘C for 1 h. However, when the
annealing temperature is increased to 550∘C, the tubular
structure of the fabricated TNT arrays completely collapses
leaving many deep and large cracks (not shown here).

Figure 5 shows the UV-vis diffusion reflectance spectra
of the annealed TNT arrays dipped in N-719 for 24 h, for
a 0.50wt% NH

4
F concentration and anodization at a time

of 1 h, 3 h, and 5 h, respectively. In the UV and visible light
regions, the absorption intensity of the TNT arrays increased
with the increase of the TNT-array length. Therefore, we can
assume a better photoelectrochemical capability under UV
light as the longer TNT arrays are used as an electrode. The
sharp band gap absorption edges of the three kinds of TiO

2

nanotube arrays were all around 385 nm. In the meantime,
a small shift of the threshold toward the visible light region
(red shift phenomenon)was observed for the 5 h samples. For
the shorter sample, on the other hand, the onset was closer
to the ultraviolet region (blue shift phenomenon). The band
gap energy of pure TiO

2
estimated with the Kubelka-Munk

function is about 3.34 eV [14]. It is clear that evenwith the dif-
ferent lengths the annealed TNT arrays as well as the mixture
of the antase and rutile crystalline phases might not make the
band gap energy change. Figure 5 also shows an important
result that in the visible light region, the absorption intensity
increased with increasing TNT-array length, which revealed
that the TNT arrays with longer length were more sensitive
to visible light than those of the short ones.Therefore, we can
assume a better photoelectrochemical capability of the longer
TNT-array electrode under visible light. Consequently, the
UV-vis spectra suggest that the longer TNT arrays might
exhibit the higher solar light response than the shorter ones,
and the increase in the photovoltaic performance with the
increase of the TNT-array length is expectable.

The current-voltage characteristics of the DSSCs (sub-
strate size 40 × 40mm2) under illumination are measured,
and the photo current density versus voltage curves of the
TNT-based DSSCs is shown in Figure 6, for the TNT arrays
growing at a 0.50wt% NH

4
F concentration and anodization

at a time of 1 h, 3 h, and 5 h, respectively. For comparison, the
TNT arrays with the lengths of 9.68 𝜇m, 17.4 𝜇m, and 26.3 𝜇m
on Ti substrates with back-side irradiation were investigated.
Table 1 lists the values of open-circuit voltage (𝑉oc), short-
circuit current density (𝐽sc), fill factor (F.F.), and efficiency (𝜂)
for the developed DSSC devices.The filter factor is defined as
the ratio of the maximum power from the solar cell to the
product of 𝑉oc and 𝐼sc and shown as

FF =
𝐼
𝑚
𝑉
𝑚

𝐼sc𝑉oc
, (1)



4 International Journal of Photoenergy
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17.4 𝜇m

26.3 𝜇m

Figure 4: SEM images of 0.5 wt% NH
4
F + 2H

2
O + EG TNT arrays after cleaning, anodization, and annealing for varied periods. Top views

for (a) 1 h, (c) 3 h, and (e) 5 h and side views for (b) 1 h, (d) 3 h, and (f) 5 h, respectively.

Table 1: Values of open-circuit voltage (𝑉oc), short-circuit current density (𝐽sc), fill factor (FF), and efficiency (𝜂) for solar cells with different
length of the TiO2 nanotube.

Length (𝜇m) 𝑉oc (mV) 𝐽sc (mA/cm2) FF 𝜂 (%) 𝜂 (%, 30 days)
9.68 652 8.87 0.50 2.93 2.75
17.4 681 10.16 0.49 3.46 3.28
26.3 712 11.32 0.49 4.09 3.92

where 𝑉oc is the open-circuit voltage, 𝐼sc is the short-circuit
current density, 𝐼

𝑚
and 𝑉

𝑚
are the current and voltage at the

maximum output.
With an increase of the TNT-array length from9.68𝜇mto

26.3 𝜇m, 𝐽sc increased from 8.87mA cm−2 to 11.30mA cm−2
and the 𝑉oc increased from 652mV to 709mV. TNT arrays
have a one-dimensional channel for carrier transportation
that promotes electron transport. An important implication
of the longer transport pathway is that electrons undergo
more trapping and detrapping events, which imply that the
longer TNT arrays may increase the efficiency. This can be
possibly attributed to the increase in the number of adsorbed
dye molecules from the increased surface area of the TNT
arrays and, therefore, a higher number of photogenerated
electrons. However, when the TNT-array length increased
from 9.68𝜇m to 26.3 𝜇m, an unnotable decrease in 𝜂 value
was found. The efficiency of the solar cells increased from
2.89% (TNT-array length = 9.68 𝜇m) to 3.46% (TNT-array
length = 17.4 𝜇m) with increased TNT-array length. More-
over, the efficiency could be raised to 4.09% when the TNT-
array length was increased to 26.3 𝜇m. The greater efficiency

is mainly ascribable to the increased short-circuit current
density. Obviously, the light harvesting efficiency of dye
molecules adsorbed on the TNT-based photo anode would
reach saturation for the TNT arrays at a given length, which
would be around 25 𝜇m [15]. However, because as 20 nm
Pt is deposited on the ITO, the Pt/ITO bilayer electrode
will decrease the transmittance ratio of light; we believe that
this is the reason to cause the decrease in the efficiency
of the fabricated DSSCs. The reliability problem of dye-
sensitized solar cell is always an important issue, and it is
that broken electrochemical systemby leaking electrolyte that
makes solar cell lose its photovoltaic generating capacity. In
general, reliability evaluation criteria can be categorized in
the following four ways: dry heat cycle test, heat-humidity
cycle test, light soaking test, and heat-humidity test. Table 1
also shows that after using light soaking test (after certain
optical irradiation under 1 sun condition and then perfor-
mance test.) for 30 days the fill factors decrease from 2.03 to
2.75, from 3.46 to 3.28, and from 4.09 to 3.92 as the TNT-
array lengths are 9.68𝜇m, 17.4 𝜇m, and 26.3𝜇m, respectively,.
Recently, Jennings et al. had reported that the peak of IPCE
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Figure 6: Current-voltage characteristics of the dye-sensitized solar
cells under illumination.

reached 90% and the collection efficiency for the photo-
injected electrons was close to 100% for a 20 𝜇m TNT array
[15]. In this study, the TNT-array lengths are all below or
around the optimal length, and an enhancement of 𝐽sc and
𝑉oc with an increase in TNT-array length may be attributed
to the increase in the number of absorbed dye molecules.
Beyond that, increasing the TNT-array length could not
further enhance light harvesting.

4. Conclusion

In this study, TNT arrays with different lengths were suc-
cessfully fabricated. After annealing at 450∘C for 1 h, the
diffraction peaks of anatase TiO

2
phase were clearly observed

in the prepared TNT arrays. The TNT-array length increased
with the increases of NH

4
F concentration and anodization

time. A shift of the absorption threshold toward the visible
light region was observed for the 5 h sample, and the band
gap absorption edges of the developed TNT arrays were all
around 385 nm. With an increase of TNT-array length from
9.68 𝜇m to 26.3 𝜇m in the DSSC devices, the 𝐽sc increased
from 8.87mA cm−2 to 11.30mA cm−2, the 𝑉oc increased
from 652mV to 709mV, and the photovoltaic performance
increased from 3.12% to 4.09%. After using light soaking test
for 30 days the fill factors decreased from 2.03 to 2.75, from
3.46 to 3.28, and from 4.09 to 3.92 as the TNT-array lengths
were 9.68𝜇m, 17.4 𝜇m, and 26.3𝜇m, respectively.
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