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1. INTRODUCTION

Over past few years, the dye-sensitized solar cells (DSSCs)
have been attracting lots of attention because of their potential
for the development of low-cost and large area photovoltaics.1,2

Titanium dioxide (TiO2) is a semiconductor that has been
extensively utilized in photovoltaic dye-sensitized solar cells as
a photoanodematerial. However, only 4�5% of solar light can be
utilized because of the wide band gap of TiO2 (3.0�3.2 eV).
Nowadays, considerable efforts have been made in the improve-
ment of photoelectricity by using abundant visible light. To
achieve such a goal, many scientific studies have been conducted
to narrow the band gap of or introduce stable optical sensitizers
into TiO2 such as doping TiO2 with various nonmetal or metal
atoms,3�7 semiconductor composition,8,9 and anchoring an or-
ganic dye sensitizer molecule on the surface of TiO2.

1,2 Recently,
Graetzel et al. reported the nanocrystalline anatase TiO2 photo-
anode modified by doping with Nb5þ, which brings the power
conversion efficiency to 8.7%, due to the improvement of charge
collection efficiency.10 Zou et al had fabricated a La-doped TiO2

photoanode, which gave an efficiency improved by 13.5% com-
pared with that of the DSSCs fabricated from pure TiO2, caused
by the higher density of oxygen vacancies in TiO2 surfaces.

11

Vanadium(V) has also attracted a lot of attention as a doping
element due to its structure allowing the reduction of the band
gap of TiO2.

12�15 In our previous work, the V-doped TiO2 film
was prepared on glass substrates via sol�gel method using
ammonium metavanadate as V source. It was found that the
band gap showed a gradual decrease from 3.28 eV to 2.82 eV with
the increase of the V doping content from 0 to 0.2 in V-TiO2.

15

Moreover, many efforts were also made to study how the TiO2

photoanode films affect the efficiency of DSSCs, such as appro-
priate thickness16 and porosity.17 Different particle morpholo-
gies, such as nanotubes,18 nanofibers,19 and micropores formed by

using organic template,20 have also been reported. However, the
recombination of the electrons injected into the TiO2 with either
the dye or the redox electrolyte hinders the DSSCs performance.
A common technique to reduce the recombination rate is to create
core�shell heterostructures. The energy barrier formed between the
core and shell materials can reduce the recombination process.21�23

In the previous research, the doping element was mostly
uniformity in TiO2 photoanode. However, in the present work,
we fabricate a TiO2 photoanode with a V gradient concentration
by layer-by-layer technique and then introduce the photoanode
onto the TiO2 DSSCs to overcome the above-mentioned two
limitations, i.e., absorbing abundant sun light and reducing the
recombination of photoexcited electrons. To illustrate the effect
of the graduated photoanode structure, a serial of nanostructures,
TiO2 and V-doped TiO2 nanoparticles films were designed and
synthesized through scalpel method. By varying the concentra-
tion of V, a systematic study on the factor that influences the
photovoltaic properties of TiO2 DSSCs is carried out. The
structure of the graduated photoanode shows remarkable influ-
ence on the final performance of the DSSCs, which indicates that
the conversion efficiency can be further improved by careful
design of the photoanode materials.

2. EXPERIMENTAL SECTION

2.1. Preparation of Nanoparticles. In this paper, sol�gel
method was used to synthesize TiO2 nanoparticles. TiO2 sol was
prepared at room temperature as following: 30 mL of tetrabutylortho-
titanate was dissolved in the mixture solution of 34.2 mL of ethanol and
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1 mL of acetylacetone. Stir the solution for 3 h followed by hydrolysis
with addition of a mixture of 1.5 mL of deionized water, 4.3 mL of
concentrated nitric acid, and 17.4 mL of ethanol dropwise. After further
stirring for 2 h, the TiO2 sol was formed. This sol was then kept in a
brown glass bottle to age for 24 h at room temperature, subsequently
dried at 100 �C for 24 h, and finally heated to the temperature of 550 �C
for 1 h at a heating rate of 2 �C/min in air until TiO2 nanoparticles were
obtained.

V-TiO2(x) nanoparticles can be fabricated by adding x mole ammo-
nium metavanadate (NH4VO3) into the TiO2 sol. It should be noted
that the number x in V-TiO2(x) denotes the mole of adding V in sol.
2.2. Preparation of V-TiO2 Films. As-prepared V-TiO2(x)

nanoparticles were mixed with ethanol and stirred overnight, forming
a colloidal suspension with the V-TiO2(x) content of 20 wt %. To obtain
porous structural film, we added PEG2000 into the solution. The
suspension was then coated onto the indium tin oxide (ITO) glass
substrate by scalpel method. This coating process was repeated several
cycles until the required thickness (about 3 μm) was obtained. Using
particles with different V/Ti mol ratio, a series of coatings with different
values of V (i.e., 0.2, 0.15, 0.1, 0.05, and 0) in V-TiO2(GC) film were
formed on the surface of glass substrate. For comparison, the TiO2,
V-TiO2(0.05), V-TiO2(0.1), V-TiO2(0.15), V-TiO2(0.2) films with
similar thickness were also prepared only using the single V-TiO2(x)
nanoparticles. Prior to the preparation, the ITO glass substrate was
ultrasonically rinsed for 15 min in acetone, iso-propyl alcohol, and
ethanol absolute, respectively. After drying in air, the nanoparticles film
was calcined in air up to 550 �C at a heating rate of 2 �C/min.
2.3. Assembly of Dye-Sensitized Solar Cells. The TiO2 and

V-TiO2(GC) nanoparticles films, used as photoanode in DSSCs with
the thickness of approximately 3 μm, were sensitized in a 0.05 mM
ethanol solution of N3 dyes for at least 12 h at 60 �C. The excess
unanchored dyes were rinsed off by absolute ethanol and dried in air
which was then covered with a platinum sheet acted as counter
electrode. The internal space of the cell was filled with liquid electrolyte
(0.5 M LiI, 0.05 M I2) dissolved in acetonitrile by capillary action. In
order to further illuminate the effect of V dopant on cell performance,
TiO2(0.2) and V-TiO2(GC) nanoparticles films were also used as
photoanode without N3 dyes. To collect accurate data, five parallel cell
samples for each photoanode film were assembled and measured.
2.4. Characterization.Morphology of nanoparticles and films was

observed by a PHILIPS XL-30 environment scanning electron micro-
scopy (ESEM) and transmission electron microscopy (TEM, JEOL
100CX- )). X-ray diffraction (XRD) of nanoparticles was performed with
a Rigaku D/max-2500 using Cu KR radiation (λ = 0.154059 nm).
Optical transmittance of photoanode films was examined by DU-8B
UV/vis double-beam spectrophotometer. Photocurrent of the TiO2

DSSCs was measured under irradiation of a xenon lamp (80 mW cm�2)
with global AM1.5 condition, and photocurrent�voltage curves of the
TiO2 DSSCs were obtained using a potentiostat.

3. RESULTS AND DISCUSSION

Figure 1 shows SEM and TEM images of V-TiO2(0.2) nano-
particles where the size of V-TiO2 (0.2) nanoparticles is about
15�20 nm. Electron diffraction pattern (Figure 1b) displays
discontinuous diffraction rings. It is confirmed that this TiO2 is
polycrystalline. XRD analysis shows that the main crystal phase of
all obtained nanoparticles samples has an anatase structure. The
XRD patterns of TiO2 and V-TiO2(0.2) nanoparticles are given in
Figure.2. No peaks generated from vanadic oxide crystallites are
visible, indicating the formation of solid solution in V-TiO2(x).
Based on data presented by Rodella et al, it is believed that all
vanadium is incorporated into TiO2 as vanadyl groups (V ion)
rather than forms crystalline vanadic oxide.24

The V-TiO2(GC) photoanode with a V gradient concentra-
tion from substrate to surface was prepared by layer-by-layer
technique using a colloidal suspension with different V-TiO2(x)
nanoparticles. Moreover, the TiO2, V-TiO2(0.05), V-TiO2(0.1),
V-TiO2(0.15), and V-TiO2(0.2) films with similar thickness were
also fabricated only using the single V-TiO2(x) nanoparticles.
The schematic diagram of the V-TiO2(GC) photoanode film
(left) and V-TiO2(x) photoanode film (right) was given in
Figure.3.

Figure 4 shows the top-view and cross-sectional SEM images
of V-TiO2(GC) nanoparticles film prepared by layer-by-layer
method. The mole value of V in V-TiO2(GC) is 0.2, 0.15, 0.1,
0.05, and 0 across the film from ITO glass substrate. Nanopar-
ticles film appears very uniform and there is no cracking or
deformation visible during the process of calcination. Moreover,

Figure 1. SEM and TEM images of V-TiO2(0.2) nanoparticles:
(a) SEM; (b) TEM (the inset is SAED).

Figure 3. Schematic diagram of the V-TiO2(GC) photoanode film
(left) and V-TiO2(x) photoanode film (right).

Figure 4. Top-view and cross-sectional SEM images of V-TiO2(GC)
nanoparticles film: (a) top-view SEM image; (b) cross-sectional SEM image.

Figure 2. XRD patterns of the nanoparticles.
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in order to anchor more dye molecules, some pores were found
in the film originated from the volatilization, decomposition and
combustion of PEG2000.15,25,26

Figure.5 presents the photocurrent�voltage curves of the
DSSCs based on the TiO2 and V-TiO2(GC) (V is 0.2, 0.15,
0.1, 0.015, 0 and gradient concentration in V formed from glass
substrate to surface) nanoparticles films using N3 as sensitizer,
while the photoelectrochemical properties of these DSSCs are
listed in Tab.1. During photocurrent measurement, cell efficiency
(η) can be expressed by the following equation

η ¼ ðVocJscFFÞ=Pin ð1Þ

FF ¼ VoptJopt=VocJsc ð2Þ
where Pin is the power of incident white light, FF is fill factor, Vopt
and Jopt are voltage and current formaximumpowder output, and
Voc and Jsc are open-circuit photovoltage and short-circuit
photocurrent, respectively.

The cell performance of the V-TiO2(GC) nanoparticles film
DSSCs sensitized by N3 higher than TiO2 nanoparticles film
DSSCs is expected to be high. The average values of open circuit
voltage (Voc) and short circuit current (Jsc) for V-TiO2(GC)
nanoparticles film DSSCs are 637 mV and 7.57 mA cm�2,
respectively. In contrast, these values are 588 mV and 6.36
mA 3 cm

�2 for DSSCs based on TiO2 nanoparticles film. More-
over, the V-TiO2(GC) nanoparticles film DSSCs exhibits an
improved efficiency by about 31% in comparison with TiO2

nanoparticles film. All these evidence demonstrate V-TiO2(GC)
nanoparticles film offers the better cell performance than the
TiO2 nanoparticles film.

To understand the efficiency enhancement of DSSCs with
V-TiO2(GC) nanoparticles film, the optical transmittance of the
TiO2, V-TiO2(0.05), V-TiO2(0.1), V-TiO2(0.15), and V-TiO2(0.2)
nanoparticles films was measured. It can be seen from Figure 6
that there is no obvious difference for the optical transmittance
among those V-TiO2(x) nanoparticles films. However, an ob-
vious trend that the absorption edge has gradual red-shift with
the increase of the V doping content. The absorption edge can be
about 460 nm when the V mole concentration is 0.2 mol.
The red-shift is related to following reasons: the new phase

of Ti1�yVyO2 is formed through the replacement of V atoms to
Ti atoms in TiO2 crystal lattice due to the smaller diameter of V
atom. As a result, Ti atom and O atom stay closer, which allows
the photoexcited electrons easy to transit from O2p to Ti3d in
TiO2.

12 The absorption coefficient R is given by the transmit-
tance T and film thickness d using the formula R = �ln(T)/d.
The dependence of the absorption coefficientR upon the photon
energy hν for near edge optical absorption in semiconductors
takes the form Rhν = k(hν� Eg)

m, Where Eg is the optical band
gap, k is a constant and m = 1/2 for TiO2 with an allowed direct
energy gap. On the basis of the above form, the band gap of the
TiO2 nanoparticles film is 3.3 eV, a gradual decrease with the
increasing of the V content, 2.8 eV can be obtained in V-TiO2-
(0.2) nanoparticles film. It believe that the presence of V in TiO2

nanoparticles film is the main cause of the improved conversion
efficiency of V-TiO2(GC) nanoparticles film DSSCs. In V-TiO2-
(GC) nanoparticles film, a graduated structure can be obtained
by using different V/Ti nanoparticles, which narrow the band gap
of TiO2 and absorb more abundant solar light. As shown in
Figure 8, the different solar light can be utilized by V-TiO2(x)
layer film due to the hierarchical narrow band gap caused by
doping different V in TiO2. It should be noted that the porous

Figure 5. Photocurrent�voltage curves of the TiO2-based DSSCs.

Table 1. Parameters of Dye-Sensitized Solar Cell with
Different Photoanode Films

photoanode film VR(mV) Jsc (mA cm�2) FF (%) η (%)

TiO2 588 6.36 59 2.76

V-TiO2 (GC) 637 7.57 60 3.62

Figure 6. Optical transmittance spectra of V-TiO2(x) films.

Figure 7. Photocurrent�voltage curves of the TiO2-based DSSCs
without N3 dye.

Figure 8. Schematic diagram of light utilization of the V-TiO2(GC) film.
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structure caused by PEG2000 is a precondition for light trans-
mittance in V-TiO2(GC) nanoparticles films.

Furthermore, in order to understand the effect of V dopant on
the cell performance, TiO2(0.2) and V-TiO2(GC) nanoparticles
films were also used as photoanode without N3 dyes. Figure.7
shows the photocurrent�voltage curves of the DSSCs based on
the TiO2 and V-TiO2(GC) nanoparticles films without N3 dye
as sensitizer. The photoelectrochemical properties of these
DSSCs are listed in Tab.2. For the TiO2(0.2) nanoparticles film,
the η value is about 0.28, whereas for the V-TiO2(GC) nano-
particles film, the efficiency can be improved to 0.37. The Voc and
Jsc for V-TiO2(GC) nanoparticles film DSSCs are 334 mV and
1.32 mA cm�2, respectively, which are much higher than those of
TiO2(0.2) nanoparticles filmDSSCs (304mV and 1.32mA cm�2).
Thus, it can be concluded that the gradations in V concentration of
TiO2 film can improve the solar light utilization and cell perfor-
mance compared with the TiO2(0.2) nanoparticles film.

It is well-known that besides the effect of solar light utilization
on the cell properties, one reason for the low conversion
efficiency of traditional DSSCs is the recombination of the
electrons injected into the TiO2 with either the dye or the redox
electrolyte, thereby reducing the cell efficiency. Another reason
may be explained by the slow speed of injection and transmission
for photoexcited electrons. The V-TiO2(GC) photoanode struc-
ture with gradient energy band gap maybe can overcome the
above two limitations. The energy band gap and cell structure of
V-TiO2(GC) can be schematically illustrated in Figure 9, where
the energy band gap may be gradual decrease from film top
surface to glass substrate caused by the gradient concentration of
V. Just like this, the photoexcited electrons is very easy to inject
from N3 to V-TiO2(GC) and transmit in the V-TiO2(GC)
photoanodic film due to the sequential energy band of semi-
conductor photoanode, which significantly increases the poten-
tial current. On the other hand, the graduated structure is very
efficient on retarding the back transfer of electrons and minimiz-
ing electron�hole recombination, which significantly decreases
the dark current and improves the final conversion efficiency.

On the basis of the above results, it can be seen that the
V-TiO2(GC) photoanode structure with gradient V concentra-
tion shows remarkable influence on the final performance of the
DSSCs. It believes that both of the following efforts are helpful
for the higher conversion efficiency of V-TiO2(GC) nanoparti-
cles film DSSCs. First, a hierarchical narrow band structure can

be obtained by gradient V concentration in TiO2, which can
utilize more abundant solar light. Second, the photoexcited
electrons is easy to inject and transmit in V-TiO2(GC) photo-
anode due to the sequential heteronanostructure caused by the V
gradation concentration in TiO2. In all, the TiO2 photoanode
with gradations in V concentration is efficient on retarding
the back transfer of electrons and minimizing electron�hole
recombination.

Although the construction of gradient V concentration in
V-TiO2(GC) photoanode, the maximum cell efficiency is only
3.62%. Further studies are under investigation to improve the cell
performances of the prepared solar cell such as changing the size
and morphology of nanoparticle, thickness of film, the transmis-
sion and recombination of photoexcited electrons, and so on,
which will be published in elsewhere.

4. CONCLUSIONS

V-TiO2(GC) photoanode film with graduated structure was
synthesized and assembled into a solar cell. A serial of nanos-
tructures, TiO2 and V-doped TiO2 nanoparticles films, were
designed and prepared by scalpel method. By varying the con-
centration of V, wemade a systematic study on the parameters that
influences the photovoltaic properties of TiO2 DSSCs. The
structure of the graduated photoanode shows remarkable influ-
ence on the final performance of the DSSCs. I�V characteristic
measurement indicates an improved efficiency by 31% as com-
pared to TiO2 nanoparticles film samples due to advanced
materials structure.
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