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ABSTRACT: Highly ordered hierarchical TiO, nanostruc-
tures involving primary honeycomb and secondary nano-
particles and nanowires are prepared by a two-step facile
process. The TiO, nanotube arrays grow first on Ti foil
through anodization. After the wet-chemical reaction of the
TiO, nanotube arrays with alkaline and acid solution in turn,
the hierarchical nanostructures wire-in-honeycomb and porous
honeycomb are obtained by a dissolution—coagulation and
dissolution—adsorption mechanism, respectively. The power
conversion efficiency of the hierarchical TiO, honeycomb
nanostructures for the dye-sensitized solar cells (DSCs) shows
a significant improvement, as high as 5.73%, increased by 1.42
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times compared with that of TiO, nanotube arrays. The performance improvement of DSCs based on the hierarchical
nanostructures is attributed to the increase in the specific surface area.
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1. INTRODUCTION

Novel nanosemiconductors have received considerable atten-
tion because of their potential applications in photovoltaics,
photocatalysis, sensing, water splitting, and functional surface
devices.'™ The physical and chemical properties of nano-
semiconductor materials are determined by size, morphology,
crystal phase, and dimensions. One-dimensional (1D) nano-
structure applied to dye-sensitized solar cells (DSCs) can
provide direct electron transport paths and reduce the electron
recombination which is beneficial for the high efliciency of
DSCs.*”7 One of the semiconductor materials is titanium
dioxide (TiO,), which is a typical wide bandgap semiconductor
(32 eV) and generally applied to gas sensors,®” photo-
catalysis,'”"" and DSCs.””™" Since the first report of TiO,
nanotube (NT) arrays fabricated by electrochemical anodiza-
tion,'? various TiO, nanostructures have been synthesized such
as nanorods,”®*' nanowires,”> nanobelts,”® and coaxial
arrays.24_26

Recently, the assembly of hierarchical array nanostructures
has attracted wide concern owing to their special properties
such as superior specific surface area, abundant and tunable
multilevel interior structures, and multiphase anisotropic
interfaces.”” > Zhuge et al. reported the preparation of TiO,
nanoparticle/nanotube hierarchical structure, and the process
involves TiO, nanowire as the template and hierarchical
derivation to TiO, double-shell architecture.>* Yang et al.
prepared the highly oriented treelike TiO, arrays through a
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general acid vapor oxidation strategy.”® Bae et al. successfully
fabricated the multiwall anatase TiO, nanotubes by the
deposition of alternating TiO,/Al,O; layer onto alumina
templates.”® However, owing to the structural complexity,
developing the hierarchical TiO, nanostructure with control-
lable morphologies and high surface area still remains
challenging. Therefore, it is desirable to find a simple,
convenient, and low-cost approach to fabricating novel TiO,
nanostructures in a facile reaction system.

Electrochemical anodization has been widely used as a facile
and low-cost method for the preparation of oriented TiO,
nanotube arrays. Recently, it was reported that wire-in-
honeycomb could be obtained by treating TiO, nanotube
arrays with KOH aqueous solutions and HCl in turn, and the
HCI treatment which dissolves the cover layer on wire-in-
honeycomb has no contribution to the formation of nanowires
in the honeycomb.** In the present study, different acid
treatments were studied in the fabrication of hierarchical TiO,
nanostructures. It was found that the acid treatment plays an
important role in the formation of different hierarchical TiO,
nanostructures, such as TiO, hierarchical wire-in-honeycomb
(WH) and porous honeycomb (PH). The advantage of the
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hierarchical TiO, honeycomb nanostructures applied in DSCs
was also investigated.

2. EXPERIMENTAL SECTION

2.1. Fabrication of Hierarchical TiO, Nanostructure. The
fabrication of the hierarchical TiO, nanostructure includes two steps.
In the first step, a pure titanium foil (>99.9% purity, 0.5 mm
thickness) was cleaned ultrasonically in deionized water, ethanol, and
acetone in turn to remove any impurities. Subsequently, anodization
was carried out in ethylene glycol (C,H4O,) electrolyte containing
0.25% (in mass) NH,F and 1% (in volume) H,O at SO V for 2h. The
distance between the anode (Ti foil) and the cathode (Pt foil) was 3
cm. The obtained TiO, nanotube array (NTA) with Ti substrate was
cleaned ultrasonically in ethanol for 20 min, and then dried under air
atmosphere. In the second step, the TiO, NTA/Ti was immersed in 3
M KOH aqueous solution for 2 h. After rinsing in deionized water, the
sample was immersed in 0.5 M HCI or CH;COOH aqueous solution
for 1h. Finally, the sample was cleaned ultrasonically in deionized
water for 10 min to remove the residual covering layer above the
hierarchical TiO, arrays. All of the experiments were carried out at
room temperature. Some control experiments were also conducted for
different time of acid treatment (HCl or CH;COOH) to study the
formation process of the hierarchical nanostructures. Other acid
aqueous solutions such as H,SO, (0.25M) and oxalic acid (0.25M)
were further performed to understand the roles of acid treatment by
similar process. All solvents above are analytically pure grade.

2.2. Fabrication of DSCs. The TiO, NTA/Ti substrate was
annealed at 450 °C for 30 min with a heating and cooling rate of 10 °C
min~" under air atmosphere. The treated sample as a photoelectrode
was then immersed into ethanol containing 0.5 mM N719 dye (cis-
bis(isothiocyanato) bis(2,2-bipyridyl -4,4'- dicarboxylato)-ruthenium-
(10)-bis-tetrabutylammonium, Solaronix SA, Switzerland) in ethanol
for 12h. After rinsing with ethanol and drying in an air atmosphere, the
sensitized photoelectrode was assembled with a Pt-coated FTO
separated by a Surlyn film (60 ym in thickness). Electrolyte was
injected into the space by capillary action, which is composed of 0.1 M
Lil, 0.1 M I,, 0.6 M tetrabutylammonium iodide, and 0.5 M tert-
butylpyridine in dry acetonitrile (Solaronix SA, Switzerland).*”>®

2.3. Characterization. The morphology characteristics of the
TiO, hierarchical arrays were observed using a field emission scanning
electron microscope (FESEM, S-4800) and the transmission electron
microscope (TEM, Tecnai G2 F20). Crystallization of the films was
examined by X-ray diffraction (XRD, D/MAX-2500). The Brunauer—
Emmett—Teller (BET) of TiO, hierarchical nanostructures were
measured by Nitrogen adsorption isotherms at 77 K using an autosorb
iQ instrument (Quantachrome U.S.). Dye amounts were measured by
desorption in 0.1 M NaOH solution (H,O:ethanol = 1:1) and
absorbance was measured by a Hitachi 3010 spectrophotometer. The
photocurrent (I) and photovoltage (V) of DSCs were measured by a
Keithley 2400 SourceMeter under simulated sunlight AM 1.5 (100
mW cm™?) produced by a solar simulator (Sciencetech-$S150).

3. RESULTS AND DISCUSSION

Images a and b in Figure 1 display the top-view and cross-
section images of the TiO, nanotubes produced by the
anodization process. The TiO, nanotube arrays have a relatively
smooth surface. The nanotubes are about 80 nm in outer
diameter, 76 nm in inner diameter, and 13 pm in length. After
reacting with KOH for 2 h (Figure 1c, d), the nanotube film
was transformed into two layers, in which the upper layer is a
dense structure confirmed to be TiO, by XRD (see Figure S1
in the Supporting Information), and the lower layer is a full
filling honeycomb structure which is formed by nanoclusters
coagulation.® The nanotube wall of the lower layer is thicker
than the as-anodized one, which indicates that the interior of
the nanotubes has a V shape in accordance with previous
observations.* The influence of two kinds of acid (HCl and
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Figure 1. FESEM images of (a, b) the TiO, nanotube arrays, (c, d)
TiO, arrays by alkali treatment, (e, f) the TiO, wire-in-honeycomb
structure, and (g, h) the TiO, porous honeycomb structure. Insets in a,
¢, ¢ and g are the cross-section view images of each corresponding
sample, the white and black hollow arrows indicate the lower layer and
upper layer, and the white and black solid arrows indicate nanowires
and honeycomb structures.

CH;COOH) on the morphologies of the alkali treated TiO,
NTA is compared, as shown in e, f and g, h in Figure 1,
respectively. Images e and f in Figure 1 show the top-view and
cross-section of the sample treated by HCL. It can be seen that a
nanowire forms in the center of every honeycomb, which is
named the hierarchical wire-in-honeycomb (WH). The honey-
comb has an inner diameter of 75 nm, and the nanowires in the
honeycomb have the average diameter of about 60 nm with a
~10 nm space from the wall. Images g and h in Figure 1 show
the top-view and cross-section images of the sample treated by
CH,COOH. It is noticed that a porous honeycomb (PH)
nanostructure with a ~20 nm porous wall and an inner
diameter of ~40 nm appears instead of the WH structure by
HCI treatment. Moreover, it seems that the wall consists of
nanocrystalline which is in size of ~5 nm (Figure 1g).
Meanwhile, the length (8 ym) of the two TiO, hierarchical
arrays treated by alkaline and acid solution becomes shorter
than that of the initial nanotube arrays as shown in the inserts
of images c and e in Figure 1. The fact described above clearly
indicates that acid treatment play an important role in
fabricating different hierarchical TiO, honeycomb nanostruc-
tures.

Transmission electron microscopy (TEM) was used to
further investigate the internal structures and morphology of
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the amorphous hierarchical TiO, honeycomb nanostructures.
The TEM image (Figure 2a) shows that it is a hollow nanotube

100nm

106nm

Figure 2. TEM images of (a) the TiO, nanotube arrays, (b) TiO,
nanotube arrays by alkali treatment, (c) the TiO, wire-in-honeycomb
structure, (d) the TiO, porous honeycomb structure; the white and
black solid arrows indicate nanowires and honeycomb structures,
respectively.

with a wall thickness of ~20 nm in the lower part. After
reacting with KOH (Figure 2b), the walls of the nanotubes
become thinner (~10 nm) and nanoclusters are formed in
nanotubes, which can be ascribed to the partial dissolution of
nanotube walls by KOH. After being treated with HCI (figure
2¢), nanowires in the center of the tube are visible. However,
most nanoclusters are still dispersed because of the ultrasonic
preparation of TEM samples. Figure 2d reveals that
CH;COOH would make the nanoclusters adsorb on the wall,
which results in nanotube wall thickening to ~20 nm. These are
in good agreement with the above SEM result. The high-
resolution TEM (HRTEM) of the newly formed nanostruc-
tures in Figure S2 in the Supporting Information indicates that
the crystalline wall and the nanoclusters with 0.36 nm (101)
lattice spacing are anatase crystals.

The formation process of the hierarchical TiO, honeycomb
nanostructures were further investigated by time-dependent
acid treatment. On prolonging the acid treatment time, the
upper layer formed by KOH is dissolved and disappears
(Figures 3 and 4). At the early stages of acid treatment, e.g., 1
min, the lower layer remains a fully filled honeycomb structure
after immersing in CH;COOH (Figure Sa) and HCI (Figure
5d). When the acid treatment time was prolonged to 10 min,
the nanoclusters present different behavior. The nanoclusters
also fully fill the tube with the action of CH;COOH (figure
Sb), whereas the nanoclusters are further precipitated in the
central part of each tube by HCI treatment. A small space
between the wire and the wall can be observed in Figure Se.
When the acid treatment time was prolonged to 30 min, the
nanoclusters, with the action of CH;COOH, were adsorbed on
the wall and formed a porous honeycomb structure (Figure Sc).
As for the HCI treatment, after reacting with HCI for 30 min
(Figure Sf), the precipitation of nanoclusters further shrank,
and a clear nanowire was formed in the honeycomb. The
results further indicate that weak acid like CH;COOH would
impel the nanoclusters adsorb on the wall, whereas strong acid
like HCI would impel the nanoclusters to precipitate and

shrink.
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Figure 3. FESEM images of TiO, nanostructures prepared through
further CH;COOH treatment of TiO, nanotube arrays with different
times of (a) 1, (b) 5, (¢) 10, and (d) 30 min, the white and black
hollow arrows indicate the lower layer and upper layer, respectively.

Figure 4. FESEM images of TiO, nanostructures prepared through
further HCI treatment of TiO, nanotube arrays with different times of
(a) 1, (b) S, (c) 10, and (d) 30 min, and the white and black hollow

arrows indicate the lower layer and upper layer, respectively.

Some related experiments were further performed to
understand the roles of acid treatment in the fabrication of
different nanostructures. According to the FESEM image
(Figure 1c), TiO, nanoclusters precipitate after alkali treatment.
As a result of H,SO, treatment (Figure 6a), the nanoclusters
shrink and the hierarchical WH nanostructures form, which is
almost the same as HCI treatment. Furthermore, when oxalic
acid is used, more TiO, nanoclusters are dissolved and fill in
the honeycomb fully (Figure 6b), indicating that oxalic acid also
has an effect on the dissociation of TiO, nanoclusters.

Figure 7 displays the XRD patterns of the NT fabricated by
anodization (sample a), WH (sample b) fabricated by the KOH
and HCI treatment of sample a, and PH (sample c) fabricated
by the KOH and CH;COOH treatment of sample a after
annealing. The XRD patterns clearly indicate that all the crystal
structures of the samples are anatase TiO, (JCPDS card No.
21-1272, I41/amd, a = 3.7852 A, ¢ = 9.5139 A). Moreover, the
sharp peaks reveal that the prepared TiO, nanostructures are
well-crystallized, which is beneficial to the photoelectrode of
DSCs.
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Figure S. FESEM images of TiO, nanostructures prepared through
further acid treatment of TiO, nanotube arrays with different times in
CH;COOH: (a) §, (b) 10, and(c) 30 min; and in HCI: (d) 5, (e) 10,
and (f) 30 min.

Figure 6. FESEM images of TiO, nanostructures prepared through
different alkali treatment time and the treatment with different acid
solutions, (a) H,SO, (0.25M, 1 h) and (b) oxalic acid (0.25M, 1 h)
after alkali treatment for 2 h.
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Figure 7. XRD patterns of the hierarchical TiO, arrays nanostructures
after annealing at 450 °C for 30 min. (a) TiO, nanotubes, (b) TiO,
wire-in-honeycombs, (c) TiO, porous honeycombs, (d) standard
anatase.
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Accordingly, the formation process of the hierarchical TiO,
arrays nanostructures can be illustrated as Figure 8. It has been
confirmed that the amorphous TiO, NT wall was partially
destroyed by KOH and formed TiO, nanoclusters with Ti—OH
groups on the surface (Figure 8b). Then the TiO, sol
coagulated in the center of the honeycomb when the
concentration reached the critical coagulation value (Figure
8c). When it was immersed in strong acid such as HCI and
H,SO,, the surface of nanoclusters protonated forming Ti—
OH,*.***'These protonated surfaces easily combine with —OH
groups of other TiO, nanoclusters to form Ti—O—Ti oxygen
bridge bonds by eliminating a water molecule (Figure 8f). As a
result, nanowires in the honeycomb are formed due to
combination of TiO, nanoclusters (Figure 8d). In contrast,
when it was immersed in weak acid such as CH;COOH with
—COOH group, the surface of TiO, nanoclusters and
honeycomb wall easily absorb CH;COOH molecule through
hydrogen bond (Figure 8g).*” Then the nanoclusters are
absorbed to the wall of the honeycomb by physical adsorption
forming the porous nanostructures (Figure 8e). Thus, it implies
that the hierarchical TiO, nanostructures WH and PH were
formed by a dissolution—coagulation and dissolution—adsorp-
tion process, respectively. On the basis of the above discussion,
it indicates that acid treatment plays a key role in forming
different hierarchical TiO, nanostructures.

Figure 9 shows the current—voltage characteristics of
different DSCs fabricated by using as-anodized TiO, NT
arrays, TiO, WH arrays, and TiO, PH arrays as photo-
electrodes. The detailed photovoltaic parameters are summar-
ized in Table 1. It should be noted that the film thickness of
TiO, NT arrays is 13 ym, while for hierarchical PH and WH
TiO, arrays, the film thickness is only 8 ym. Compared with
TiO, NT arrays, the short circuit current density (J,.) value of
TiO, PH arrays shows a significant improvement from 7.09 to
17.31 mA cm™ The conversion efficiency (17) markedly
increases from 2.37 to 5.73% and almost 1.42 times
enhancement was achieved. The conversion efficiency of
DSCs based on TiO, WH array photoelectrode also shows a
significant enhancement of 74.3% compared to that of TiO,
NT arrays, The superior conversion efficiencies of PH and WH
arrays can be attributed to the higher absorption of the dye
because of the larger surface area, as there is additional
nanowire in the honeycomb of WH arrays and the coarse
surface after dissolution-adsorption process in PH arrays. The
results of the BET surface area analysis are summarized in
Table 1. The BET surface area of WH and PH structures is 6.32
and 6.87 times higher than that of the NTA structure,
respectively. With the enlarged surface area of hierarchical TiO,
nanostructures, the dye adsorbed increases by 83 and 146% for
WH structure and PH structure respectively, which correspond
with the improvement of conversion efficiency. The increment
of dye loading is not proportional to that of surface area, which
indicates that not all surfaces are available to the dye molecules
because of the small pore size of the hierarchical structure.
Furthermore, the small space between the nanowire and the
wall may partially hinder the access of the dye solution and the
electrolyte to TiO, arrays. Optimal TiO, WH nanostructures
remain to be studied further.

We have to point out that the conversion eficiency of our
DSCs is inferior to the traditional ones based on TiO,
nanocrystalline photoelectrodes, which is due to backside
illumination of the novel nanostructure based on Ti substrate.**
Therefore, we are currently working on preparing the novel
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Figure 8. Schematic illustration of the formation process of the hierarchical TiO, nanostructures. (a) TiO, nanotube, (b, c) TiO, nanoclusters
formed after alkali treatment, (d) TiO, wire-in-honeycombs, (e) TiO, porous honeycombs, (f) the reaction of nanoclusters in strong acid, (g) the

reaction of nanoclusters in carboxylic acid.
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Figure 9. Photovoltaic parameters of the DSCs based on different
TiO, arrays.

hierarchical nanostructure arrays on FTO glass to further
improve the power conversion efficiency.

4. CONCLUSIONS

In summary, different highly ordered hierarchical TiO,
honeycomb nanostructures have been successfully synthesized
through a simple two-step approach, i.e., anodization and wet-
chemical process. Through the research on the roles of acid
treatment in the fabrication of TiO, nanostructures, it can be
concluded that acid treatment play an important role in
forming different hierarchical TiO, nanostructures, the strong
acid could impel the nanoclusters forming nanowires, while
weak acid could enhance the dissociation of TiO, nanoclusters
and the formation of porous honeycomb nanostructure.
Compared to the TiO, nanotube arrays, TiO, porous
honeycomb arrays exhibited a significant increase on power
conversion efficiency from 2.37 to 5.73% because of the larger
specific surface area.
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