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Design of a TiO2 nanosheet/nanoparticle gradient
film photoanode and its improved performance for
dye-sensitized solar cells

Wenguang Wang,* Haiyan Zhang, Rong Wang, Ming Feng and Yiming Chen

A TiO2 film photoanode with gradient structure in nanosheet/nanoparticle concentration on the fluorine-

doped tin oxide glass from substrate to surface was prepared by a screen printingmethod. The as-prepared

dye-sensitized solar cell (DSSC) based on the gradient film electrode exhibited an enhanced photoelectric

conversion efficiency of 6.48%, exceeding that of a pure nanoparticle-based DSSC with the same film

thickness by a factor of 2.6. The enhanced photovoltaic performance of the gradient film-based DSSC

was attributed to the superior light scattering ability of TiO2 nanosheets within the gradient structure,

which was beneficial to light harvesting. Furthermore, the TiO2 nanosheets with exposed {001} facets

facilitated the electron transport from dye molecules to the conduction band of TiO2 and further to the

conductive glass. Meanwhile, the high specific surface area of TiO2 nanosheets helped the adsorption of

dye molecules, and the TiO2 nanoparticle underlayer ensured good electronic contact between the TiO2

film and the fluorine-doped tin oxide glass substrate. The electrochemical impedance spectroscopy

measurements further confirmed the electron transport differences between DSSCs based on

nanosheet/nanoparticle gradient film electrodes and DSSCs based on nanosheet/nanoparticle

homogeneous mixtures, pure TiO2 nanoparticles and pure TiO2 nanosheets with the same film thickness.
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1. Introduction

The dye-sensitized solar cell, which is regarded as one of the
most promising alternatives to the traditional silicon solar cell,
has been extensively studied in recent years due to its low cost
and possible fabrication of exible solar cells.1–10 The heart of
the DSSC system is a wide band gap oxide semiconductor lm
that serves as the support of the dye molecules for light
adsorption and electron transportation. Among various oxide
semiconductors, nanocrystalline TiO2 has proven to be themost
suitable material for solar energy conversion due to its biolog-
ical and chemical inertness, cost effectiveness, long-term
stability against photocorrosion and chemical corrosion.11–15

Since the morphology, crystal structure and size of TiO2 are
crucial factors in determining its chemical, optical and elec-
trochemical performances, different morphological TiO2, such
as nanoparticles,15,16 nanosheets,17,18 nanotubes,19,20 nano-
wires,21,22 and nanospheres,23,24 have been fabricated and
applied to the photoanode lms of DSSCs.

In general, the high specic surface area, fast electron
transport, and excellent light scattering properties play impor-
tant roles in enhancing the photoelectric conversion efficiency
of the dye-sensitized solar cells (DSSCs). Nonetheless, these
g University of Technology, Guangzhou

angzhou, 510006, P. R. China. E-mail:

0-39323232; Tel: +86-020-39323232

hemistry 2014

50
factors are always incompatible with one another. For example,
a conventional photoanode made of 10–20 nanometer-sized
TiO2 nanoparticles with a large specic surface area is bene-
cial for loading abundant dye molecules. However, such sizes
are much smaller than the wavelength of visible light and the
lm is transparent with poor light harvesting. Conversely, the
improvement of efficiency by employing large particles (more
than 50 nm) with effective light scattering is limited due to the
smaller surface area of large particles, which results in poor dye
adsorption capacity. To solve this problem, graded photoanode
lms consisting of TiO2 nanostructures with different sizes or
morphologies are expected to accommodate their specic
advantages.25–27 Li et al. prepared graded lms that were
composed of particles with different sizes, and fabricated ex-
ible DSSCs with a light-to-energy conversion efficiency of
3.05%.25 Wu et al. prepared a photoanode with lms using
hierarchical TiO2 owers and TiO2 nanoparticles as the over-
layer and underlayer, respectively.26 The DSSCs based on such
double layered photoanodes showed a remarkably enhanced
power conversion efficiency due to the high specic surface area
of the underlayer and pronounced light scattering effects as well
as efficient electron transport properties of the overlayer. Lam-
berti et al. fabricated DSSCs based on TiO2 nanotube/
nanoparticle composite photoanodes,27 and found that the
obtained photo-conversion efficiency was higher than that of
nanoparticle-based DSSCs owing to the combined effects of the
nanoparticles with a large surface area for dye anchoring and
Nanoscale, 2014, xx, 1–7 | 1
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the nanotubes facilitating light harvesting and electron lifetime
extension.

Among all kinds of morphologies, 2-dimensional TiO2 nano-
sheets with exposed {001} facets have attracted widespread atten-
tion as their “high-energy” facets are favorable for more dye
adsorption and charge separation.28,29 Yu et al. prepared DSSCs
based on anatase TiO2 nanosheets with exposed {001} facets,
which showed enhanced photoelectric conversion performance
compared with TiO2 nanoparticles and commercial-grade Degussa
P25 TiO2 nanoparticle (P25) solar cells.30 They attributed the
enhanced performance to the good crystallization, high pore
volume, large particle size and enhanced light scattering of TiO2

nanosheets. Zhao and coworkers reported the fabrication of DSSCs
based on a double light scattering layer lm photoelectrode, which
showed an enhanced photovoltaic performance due to the rela-
tively high surface area of TiO2 nanosheet underlayers and
enhanced light scattering capability of TiO2 hollow sphere
overlayers.31

The functionally graded material (FGM) is an inhomoge-
neous material with a gradually changing composition and
structure of two kinds of materials. This graded structure
enables the FGM to have the best advantages of both mate-
rials.32 In the previous research, two kinds of TiO2 nano-
structures with different sizes or morphologies in a photoanode
lm were homogeneous or in a double-layered mode.26,27,31

However, in this study, we fabricated a TiO2 gradient lm
photoanode with a continuous change of the concentration of
nanosheets/nanoparticles perpendicular to the uorine-doped
tin oxide (FTO) glass by a screen printing method. To the best
of our knowledge, this is the rst time that the preparation of
the TiO2 nanosheet/nanoparticle gradient lm photoanode and
its application to DSSCs has been reported. The effects of the
gradient structure of the photoanode on the performances of
the DSSC were investigated and discussed and compared with
those of DSSCs based on nanosheets/nanoparticles with
homogeneous composition.
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2. Experimental
2.1 Preparation of TiO2 nanosheets

All analytical reagents used in this study were purchased from
Tianjin Baishi Chemical Industry Company Limited (China),
and were directly used without further purication. The TiO2

nanosheets were prepared by hydrothermal treatment of a
precursor solution containing 50 mL of Ti(OC4H9)4 and 6 mL of
hydrouoric acid (with a concentration of 40 wt%) in a Teon-
lined autoclave at 180 �C for 24 h. Aer hydrothermal reaction,
the white precipitates were collected by centrifugation and
washed with distilled water and ethanol three times, and nally
dried in an oven at 80 �C for 12 h.
Fig. 1 Schematic diagram of a TiO2 nanosheet/nanoparticle gradient
film photoanode.

55

2.2 Preparation of TiO2 paste

The screen printing method is a widespread technique for
production of TiO2 photoanodes due to its fast-printing tech-
nique and coating facility with ne control of the position and
thickness of the lm. Herein, the TiO2 nanosheet/nanoparticle
2 | Nanoscale, 2014, xx, 1–7
gradient lm was prepared by a screen printing method similar
to our recent report.15 The pastes need to be prepared prior to
screen printing. In a typical preparation procedure, 0.5 g of
ethyl cellulose (EC) powders were dissolved in 5.7 mL of ethanol
to yield a solution with a concentration of 10 wt%. Meanwhile,
4.05 g of terpineol was mixed with 5.2 mL of ethanol, and the
resulting mixture was added into the above solution, followed
by addition of acetylacetone (0.3 mL) and op emulsier
(0.01 mL). Aerwards, 1 g of TiO2 powder was added into the
above solution. The nal mixture was sonicated in an ultrasonic
bath for 15min, and then was put into a thermostatic blender at
80 �C under continuous stirring in order to remove ethanol
from the mixed solution. The paste for screen printing was
obtained when the weight of the mixture remained unchanged.
2.3 Fabrication of a TiO2 gradient lm electrode

Commercial Degussa P25 TiO2 (P25) was employed as the
source of TiO2 nanoparticles. The photoanode with TiO2

nanosheet/nanoparticle gradient concentration from substrate
to surface was prepared by a screen printing method using TiO2

pastes with different nanosheet/nanoparticle mass ratios. To be
specic, aer one layer of TiO2 lm was printed on the FTO
glass (Nippon sheet glass, 14–20 U per square), the wet lm was
kept in air for 10 min and then put into a drying oven at 80 �C
for 10 min. Aer that, repeated printing was carried out to get
more layers. A schematic diagram of the TiO2 nanosheet/
nanoparticle gradient lm photoanode (denoted as SPG) is
shown in Fig. 1. The weight percentages of TiO2 nanosheets
from substrate to surface were varied from 0 to 100%. Two
layers were screen-printed on the glass substrate for each
percentage of TiO2 nanosheets. For comparison, TiO2 lms
composed of pure nanosheets, pure nanoparticles or a
nanosheet/nanoparticle homogeneous mixture with the same
printing layers (10 layers) were also fabricated, and the prepared
electrodes were labeled as S100, P100 and SPH, respectively. All
of the as-prepared lms were calcined in a tubular muffle
furnace at 450 �C for 30 min with a heating rate of 5 �C min�1.
Aer calcination, the lms were cooled down for dye sensiti-
zation. Dye sensitization was accomplished by immersing TiO2

lms in anhydrous ethanol solution containing 0.5 mM of N719
dye (purchased from Dalian HeptaChroma SolarTech Co., Ltd.
of China) in a sealed beaker at 50 �C for 24 h.33 Aerwards, the
dye-sensitized lms were rinsed with ethanol to remove
physical-adsorbed N719 dye molecules. Finally, the obtained
TiO2 lm electrodes were dried in an oven at 80 �C for 2 h.
This journal is © The Royal Society of Chemistry 2014



Fig. 2 XRD patterns of a FTO glass substrate (FTO) and TiO2 film
photoanodes (P100, SPH, S100 and SPG).
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2.4 Characterization

The morphology of the TiO2 nanosheet lm on the FTO glass
was observed on a JSM-6510 scanning electron microscope
(SEM, JEOL, Japan) at an accelerating voltage of 20 kV. The
phase structures of the TiO2 lm electrodes were obtained on a
D/MAX-Ultima IV X-ray diffractometer (XRD, Rigaku, Japan)
using Cu Ka irradiation at a scan rate (2q) of 8� min�1. The
accelerating voltage and applied current were 40 kV and 40 mA,
respectively. Transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM)
images were obtained using a Tecnai G20 microscope (USA)
with an acceleration voltage of 200 kV. UV-vis diffused reec-
tance spectra of the photoanodes were recorded using a UV-vis
spectrophotometer (UV2450, Shimadzu, Japan). BaSO4 was used
as a reectance standard in a UV-vis diffuse reectance experi-
ment. The Brunauer–Emmett–Teller (BET) specic surface area
(SBET) of the as-prepared TiO2 nanosheets and P25 as well as the
nanosheet/P25 mixture was obtained by nitrogen adsorption–
desorption on a Micromeritics ASAP 2020 nitrogen adsorption
apparatus (USA). All samples were degassed at 180 �C prior to
nitrogen adsorption measurements. The SBET was determined
by a multipoint BET method using the adsorption data in the
relative pressure P/P0 range of 0.05–0.25. The desorption
isotherm was used to determine the pore size distribution by
using the Barret–Joyner–Halender (BJH) method. The photo-
current–voltage I–V characteristic curves were measured using
an electrochemical analyzer (CHI660C Instruments) controlled
by a computer. A solar simulator (Newport 91160) with an
intensity of 100 mW cm�2 (1 sun) was employed as the light
resource. The active area of DSSCs was 0.14 cm2. In order to
further study the dye-adsorption properties of the TiO2 lms
with various morphologies and compositions, we immersed the
lm photoanodes in a desorbent containing 0.1 M of NaOH in
water–ethanol (with a volume ratio of 1 : 1) mixed solution to
desorb the dye from the photoanode surface and thenmeasured
the absorption of the resultant solution on a UV-vis spectro-
photometer (UV-2450, Shimadzu, Japan). The concentration of
the desorbed dye was calculated by the molar extinction coef-
cient (1.41 � 104 dm3 mol�1 cm�1 at 515 nm as reported
previously) and absorption.34
Fig. 3 Surface (a) and cross-sectional (b) SEM images of the SPG film
as well as TEM (c) and HRTEM (d) images of TiO2 nanosheets.
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3. Results and discussion

The phase structure and crystallite size of TiO2 play an impor-
tant role in the photoelectric conversion efficiency of DSSCs.
Fig. 2 shows the XRD patterns of the FTO glass substrate and
TiO2 lm photoanodes with different components. Obviously,
three strong peaks attributed to SnO2 (JCPDS no. 46-1088) were
observed for all XRD curves.35 For the S100 photoanode, all
diffraction peaks except SnO2 peaks can be readily indexed to
anatase TiO2 (JCPDS no. 21-1272).36 In the case of P100 and SPH
photoanodes, there is a small amount of rutile phase besides
the anatase phase found in them. However, the SPG photo-
anode exhibited the same diffraction peaks as that of the S100
photoanode regardless of a slight difference in intensity and no
peaks belonging to the rutile phase were observed. This is due
This journal is © The Royal Society of Chemistry 2014
to the fact that the thickness of the nanosheet layer on the outer
surface of the SPG lm was beyond the scope of XRD analysis,
indicating that the lm was crack free with few defects.

Fig. 3a and b show the typical SEM images of the surface and
cross-sectional morphology of the TiO2 nanosheet/nanoparticle
gradient lm photoanode. It can be seen from Fig. 3a that the
SPG lm was relatively uniform and crack free over a large area,
which was in good agreement with the XRD analysis. Some
macropores and mesopores were observed on the surface of the
SPG lm. These porous structures would provide an efficient
transport pathway for electrolyte molecules in DSSCs. The lm
thickness with 10 printing layers estimated from Fig. 3b was
about 26.6 mm and no obvious boundaries were observed
between each printing layers, which is favorable for electron
transfer amongst the TiO2 nanosheets and nanoparticles
resulting in a low charge recombination rate. The TEM image in
Nanoscale, 2014, xx, 1–7 | 3
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Fig. 3c conrms that the prepared nanosheets consist of rect-
angular sheet-shaped nanostructures with an average side size
of about 30–50 nm and a thickness of ca. 6.8 nm. The HRTEM
image (Fig. 3d) directly shows clear lattice fringes of TiO2

nanosheets from the side view and top view with lattice spac-
ings of ca. 0.235 nm and 0.35 nm, corresponding to the (001)
and (101) planes of anatase TiO2, respectively.17,37

Generally, the TiO2 lm with a high specic surface area is
benecial to the adsorption of dye molecules and thus
enhances the photoelectric conversion efficiency.38 A nitrogen
adsorption–desorption method was used to investigate the BET
surface area and porous structure of the TiO2 samples with
different microstructures. Fig. 4 shows the nitrogen adsorption–
desorption isotherms and the corresponding pore size distri-
bution curves (inset) of the TiO2 nanosheets, TiO2 nanoparticles
as well as the TiO2 nanosheet/nanoparticle mixture. The mass
ratio of nanosheets and nanoparticles in the mixture was 1 : 1.
It can be seen from Fig. 4 that all samples have isotherms of type
IV (Brunauer–Deming–Deming–Teller classication) and one
hysteresis loop at relative high pressures. The hysteresis loop
corresponding to TiO2 nanosheets is of type H3, which can be
observed in the slit-like pores.30 The corresponding pore size
distribution curve (inset) shows a peak pore diameter of about
18.6 nm, which is associated with larger pores owing to the
aggregation of TiO2 nanosheets. This corresponds to the
observation of TEM images. The hysteresis loop of TiO2 nano-
particles is of type H2, indicating the presence of ink-like
pores.30 Further observation shows that the isotherm shis
down compared with that of nanosheets, suggesting that the
nanoparticles have a lower surface area. The specic surface
area of TiO2 nanosheets is 105 m

2 g�1, which is obviously higher
than that of TiO2 nanoparticles (47 m2 g�1). Such a high surface
area can provide more active sites for the adsorption of dye
molecules in DSSCs. The concentrations of N719 dye adsorbed
on the surface of P100, SPH, S100 and SPG lms were 3.14 �
10�4, 3.98 � 10�4, 4.72 � 10�4 and 4.24 � 10�4 mol cm�2,
respectively. As expected, the S100 lm had the highest dye
adsorption capacity. Although the SPG lm has the same
Fig. 4 Nitrogen adsorption–desorption isotherms and the corre-
sponding pore size distribution curves (inset) of the TiO2 samples with
different microstructures.

4 | Nanoscale, 2014, xx, 1–7
component as the SPH lm, more dye molecules were adsorbed
on the SPG lm than on the SPH lm. This may be attributed to
the fact that more micropores exist in the SPG lm than in the
SPH, which facilitated the dye adsorption. The nanosheet/
nanoparticle mixture has a specic surface area of 77 m2 g�1

between nanosheets and nanoparticles.
Diffuse reection spectroscopy is a useful measurement for

revealing the optical properties of the materials. To investigate
the light scattering ability of as-prepared lm electrodes, UV-vis
diffuse absorption spectra of the P100, SPH, S100 and SPG
samples were recorded aer dye-sensitization, as shown in
Fig. 5. All nanosheet-containing photoanodes exhibited
enhanced absorbance in the range of 370 and 750 nm compared
with the P100 lm electrode. This can be attributed to the high
specic surface area of TiO2 nanosheets which facilitates the
adsorption of more dye molecules. The sizes of P25 TiO2

nanoparticles were in the range of 10 and 25 nm,30 which were
much smaller than the wavelength of visible light. Thus the
nanoparticle layer close to the FTO glass substrate was trans-
parent with little light scattering. Especially, the SPG lm elec-
trode presented the strongest visible-light absorption,
indicating that the nanosheet/nanoparticle gradient lm has a
much stronger light scattering ability than other lms. A sche-
matic diagram of the light scattering effect of the gradient lm
is shown in Fig. 6. In a testing process of photoelectric perfor-
mance, the lm electrode was irradiated from the side of the
glass substrate on which the lm was not deposited. When the
incident light passed through the FTO glass and contacts with
the TiO2 lm electrode, part of the incident light was adsorbed
by the nanoparticle layer. It has been reported that the reec-
tance intensity depends not only on the scattering ability of
particles themselves but also the direction of scattering light
within the lm.39 With the light penetrating into the deeper
layer of the lm, the light scattering effect gradually became
stronger with increasing content of nanosheets in the gradient
structure. At this time, more light was reected away from the
nanosheet-containing layer and re-adsorbed by the nano-
particle layer. Therefore, the light can be multi-captured within
Fig. 5 UV-vis diffuse absorption spectra of the P100, SPH, S100 and
SPG film electrodes.

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Schematic diagram of the light scattering effect of the nano-
sheet/nanoparticle gradient film.

Table 1 The photovoltaic parameters of the DSSCs made from P100,
SPH, S100, and SPG film electrodes

Samples ISC (mA cm�2) VOC (V) FF h (%)

P100 4.7 0.689 0.756 2.45
SPH 9.7 0.663 0.694 4.46
S100 10.6 0.681 0.720 5.20
SPG 13.4 0.679 0.722 6.48
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the SPG lm electrode, which is benecial to the incident light
harvesting and improvement of photoelectric conversion effi-
ciency of the DSSCs.40 In the case of the SPH lm electrode with
a homogeneous mixture of nanosheets and nanoparticles, more
incident light can transmit the lm resulting in more loss of
light. For the S100 lm electrode, a certain amount of incident
light was reected away from the electrode without reaching
into the deeper layer of the lm due to the strong light scat-
tering ability of nanosheets.

Comparison of the I–V characteristics of DSSCs based on
P100, SPH, S100, and SPG lm electrodes is shown in Fig. 7 and
the corresponding short-circuit photocurrent density (ISC), the
open-circuit photovoltage (VOC), the ll factor of the cell (FF)
and the overall conversion efficiency (h) are listed in Table 1.
The solar cell made from the pure TiO2 nanoparticle lm elec-
trode (P100) presented the highest VOC and FF due to the fact
that the nanoparticle lm has better contact with the FTO glass
substrate, resulting in the lowest contact resistance. However,
the h of such P25-based DSSCs was only 2.45% due to the small
surface area and poor light scattering ability of nanoparticles,
causing less dye adsorption and poor light harvesting. It has
been reported in our previous work that the optimum thickness
of the screen-printed lm was 11.6 mm.15 Apparently, in this
Fig. 7 Comparison of the current–voltage characteristics of DSSCs
based on P100, SPH, S100 and SPG film electrodes.

This journal is © The Royal Society of Chemistry 2014
experiment, the thick lm of the P100 electrode impeded the
electron transport throughout the lm, resulting in a higher
recombination rate and shorter lifetime of electrons. In contrast,
the SPG solar cell exhibited the highest ISC of 13.4mA cm�2 and h

of 6.48%. The h of the SPH and S100 solar cells were 4.46 and
5.2%, respectively. The reasons for the difference of h between
four kinds of solar cells were further studied by the following
measurements.

To further understand the effect of lm structure on the
photovoltaic performance of DSSCs, the electrochemical
impedance spectroscopy (EIS) measurements were performed
to reveal the electron transport during the photovoltaic process
of DSSCs. Fig. 8a shows the Nyquist plots of the DSSCs based on
P100, SPH, S100 and SPG lm electrodes. Two semicircles
Fig. 8 Nyquist plots (a) and Bode phase plots (b) of DSSCs based on
P100, SPH, S100 and SPG film electrodes.

Nanoscale, 2014, xx, 1–7 | 5
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including a small one at high frequency and a large one at
middle frequency can be observed (Fig. 8a). The Nyquist plots
were modeled with an equivalent circuit (inset in Fig. 8a) using
non-linear-least-square (NLLS) t analysis soware (Zview so-
ware). Rs is attributed to the sheet resistance of the FTO glass
substrate and the contact resistance at the FTO/TiO2 interface.41

The Rs values of DSSCs based on P100, SPH, S100 and SPG
electrodes calculated according to the equivalent circuit were
19.6, 26.25, 17.75, and 19.99 U, respectively. It is clear that the
S100 lm electrode has the smallest Rs, implying better elec-
tronic contact between nanosheets and FTO glass due to less
defects existing in TiO2 nanosheets than in nanoparticles, as
shown in Fig. 9.42,43 The Rs of the P100 cell was almost the same
as that of the SPG cell owing to the good contact between the
compact TiO2 nanoparticle layer and FTO substrate. However,
toomany holes or defects existing between TiO2 nanosheets and
nanoparticles lead to poor electronic contact between the SPH
lm and FTO glass (see Fig. 9), resulting in the largest Rs of the
SPH cell. The small semicircle in the high frequency region is
related to the charge transfer resistance (R1) and interfacial
capacitance (CPE1) at the interfaces between the electrolyte and
Pt electrode.44 The large semicircle in the middle frequency
region is related to the electron transport resistance (R2) within
the TiO2 lm and interfacial capacitance (CPE2) at the TiO2/dye/
electrolyte interface.41 The R2 plays a vital role in the photovol-
taic performance of the DSSC in that it is related to the number
of electrons going back to the electrolyte at the TiO2/electrolyte
interface.41 The R2 values of DSSCs based on P100, SPH, S100
and SPG electrodes calculated according to the equivalent
circuit were 42.04, 22.98, 20.11 and 23.34 U, respectively. A
schematic diagram of the electron transfer within the TiO2 lms
is shown in Fig. 9. The largest R2 for the P100 electrode can be
explained that a lot of grain boundaries between TiO2 nano-
particles prevented photoelectrons from transferring smoothly
through the lm, and many electrons were lost at the grain
boundary without reaching the external circuit.41 However, the
Fig. 9 Schematic diagram of the electron transport within the TiO2

films of P100, SPH, S100 and SPG electrodes.

6 | Nanoscale, 2014, xx, 1–7
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S100 electrode exhibited the smallest R2 due to the fact that the
TiO2 nanosheets with high crystallinity provide the shortest
pathway for electron transfer.44 The fast transfer of photoelec-
trons from the TiO2 lm to FTO glass reduced the recombina-
tion and back reactions of electrons with I3

�. Moreover, the
TiO2 nanosheets throughout the lm also resulted in the
smaller R2 of the SPH electrode. The R2 value of DSSCs based on
the SPG electrode was between that of P100 and SPH electrodes.
Bode phase plots of EIS can offer the lifetime information of
electrons during the photovoltaic process and are shown in
Fig. 8b. The electron lifetime (se) can be calculated according to
the equation se ¼ 1/2pfmax, where fmax is the maximum
frequency of the peak in the intermediate frequency region.45,46

The se values of DSSCs based on P100, SPH, S100 and SPG
electrodes were calculated to be 2.28, 16.3, 29.0 and 9.15 ms,
respectively. The longer se means the lower recombination rate
of electrons during the electron transfer across the TiO2 lm,47

which was in good agreement with the analysis of R2. Although
the SPG cell had an se shorter than that of SPH and S100 cells, it
exhibited the highest ISC and h among four kinds of solar cells.
Therefore, it is the strong light scattering ability of nanosheet/
nanoparticle gradient structure which predominates over the
negative inuence of larger charge transfer resistance that
contributes to the highest photoelectric performance of the SPG
solar cell.

On the basis of the above experimental results, the enhanced
conversion efficiency of the SPG solar cell can be attributed to
the combined effects of several factors: rstly, the nanosheet/
nanoparticle gradient structures have a strong light scattering
effect that enables the incident light to be multi-reected within
the lm, effectively prolonging the optical distance and
enhances light harvesting and photocurrent density. Secondly,
the TiO2 nanoparticle underlayers of the nanosheet/
nanoparticle gradient lm ensured better electronic contact
with the FTO glass, which resulted in the lower contact resis-
tance and higher photovoltage. Thirdly, the relatively higher
specic surface area of nanosheets and nanoparticles was in
favor of the dye absorption. Undoubtedly, the DSSCs based on
the SPG photoanode exhibited the highest photoelectric
conversion efficiency. The gradient structure of the lm elec-
trode showed a signicant inuence on the photovoltaic
performance of the DSSCs, suggesting that the conversion effi-
ciency can be further improved by careful design of the photo-
anode structure.

4. Conclusions

In summary, a TiO2 lm photoanode with nanosheet/
nanoparticle gradient structure was prepared by a screen
printing method and assembled into a solar cell. Meanwhile,
TiO2 lms based on nanosheet/nanoparticle homogeneous
mixtures, pure TiO2 nanoparticles and pure TiO2 nanosheets
with the same lm thickness were also prepared for compar-
ison. The gradient structure of the photoanode showed a
remarkable inuence on the photovoltaic properties of the
DSSC, which exhibited the highest photoelectric conversion
efficiency of 6.48%. The enhanced performance can be
This journal is © The Royal Society of Chemistry 2014
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attributed to the strong light scattering ability of the gradient
structure and good electronic contact between the TiO2 nano-
particle underlayer and FTO glass. This investigation may open
up an alternative avenue for fabrication and structural design of
DSSCs with higher photoelectric conversion efficiency.
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