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Abstract

Surface-roughened TiO2 nanowires (NWs) were fabricated using co-electrospinning with different molecular weights of polyvinylpyrrolidone
(PVP) polymer: low molecular weight PVP (Mw¼360,000 g/mol) for the core region and high molecular weight PVP (Mw¼1,300,000 g/mol)
for the shell region. Together with the formation mechanism, their surface property, morphology, crystal structure, and photovoltaic performance
were studied. The results showed that the surface-roughened TiO2 NWs had an enhanced specific surface area because of the rough NW surface
compared to the pure TiO2 NWs. As a result, the short-circuit current density (8.94 mA/cm2) of DSSCs fabricated with the surface-roughened
TiO2 NWs is higher than that (5.88 mA/cm2) of the pure TiO2 NWs. Therefore, the photoconversion efficiency of the surface-roughened TiO2

NWs exhibited a high value of �3.63% compared to that of the pure TiO2 NWs. This phenomenon can be explained by the enhancement of
short-circuit current density by an increased dye adsorption; this is because of the increased specific surface area induced by the NW shrinkage
due to the different thermal decomposition behavior of PVP depending on the different molecular weights of PVP.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Dye-sensitized solar cells (DSSCs), which have advantages
such as low toxicity, low fabrication cost, and flexibility of
device, have been recognized as a potential alternative to
replacing conventional crystalline solar cells [1,2]. In general,
DSSCs, which are photovoltaic cells based on the light-
activation mechanism of a plant photosynthetic process, are
composed of a working electrode (i.e., an n-type semiconduc-
tor electrode comprising TiO2 and ZnO) with absorbed dyes, a
counter electrode, and an electrolyte [1–3]. Among these, a
working electrode is an important factor that directly influ-
ences the photoconversion efficiency in DSSCs. From a
morphological point of view, many efforts including various
nanostructures such as nanoparticles, nanowires, and nanorods
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have been made for improving the performance of a working
electrode [2,4,5]. In particular, one-dimensional (1-D) TiO2

nanowires are of considerable interest owing to their unique
structure relative to the fast transport rate of electrons [4]. In
spite of this advantage, 1-D nanowires are limited by the low
amount of dye adsorption because of their low specific surface
area when compared to 0-D nanoparticles. Hence, many
studied have been performed in order to increase the specific
surface area of 1-D TiO2 nanowires. For example, Wang et al.
reported that TiO2 nano-branched arrays grown on fluorine-
doped tin oxide (FTO) films fabricated by a two-step process
of hydrothermal and chemical growth, resulted in a higher
photoconversion efficiency (�3.75%) than the bare TiO2

nanorod arrays (�1.22%) [6]. Kang et al. fabricated highly
ordered TiO2 nanotubes with large surface area using a
nanoporous alumina templating method, which showed a
photoconversion efficiency of �3.5% [7]. Despite these
efforts, one-pot fabrication of TiO2 NWs with high specific
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Fig. 1. A schematic illustration of a co-electrospinning apparatus (a), TGA curves obtained from the pure TiO2 NWs and the surface-roughened TiO2 NWs (b), and
a schematic diagram of formation mechanism for the surface-roughened TiO2 NWs by the NW shrinkage because of the different thermal decomposition behavior
of PVP depending on different molecular weights (c).
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surface area fabricated using co-electrospinning with different
molecular weights of polyvinylpyrrolidone (PVP) has not yet
been reported.

In this study, surface-roughened TiO2 NWs having an
increased specific surface area were fabricated using co-
electrospinning with different molecular weights of PVP
polymers. Subsequently, the relationship between their struc-
ture and photovoltaic performance as well as their formation
mechanism was studied.

2. Experimental

Surface-roughened TiO2 NWs were fabricated using co-
electrospinning because of advantages such as good repeat-
ability, low fabrication cost, simple process, and the potential
for large-scale production [8,9], as shown in Fig. 1. In general,
the apparatus of co-electrospinning is composed of a syringe
pump, a power supply, a collector, and a needle. In particular,
for co-electrospinning, two different solutions are used simul-
taneously using a unique needle, which is divided into two
parts with core and shell regions [9]. That is, the needle of co-
electrospinning has the core–shell structure with the different
needle diameters which are 0.46 mm (26 gauge) for core
region and 1.2 mm (18 gauge) for shell region. Therefore, the
co-electrospinning is possible to selectively introduce the
precursor solution in core and shell regions. In this study,
titanium precursor solutions with low molecular weight PVP
(Mw¼360,000 g/mol, Aldrich) in a syringe equipped with a 26
gauge needle for the core region and with high molecular
weight PVP (Mw¼1,300,000 g/mol, Aldrich) in a syringe
equipped with an 18 gauge needle for the shell region were
prepared. The electrospinning solution was prepared by stirring
titanium (IV) isopropoxide (Ti[OCH(CH3)2]4, 97.0%, Aldrich)
and acetic acid (CH3CO2H, 99.7%, Aldrich) in N,N-dimethyl-
formamide (DMF, 99.0%, Aldrich) for 1 h. The weight ratio of
the titanium precursor to the DMF solvent is fixed at 10 wt%.
Subsequently, two different types of PVP polymers were
dissolved in the above-prepared titanium precursor solution.
The voltage and feeding rate were fixed at �9.5 kV and
0.02 mL/h, respectively. The distance between the needle and
collector was �15 cm. The as-spun NWs were calcined at
500 1C to remove residues, and the surface-roughened TiO2

NWs were finally obtained. For comparison, pure TiO2 NWs
were fabricated using single electrospinning with high mole-
cular weight PVP.
To investigate the photovoltaic performance of DSSCs, the

paste used as working electrode was prepared by dispersing the
resultant TiO2 NWs, hydroxypropyl cellulose (HCP,
Mw¼80,000 g/mol, 99.0%, Aldrich), and acetylacetone
(C5H8O2, 99.0%, Aldrich) in de-ionized (DI) water. Then, the
prepared TiO2 paste was coated on FTO glass substrates
(�8 Ω/square, Pilkington) using squeeze printing. After calci-
nation at 500 1C, the TiO2 paste-coated FTO glasses were
immersed into a dye solution consisting of N719 (Ru
(dcbpy)2(NCS)2, Solaronix) and ethanol (C2H6O, 100%,
Aldrich) in a dark room for 24 h. To prepare the counter
electrode, 5 mM chloroplatinic acid hexahydrate
(H2PtCl6∙6H2O, 99.9%, Aldrich) solution dissolved in 2-
propanol ((CH3)2CHOH, 99.5%, Aldrich) was spin-coated onto
FTO glasses, which were calcined at 450 1C for 0.5 h. Finally,



Fig. 2. FE-SEM images of the pure TiO2 NWs and the surface-roughened TiO2 NWs before ((a) and (b)) and after calcination ((c) and (d)).
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the prepared working and counter electrodes were fabricated
into sandwich-type cells. The electrolyte, a 0.6 M 1-Butyl-3-
methylimidazolium iodide (BMII)-based iodine solution, was
filled between the working and counter electrodes.

The weight loss of the samples was examined by thermo-
gravimetric analysis (TGA, TGA-50, Shimadzu) over the
temperature range of 15–500 1C in an air atmosphere. The
morphological properties of the samples were characterized
using field-emission scanning electron microscopy (FE-SEM,
Hitachi S-4800) and transmission electron microscopy
(MULTI/TEM, Tecnai G2, KBSI Gwangju Center). The sur-
face area of the two samples was measured by the Brunauer–
Emmett–Teller (BET, Micromeritics ASAP2010) method. The
structural properties of the samples were examined by X-ray
diffraction (XRD, Rigaku X-ray diffractometer equipped with
a Cu Ka radiation). The photovoltaic performance of DSSCs
was evaluated using a solar simulator (McScience, K101
LAB20) with a light intensity of 100 mA/cm2 using a 150 W
xenon lamp. In order to estimate the concentration of adsorbed
dyes, the dye was desorbed by immersing the working
electrode into 0.1 M NaOH aqueous solution (water/
ethanol¼1:1, v/v), and then analyzing the resultant solutions
using ultraviolet–visible (UV–vis) spectroscopy (Perkim-
Elmer Lambda-35).
3. Results and discussion

Fig. 1(a) shows the co-electrospinning apparatus for fabri-
cating the surface-roughened TiO2 NWs. This novel nanos-
tructure is obtained mainly because of the unique needle types
of the co-electrospinning apparatus, which is divided into core
and shell regions. Using this needle type, it is possible to inject
different precursor solutions at the same time, which lead to
the formation of the surface-roughened TiO2 NWs owing to
the low molecular weight of PVP in the core region and the
high molecular weight of PVP in the shell region. This implies
that the formation mechanism of the surface-roughened TiO2

NWs is based on the NW shrinkage because of different
thermal decomposition behavior of PVP depending on differ-
ent molecular weights during the calcination process. To
investigate this phenomenon, TGA measurements were per-
formed, as shown in Fig. 1(b). All the samples showed a
dramatic weight loss at �330 1C and continuous weight loss
up to 500 1C, indicating the thermal decomposition of high
molecular weight PVP [10]. On the other hand, the surface-



Fig. 4. XRD data of the pure TiO2 NWs and the surface-roughened TiO2 NWs
obtained after calcination at 500 1C.
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roughened TiO2 NWs present a rapid weight loss around
405 1C, which corresponds to the thermal decomposition of
low molecular weight PVP polymer [11,12]. Based on the
TGA results, the formation mechanism of the surface-
roughened TiO2 NWs may be explained as shown in Fig. 1
(c). The TiO2 phase is first formed in the shell region of the
NWs because of the thermal decomposition of high molecular
weight PVP around �330 1C. When the temperature reached
around 405 1C, the TiO2 phase present in the core region
started to calcine because of the different thermal decomposi-
tion of low molecular weight PVP. The successful formation of
the surface-roughened TiO2 NWs may be explained by the
NW shrinkage because of the different thermal decomposition
behavior of PVP depending on different molecular weights
during the calcination process [13].

Fig. 2 presents the FE-SEM images obtained from the pure
TiO2 NWs and the surface-roughened TiO2 NWs before
calcination ((a) and (b)) and after calcination ((c) and (d)).
All the samples before calcination are composed of a Ti
precursor and a PVP, which have a uniform surface morphol-
ogy. The diameters of the pure TiO2 NWs and the surface-
roughened TiO2 NWs were in the range of �103.3 to
�127.7 nm and �109.2 to �144.8 nm, respectively. In
particular, the diameter difference of the samples is because
of the morphology change from dense TiO2 NWs to the
surface-roughened TiO2 NWs. After calcination, the diameter
of all the samples is decreased because of thermal decomposi-
tion of the PVP when compared to the samples before
calcination. Additionally, while the surface morphology of
the pure TiO2 NWs is dense, the surface-roughened TiO2 NWs
show a relatively rough surface, implying the successful
formation of surface-roughened TiO2 NWs. In order to
investigate the specific surface area of the samples, BET
measurements were conducted using nitrogen adsorption and
desorption. The specific surface areas of the pure TiO2 NWs
and the surface-roughened TiO2 NWs are �23.93 m2/g and
�67.65 m2/g, respectively. This result indicates that the
specific surface area of the surface-roughened TiO2 NWs is
Fig. 3. TEM images obtained from the pure TiO2 NW
2.82-fold higher than that of the pure TiO2 NWs, which can
affect the dye adsorption on the TiO2 NW surface in order to
improve the photovoltaic performance of the DSSCs [2,14].
To further investigate the morphological properties of the

TiO2 NWs, TEM measurements were performed. Fig. 3 shows
the TEM images obtained from the pure and the surface-
roughened TiO2 NWs. The nanoparticles comprising the TiO2

NWs are between �15.6 and �23.0 nm for the pure TiO2

NWs and �14.7 and �23.1 nm for the surface-roughened
TiO2 NWs. In particular, whereas the pure TiO2 NWs show a
uniform contrast, the surface-roughened TiO2 NWs exhibit a
relatively bright contrast in the shell region because of the
successful formation of the rough NW surface.
Fig. 4 shows the XRD data obtained from the pure and

surface-roughened TiO2 NWs after calcination at 500 1C. All
samples with a polycrystalline structure indicate mixed anatase
and rutile TiO2 phases. The diffraction peaks at 25.331, 37.891,
and 48.071 correspond to the (101), (004), and (200) planes,
respectively, of anatase TiO2 (space group I41/amd [141],
JCPDS card no. 841286). Other diffraction peaks observed at
27.501, 36.171, 41.271, and 55.131 correspond to the (110),
(101), (111), and (211) planes, respectively, of rutile TiO2
s (a) and the surface-roughened TiO2 NWs (b).



Table 1
Summary of the adsorbed amount of dye N719 and photovoltaic performances
for DSSCs fabricated with the pure TiO2 NWs and the surface-roughened
TiO2 NWs.

Samples Adsorbed dye
(� 10�7

Voc Jsc FF η

mol/cm2) (V) (mA/
cm2)

(%) (%)

Pure TiO2NWs 1.07 0.67 5.88 59.23 2.36
Surface-roughened
TiO2NWs

1.21 0.67 8.94 59.89 3.63
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(space group P42/mnm [136], JCPDS card no. 870920).
Furthermore, the difference between the peak intensities of
the (101) and (110) planes indicates the relative weight
percentage of the anatase and rutile phases, which can be
calculated using the following equation [15]:

WR ¼ AR=ð0:884∙AAþARÞ
where WR is the weight percentage of the rutile phase, AA is
the integrated intensity obtained from the (101) plane of the
anatase phase, and AR is the integrated intensity obtained from
the (110) plane of the rutile phase. Therefore, the calculated
weight percentage of the rutile phase was �62.67% for the
pure TiO2 NWs and �59.15% for the surface-roughened TiO2

NWs. According to most studies reported previously, the pure
TiO2 prepared at 500 1C consisted of mainly the anatase phase
[16]. However, in our study, phase transition from the anatase
to the rutile phase may occur because of the presence of the
PVP polymer during calcination [16]. In addition, the grain
size (D) of the TiO2 NWs can be calculated using the Scherrer
equation [16]:

D¼ 0:9 λ= β � cos θð Þ
where λ is the X-ray wavelength, β is the full width at half
maximum (FWHM), and θ is the Bragg angle. Based on the
(101), (110), (101), and (200) planes, the average grain sizes
are �19.72 nm for the pure TiO2 NWs, and �18.84 nm for
the surface-roughened TiO2 NWs, which are in good agree-
ment with the TEM results. Although there is little difference
in the phase transition and the grain size of the NWs, there is a
significant difference between the two samples in the enhanced
specific surface area of the surface-roughened TiO2 NWs.
Based on the SEM, TEM, and XRD results, it can be inferred
that surface-roughened TiO2 NWs using co-electrospinning
were synthesized successfully.

Fig. 5 displays the photocurrent (J)–voltage (V) curve
obtained from the DSSCs fabricated using the pure TiO2

NWs and the surface-roughened TiO2 NWs. The measured
photovoltaic performances are summarized in Table 1. The
open-circuit voltages (Voc) of the two samples show the same
value of �0.67 V, which is because both DSSCs are com-
posed of the TiO2 NWs as the working electrode and Pt films
as the counter electrode. While the fill factor of the samples are
Fig. 5. Photocurrent–voltage (J–V) curves of DSSCs fabricated with the pure
TiO2 NWs and the surface-roughened TiO2 NWs.
almost similar, the short-circuit current densities (Jsc) are
different, namely, Jsc of the surface-roughened TiO2 NWs
(�8.94 mA/cm2) is greater than that of the pure TiO2 NWs
(�5.88 mA/cm2). In general, the Jsc is strongly related to the
dye adsorption on the working electrode [16]. To investigate
the amount of dye loading on the TiO2 NWs, the dye
desorption is performed in 0.1 M NaOH solution. It was found
that the dye adsorption of the surface-roughened TiO2 NWs
(�1.21� 10�7 mol/cm2) is higher than that of the pure TiO2

NWs (�1.07� 10�7 mol/cm2). This result can be explained
by the enhanced specific surface area of the surface-roughened
TiO2 NWs, resulting in high production of photo-excited
electrons and high Jsc in DSSCs, as shown in Table 1
[17,18]. Therefore, the photoconversion efficiency (PCE:η) of
the samples was calculated according to the equation given
below [15]:

η %ð Þ ¼ Jsc � Voc � f fð Þ= Pinð Þ
where Jsc, Voc, ff, and Pin are the short-circuit photocurrent
density, open-circuit voltage, fill factor, and intensity of the
incident light (100 mW/cm2), respectively. The calculated PCE
is �2.36% for the pure TiO2 NWs and �3.63% for the
surface-roughened TiO2 NWs, indicating an enhanced PCE of
�34.98%. The performance improvement is attributed to an
increase in Jsc because of the enhanced dye adsorption, which
is due to the increased specific surface area of the TiO2 NWs
induced by the NW shrinkage; this is because of the different
thermal decomposition behavior of the PVP depending on their
different molecular weights.

4. Conclusions

The surface-roughened TiO2 NWs were synthesized using
co-electrospinning with different molecular weights of PVP.
Together with the formation mechanism of the surface-
roughened TiO2 NWs, the relationship between their structure
and photovoltaic performance were demonstrated using TGA,
SEM, BET, TEM, XRD, UV–vis spectroscopy, and a solar
simulator. Whereas the pure TiO2 NWs exhibited a dense
surface, the surface-roughened TiO2 NWs had a rough surface.
This surface modification can be explained by the NW
shrinkage because of the different thermal decomposition
behavior of PVP according to their different molecular
weights, causing an increase in the specific surface area of
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the NWs. Thus, DSSCs fabricated with the surface-roughened
TiO2 NWs showed improved PCE (�3.63%) owing to
enhanced Jsc because of the improved dye adsorption com-
pared to pure TiO2 NWs.
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