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Abstract

Nanowire-constructed hierarchical TiO, nanomaterials (HTN) are prepared by a facile non-hydrothermal method at atmos-
pheric pressure. The product is characterized in detail using powder X-ray diffraction, scanning electron microscopy, trans-
mission electron microscopy and UV—Vis spectrophotometer. The synthesized TiO, hierarchical nanomaterials consist of
nanowires of 15 nm in diameter, it possesses a high surface area of 144.65 m%/g, and demonstrate an excellent dye absorption
ability (155.55 nmol/cm?), which is 2.7 times more than that of the Degussa P25. Corresponding photovoltaic performance
of dye-sensitized solar cells (DSSCs) fabricated from HTN is also investigated. It exhibits an overall light-to-electricity
conversion efficiency of 8.9% accompanying a short-circuit current density of 20.43 mA/cm?, an open-circuit voltage of
720 mV and fill factor of 0.61, which is much higher than that of P25 (5.5%). The significant enhancement of short-circuit
current density and power conversion efficiency of HTN can be attributed to its larger dye loading amount, better charge

transportation ability and excellent light scattering ability.

1 Introduction

Solar cells are environment-friendly and renewable power
source devices, which have potential for fulfilling future
energy demands in our world. Among various solar cells,
dye-sensitized solar cells (DSSCs) attract an extensive atten-
tion owing to their low production cost, high efficiency,
green production process and simple fabrication [1, 2].
Titanium dioxide (TiO,) is the most promising candidate
for photo-anode material in DSSCs due to its low cost, long-
term stability and the best comprehensive performance [3].
Besides, TiO, nanomaterials have also been applied in Li ion
battery [4—6], photocatalysis [7—10] etc. extensively.

The size, morphology and microstructure of nanoma-
terials have a great effect on its performance, the hierar-
chical TiO, nanomaterials consisting of one dimensional
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(1D) nanounits demonstrated much improved DSSCs per-
formance, which can be attributed to their excellent dye
adsorption, light scattering and charge transportation abil-
ity. Various TiO, 1D nanomaterials including nanowires [11,
12], nanofibers [13], nanorods [14—16], nanotubes [17-20],
1D nanomaterials-constructed hierarchical nanoflowers [16,
21, 22] and microspheres [23-25] etc. have been synthesized
successfully. Up to now, 1D TiO, nanomaterials have been
mainly synthesized via hydrothermal, electrospinning or
electrochemical anodic oxidation methods, especially, TiO,
1D nanomaterials with good crystallization were usually
obtained via hydrothermal/solvothermal process [11, 12, 14,
15]. Most of above methods are high energy-consumption,
meanwhile, they are difficult to realize commercial produc-
tion. So, developing a facile method to obtain 1D TiO, nano-
materials with good performance is still a challenge. The
non-pressurized solution-phase synthesis is easier to realize
mass production than hydrothermal technique. Kasuga et al.
and Ohsaki et al. ever reported the synthesis of short TiO,
nanotubes via a chemical process at 110 °C [26, 27], and the
obtained TiO, nanotubes exhibited a DSSCs conversion effi-
ciency of 7.1% [27]. Can 1D TiO, nanomaterials be formed
at lower temperature? Can we tune its size and morphol-
ogy under non-hydrothermal condition? In this paper, we
synthesized hierarchical TiO, nanomaterials consisting of
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nanowires at a lower temperature (100 °C) under an atmos-
pheric pressure successfully, and the synthesized nanowires-
constructed hierarchical TiO, nanomaterials exhibited a high
DSSC conversion efficiency of 8.9% with a high short-circuit
current density of 20.43 mAcm?. It indicates the hierarchi-
cal TiO, nanomaterials with excellent performance can be
obtained at lower temperature and an atmospheric pressure
via a simple route.

2 Experimental
2.1 Materials

Commerical P25 was purchased from Degussa, sodium
hydroxide (NaOH), hydrochloric acid (HCI), acetic
acid (AcOH), ethylcellulose, terpineol absolute ethanol
(C,Hs0OH, 99.7%), and distilled water were purchased
from Chengdu Kelong. Iodide (I,, 99%), 4-tertbutyridine
(TBP), guanidinium thiocyanate (GNCS), 1-butyl-3-meth-
ylimidazolium iodide (BMII), acetonitrile, and valeroni-
trile were purchased from Sigma-Aldrich. The Ru dye and
cis-di(thiocyanato)-bis (2.2'-bipyridyl-4.4'-dicarboxylate)
ruthenium(Il) (N719) were purchased from Dyesol. Fluo-
rine doped SnO, conductive glass (FTO) with a sheet
resistance of 10-15 Q/sq was purchased from NSG. All the
chemicals were used directly without further purification
and modification.

2.2 Preparation of hierarchical TiO, nanomaterials

The hierarchical TiO, nanomaterials were prepared by a
simple solution-phase reaction at atmospheric pressure. At
first, 2 g P25 and 100 mL NaOH(10 M) aqueous solution
were added in a 250-mL triangle flask, after magnetic stir-
ring for 30 min, the flask was heated in an oil bath for dif-
ferent interval at 100 °C, the products were collected by
centrifugation and washed with deionized (DI) water for
three times, and then, they were immersed in 0.1 M HCI
aqueous solution for 12 h. The precipitates were washed
with DI water for three times again, and dried at 70 °C for
24 h. Finally, the white powder was calcined at 500 °C for
3 hin air. The samples obtained after 2, 6, 10 h reaction time
were denoted as HTN2, HTN6, HTN10 respectively.

2.3 Fabrication of DSSCs

Firstly, synthesized TiO, powder (or P25) (0.5 g) and ace-
tic acid (100 pL) were added into ethanol (40 mL) to pre-
pare slurry, after stirring for 3 h and sonicating for 0.5 h,
0.1 g ethylcellulose and 3 mL terpineol were added into the
slurry, the mixture was stirred for 3 h and sonicated for 0.5 h
continuously. A viscous white TiO, paste was obtained by
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evaporating the mixture at 100 °C for 1 h. Then, the paste
was doctor-bladed on the FTO substrates, followed by dry-
ing at 70 °C for 5 min and sintering at 500 °C for 30 min.
Next, the films were treated in 0.04 M TiCl, aqueous solu-
tion at 70 °C for 30 min and calcined at 500 °C for 30 min
again. Secondly, the photo-anodes were immersed into
0.5 mM N719 solution in dark and kept for 24 h at room
temperature. Afterwards, the photo-anodes were washed
with ethanol and dried with a hair drier. Finally, the N719
dye sensitized TiO,/FTO films were sandwiched with plati-
num counter electrode and electrolyte was injected between
two electrodes. The electrolyte was composed of 0.7 M
1-butyl-3-methylimidazolium iodide (BMII), 0.03 M 1,
0.1 M guanidinium thiocyanate (GSCN) and 0.5 M 4-tert-
butylpyridine (TBP) in acetonitrile and valeronitrile (85:15
v/v) mixed solvent. The area of active layer was 0.25 cm?.

2.4 Characterizations

The morphology and size of the synthesized materials
were examined by scanning electron microscopy (SEM,
JEOLS-3400N, JEOLS-4800N) and transmission electron
microscopy (TEM, FEI Titan G2 60-300), powder X-ray dif-
fractometry (XRD, Bruker AXS-D8 Advance) was used to
determine the crystal phase. The Brunauer-Emmett—Teller
(BET) surface areas of the samples were derived using an
ASAP 2460 volumetric adsorption analyzer. UV—-visible
absorption data were measured by a UV-Vis spectropho-
tometer (Shimadzu UV1700, PE lambda 750). The cur-
rent—voltage characteristics of the cell were obtained by
applying external potential bias to the cell and the gener-
ated photocurrent was recorded using an electrochemical
workstation (Chenhua, CHI 660E, China) under one sun AM
1.5 G (100 mW/cm?) illumination with a solar light simula-
tor (Zolix Sirius-SS150). A 1000 W Xenon arc lamp (Zolix
LHX150) served as a light source and its incident light
intensity was calibrated with a NREL-calibrated Si solar
cell equipped with an optical filter to approximate one sun
light intensity before each measurement. Electrochemical
impedance spectroscopy (EIS) measurements were carried
on an electrochemical workstation (Chenhua, CHI 660E)
and further fitted by the Z-view software.

3 Result and discussion

3.1 Morphology and structure characterization
of HTN

Morphology of HTN synthesized via low-temperature chem-
ical process was analyzed by SEM. As shown in Fig. 1, all
the products grown for different time possess similar cotton-
like morphology, the samples demonstrate rough surface and
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Fig. 1 SEM images with different magnification of HTN synthesized at different reaction time. a,b2h;c,d 6 h; e,f10h

aggregate together mostly, and its particles size are about
0.5-1 pm. Based on the SEM images with higher magni-
fication (Fig. 1b, d, ), it is obvious that these cotton-like
samples consisting of a lot of thin nanowires. The diameter
of nanowires grown for different time are about 20-30 nm
(2 h), 30-40 nm (6 h) and 30-50 nm (10 h) respectively, and
with increasing reaction time, the nanowires have a trend of
becoming longer and nonuniform.

Figure 2a, b show the TEM images of a typical sam-
ple (HTN2), it displays the microstructure of a single

microsphere-like HTN. It is clear that the HTN is con-
structed by numerous nanowires, the average diameter
of nanowires is about 15 nm and all the nanowires tan-
gle together. Figure 2¢ is the HRTEM image of several
nanowires, the fringe spacing of 0.35 nm corresponding
to the (101) planes of anatase TiO,. The SAED pattern of
a single TiO, nanowire-microsphere is shown in Fig. 2d,
indicating the polycrystalline characteristic of the HTN,
the four main diffraction rings could be indexed to (101),
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d=0.35 nm

Fig.2 a TEM images; b magnified TEM image; ¢ HRTEM image; and d SAED pattern of sample HTN2 (grown for 2 h)

(103), (200) and (105) planes of the anatase TiO,, which
are agreement with the following XRD analysis.

The powder XRD patterns of P25 and three samples
prepared at different reaction time are shown in Fig. 3.
It is clear that P25 contains anatase and rutile phase of
TiO,. All three samples display same diffraction peaks
at 20=25.3°, 27.4°, 36.1°, 36.8°, 37.8°, 41.2°, 48.1°,
53.5°, 54.3°, 62.7°, 69.1°, 70.3° and 75.2°, which corre-
spond well to the (101), (103), (004), (200), (105), (204),
(116), (220) and (215) lattice planes of anatase (JCPDS
No. 21-1272) and (110), (101), (111), (211) lattice planes
of rutile (JCPDS No. 21-1276) respectively, it indicates
that the samples contain anatase and a little rutile phase.
Based on the scherrer formula, the calculated crystallite
size of HTN grown for 2 h, 6 h, 10 h are 10.8 nm, 13.9 nm,
16.9 nm respectively. It indicates that increasing reaction
time promotes the further growth of TiO, nanocrystal, and
induces the larger crystal size.

@ Springer
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Figure 4 shows the adsorption—desorption isotherms of
as-prepared HTN samples for different synthesis duration of
2 h, 6 h, 10 h, all three curves demonstrate a typical [IUPAC
type IV pattern [28], the calculated specific surface area is
listed in Table 1, the specific surface area of 2 h, 6 h, 10 h
sample are 144.65 m?/g, 121.72 m%/g, 86.58 m*/g respec-
tively, suggesting that longer growth time will induce the
rapid decrease of HTN surface area, which can be attributed
the increased nanowire size (diameter and length). Inset of
Fig. 4 demonstrates the pore size distribution of different
samples, the total pore volumes of HTN2, HTN6, HTN10
are 0.89 cm?/g, 0.75 cm>/g, 0.37 cm?/g respectively, longer
growth time will also induce smaller pore volume, which
agrees with the increased nanowire diameter and density
of HTN with longer reaction time. Due to specific surface
area and pore ratio are directly related to the amount of
dye adsorption, it implies that dye-adsorption ability will
decrease accompanying increased growth time.

The performance of DSSCs fabricated from different
samples and P25 was compared. Figure 5 shows the pho-
tocurrent density—voltage characteristics of cells with dif-
ferent photoanodes, and corresponding short-circuit current
density (Jg¢), open-circuit photo-voltage (Vqc), fill factor
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Fig.4 Nitrogen adsorption—desorption isotherms of HTN synthesized
at different reaction time. Inset: the pore size distribution of different
samples
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Fig.5 Photocurrent density—voltage characteristics of 2 h, 6 h, 10 h
HTN and P25 photoanodes under simulated AM 1.5 global sunlight
(1 Sun, 100 mW cm™2)

(FF), overall conversion efficiency (n) of the cells, and dye
adsorption amount and specific surface area are listed in
Table 1. Among the investigated samples, HTN2 exhibits
the best cell performance, presenting a J, V.., FF, and cell
efficiency of 20.43 mA/cm?, 0.72 V, 0.61 and 8.9%, respec-
tively. It is reasonably understood that HTN2 exhibits the
highest cell efficiency due to it has largest surface area which
is beneficial to adsorb more dye. For comparison, we also
synthesized the sample with shorter growth time (1 h), the
results are shown in Fig. S1. The samples grown for 1 h are
nanoparticles, and it exhibits a conversion efficiency of 7%,
which is lower than HTN2 and HTN6.

The amounts of dyes adsorbed on the photoanode films
are obtained by measuring the UV-Vis absorption spec-
tra of solutions containing dyes detached from the films
(3 mL 0.1 M NaOH aqueous solution). Figure 6 shows the
UV-Vis adsorption spectra of dye detached from different
photoanodes, It is found that the dye amount on HTN2 film
is obviously more than other films (Fig. 6; Table 1), this
can be attributed to its higher surface area (Table 1), and it
facilitates to produce more photo-generated electrons and
obtain high photocurrents for the solar cell. We also meas-
ured the UV-Vis absorption spectra of HTN powder and

Table 1 The DSSC photovoltaic

. Cell (h) Jsc (mA/cm?) Voc (V) FF n (%) Dye adsorption Surface
parameters, dye ?ldSOI‘pthl’l, (nmol/cm?) area
surface area of different HTN (m%g)
and P25 samples

HTN2 20.43 0.72 0.61 8.9 155.55 144.65
HTN6 14.74 0.73 0.69 74 132.16 121.72
HTNI10 1291 0.74 0.65 6.3 110.42 86.58
P25 12.04 0.79 0.57 5.46 57.60 54.42
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Fig.6 UV-Vis absorption spectra of detached dye

dye loaded TiO, photoanode films, the results are shown in
Fig. S2. It indicates that the visible light absorption of all
the samples increase after dye loading, and HTN samples
demonstrate stronger and wider absorption than P25 in vis-
ible light region.

Electrochemical impedance spectroscopy (EIS) is
measured to further understand the electron transport and
recombination process in the DSSCs based on the four
different photoanodes. The Nyquist plots are exhibited in
Fig. 7a and modeled with an equivalent circuit (inset of
Fig. 7a) by using Z-view software. Table 2 lists the EIS
parameters of the DSSCs based on the four different pho-
toanodes. As shown in Fig. 7a, for all four photoanodes, a
smaller semicircle at high frequency (1 kHz—1 MHz) and
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tion resistance (R2) at the TiO,/dye/electrolyte interface
[24, 25, 29]. For HTN samples, a small semicircle at
lower frequency can also observed obviously, which can
be attributed to the diffusion resistance of redox species in
the electrolyte [6]. Figure 7b shows the Bode EIS spectra
of different photoanodes, based on it, the electron life-
time (t,) can be derived from the formula: t,=1/2=xf .,
where the f, . is characteristic frequency of the maximum
phase shift [24]. As shown in Table 2, all three HTN sam-
ples have smaller R2 than P25 electrode, which could be
ascribed to the better electron transportation ability in 1D
nanowires, and the HTN2 exhibits the smallest R2 value,
it is reasonable that shorter growth time induces smaller
nanowire diameter, and less defect in the nanowires, which
will facilitate the electron transportation. It also imply that
longer electron lifetime will be obtained due to less recom-
bination traps in the thinner nanowires with shorter growth
time, this can be confirmed by the longest electron life-
time of HTN2 among all four electrodes (Table 2). After
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Fig.7 a Nyquist plots and b Bode plots for photoanodes based on HTN2, HTN6, HTN10 and P25
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longer reaction time (HTN6, HTN10), the electron lifetime
decrease rapidly, and even is shorter than P25 electrode.

4 Conclusions

In summary, the hierarchical cotton-like TiO, nanomateri-
als constructed with nanowires are successfully synthesized
at low temperature via a simple treatment of P25 in NaOH
solution, and its size could be tuned by controlling the
growth time, HTN consisting of untrathin (15 nm) nanow-
ires could be obtained after 2 h growth, and it exhibits much
improved DSSCs performance, a transform efficiency up to
8.9% could be obtained, which it is around 62% higher than
untreated P25 photoanode. The excellent DSSCs perfor-
mance of HTN could be attributed to the better dye adsorp-
tion ability induced by larger surface area and larger pore
volume, and the better electron transportation ability along
thinner 1D TiO, nanowires. The results provide the possibil-
ity to synthesize hierarchical TiO, nanomaterials with good
performance via simple and low-cost process.
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