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posite nanospheres as an
excellent electron transport anode for efficient
dye-sensitized solar cells†

Pengfei Cheng,a Yinglin Wang,*b Luping Xu,*a Peng Sun,b Zisheng Su,c Fangming Jin,c

Fengmin Liu,b Yanfeng Sunb and Geyu Lu*b

The present study aimed to develop a high electron lifetime (sr) and low transit time (sd) photoanode

material for dye sensitized solar cells (DSSCs). An innovative material structure, a TiO2/ZnO composite

oxide hierarchical nanosphere, was synthesized by a two-step facile hydrothermal method. This

composite oxide comprised 3D urchin-like TiO2 nanospheres and 1D ZnO nanospindles (ULTZ). The ZnO

nanospindles were assembled onto the surface of the 3D urchin-like TiO2 in the hydrothermal process

second step. A series of ULTZs made with different growth times were characterized by X-ray diffraction

(XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The DSSCs

based on the ULTZs exhibited much higher photoelectric properties and the energy conversion

efficiency was 8.78%, which indicated a 30% increase in the conversion efficiency compared to those of

the P25 electrode (6.79%); the great improvements of photoelectric properties and energy conversion

efficiency for ULTZs based DSSCs were mainly attributed to the superior electronic transmission

characteristics.
1. Introduction

Dye-sensitized solar cells (DSSCs) have been studied extensively
since their discovery in 1991 due to their high energy-
conversion efficiency and their low production cost as cheaper
alternatives to silicon solar cells.1–5 DSSC is a photochemical cell
composed of photoanode, dye, electrolyte and counter elec-
trode.6–8 Apart from the search for more efficient and stable
components, the morphology of photoanode materials and
modication of photoanode structures have also attracted great
attention.9–13 Currently, numerous efforts have been devoted to
develop high performance of DSSCs. In general, high specic
surface area, fast electron transport, and pronounced light-
scattering effects are indispensable to a high performance
photoanode.

Conventional DSSCs are fabricated using mesoporous TiO2

nanoparticle and hierarchical micron/submicron spheres pho-
toanode,14,15 which have excellent light scattering and dye
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absorption abilities resulting in a high conversion efficiency.
However, a major drawback of the conventional TiO2 nano-
particle or hierarchical sphere photoanode in DSSCs is the
inefficient electron transport, which imposes an upper limit on
the lm thickness. In a lm composed of anatase TiO2 nano-
particles, the electron diffusion coefficient is more than two
orders of magnitude lower than that in single crystal TiO2.16,17

Therefore, the method to efficiently transfer electrons and
reduce their recombination with redox species is believed to be
the key step in achieving high efficiency DSSCs using TiO2

nanoparticles and micron or submicron hierarchical sphere
lms.

Films were fabricated from one-dimensional (1D) nano-
structures can provide a direct pathway for electron transfer and
has proven to be an effective way to facilitate electron trans-
port.18–24 Using nanorods or nanotubes, the electron lifetime in
photoanode lms can be improved three-fold in single nano-
particle lms.25 For instance, Law et al. found the electron
diffusion coefficient of ZnO nanowires to be several hundred
times higher than that of ZnO or TiO2 nanoparticle lms.26

However, the combination photoanodes of TiO2 nanoparticles
and ZnO nanowires for DSSC was investigated by Bai et al.27 This
photoanode combination lacked the ability to scatter incident
light. Even so, the overall power conversion efficiency reached
as high as 8.44%.

As mentioned above, large surface area, high charge transfer
efficiency and prominent light scattering ability are all essential
properties to form an excellent performance photoanode.28–30
This journal is © The Royal Society of Chemistry 2016
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Liao et al.31 have presented tri-functional hierarchical pure TiO2

spheres for DSSCs, but a composite oxide combining these
three benecial functions was rarely reported. We know that
a combination of TiO2 and ZnO nanostructures could improve
the DSSC performance. This is mainly due to improved stability
and increased recombination rate suppression by introducing
the TiO2 to passivate the recombination sites compared with
a pure ZnO photoanode. Enhanced electron transport ability
can be increased by introducing ZnO to obtain faster electron
transport and longer electron lifetime compared with a pure
TiO2 photoanode. Herein, we report an innovative material
structure for use as DSSCs photoanodes. A TiO2/ZnO composite
oxide hierarchical nanosphere was synthesized through a two-
step facile hydrothermal method. This composite oxide
comprised 3D urchin-like TiO2 nanospheres and 1D ZnO
nanospindles (ULTZ). The ZnO nanospindles were assembled
on the surface of the 3D urchin-like TiO2. To reveal how this
material (TiO2/ZnO composite) impacted their photoelectric
properties, the as-synthesized ULTZ was used as a DSSC
photoanodes.

In our previous study, the DSSCs were fabricated with trila-
minar layer photoanodes and exhibited the highest photoelec-
tric conversion efficiency (8.80%). However, the photoelectric
conversion efficiency of general and conventional double layer
photoanode DSSCs (ULTZ as top layer) achieved 8.78% in this
study. Indeed, compared to the cells that were fabricated with
a single layer (pure P25 TiO2) photoanode and trilaminar layer
photoanode, the DSSCs based on the as-prepared ULTZ
improved upon the photoelectric performance greatly. In this
study, we use conventional double layer photoanode DSSCs ZnO
and TiO2 as examples of how the composite ratio affects the
DSSCs photoelectric properties.
2. Experimental details
2.1 Materials synthesis

Preparation of ZnO–TiO2 (ULTZ) composites: the 3D urchin-like
TiO2 nanospheres and 1D ZnO nanospindles (ULTZ) were
grown through a two step hydrothermal growth processes. In
the rst step 3D urchin-like TiO2 was synthesized according to
a procedure based on our previously published report.32 The
second step involved generating 1D ZnO nanospindles/
nanorods. 100 mg urchin-like TiO2 spheres (the products of
the rst step), 2.5 mg Zn(NO3)2$6H2O and 5 mL of 0.05 mol L�1

hexamethylenetetramine (HMT, C6H12N4) solution were added
to 30 mL deionized water, the solution was stirred gently for 10
min. Then, the homogeneous solution was transferred into
a stainless Teon-lined 50 mL autoclave and the autoclave was
sealed and heated at 100 �C for 1–5 h. The system was then
allowed to cool to ambient temperature and the white products
were collected and washed with ethanol and deionized water
several times and then dried in an oven at 60 �C.
2.2 Fabrication and measurements of DSSCs

To prepare the DSSC working electrodes, hydroxypropyl cellu-
lose (Aldrich) was added to diethylene glycol with a �10 wt%
This journal is © The Royal Society of Chemistry 2016
concentration. The paste was added into the stock P25 TiO2

colloids wet product (containing �15% net TiO2) in a propor-
tion of�40 wt% of P25 TiO2 weight. The mixture was vigorously
stirred for about 2 h to obtain the slurry for the semi-
transparent adsorption layer. The paste was also added into
the obtained ULTZ product with a �40 wt% TiO2 ratio. Aer
stirring, the slurry for the scattering layer was prepared. The
bilayer lm was constructed by the doctor-blade method
through two-step calcination. Nanocrystals were spread onto
uorine-doped tin oxide (FTO) glass substrate (resistivity 14 U

square�1, Nippon Sheet Glass, Japan) with adhesive tape to
control the lm thickness. Aer drying at 125 �C for 6 min,
another layer of ULTZ was deposited on the semi-transparent
layer and the electrodes coated with the TiO2 pastes were
gradually heated under an airow at 325 �C for 5 min, at 375 �C
for 5 min, at 450 �C for 15 min, and nally, at 500 �C for
15 min.33 Aer cooling to 80 �C, the thick lm with a double-
layer structure was loaded with dye by immersing it in
a 0.5 mM Ru-dye (cis-dithiocyanate-N,N0-bis-(4-carboxylate-4-
tetrabutyl ammoniumcarboxylate-2,20-bipyridine) ruthenium(II)
(N719, Solaronix SA, Switzerland) for 24 h at room temperature.
The resulting lms using a double layer structure were then
sandwiched together with platinized FTO counter electrodes and
the electrolyte was then injected into the cell from the edges by
a capillary. The electrolyte content was 0.05 M LiI, 0.05 M I2,
0.5 M 4-tert-butylpyridine (Aldrich) and 0.6 M 1-propyl-3-
methylimidazolium iodide (PMII) in 3-methoxypropionitrile.
The working electrode lm area for the solar cell performance
test was a representative 0.25 cm2.

2.3 DSSC performance measurement

The current–voltage (I–V) characteristics were measured with
a Keithley 2400 Source Meter under one sun AM 1.5 G (100 mW
cm�2) illumination with a solar light simulator (Newport,
Model: 94023A). A 450 W xenon arc lamp (Newport, Model:
6280NS) served as the light source and its incident light inten-
sity was calibrated with a NREL-calibrated Si solar cell equipped
with a optical lter to approximately AM 1.5 G one sun light
intensity before each measurement. The incident photon to
current efficiency (IPCE) spectra was measured as a function of
wavelength from 350 to 800 nm with a 5 nm spectral resolution
on the basis of a Spectral Product Zolix DSC300PA. Intensity-
modulated photovoltage spectroscopy (IMVS) and intensity-
modulated photocurrent spectroscopy (IMPS) measurements
were carried out on an electron lifetime and dispersion test
system (PSL-100) with a diode laser light source with variable
intensities at 620 nm. The EIS experiments were performed
using an electrochemical workstation (Solartron SI1287) at
a �0.8 V bias potential.

2.4 Characterizations of ULTZ

The crystal structure of the as-prepared ULTZ was investigated
by X-ray diffraction (XRD) (Rigaku TTRIII, with Cu Ka1 radia-
tion). The morphology and microstructure were examined with
a eld-emission scanning electron microscope (FESEM, JEOL
JSM-7500F, operating at a 15 kV acceleration voltage).
RSC Adv., 2016, 6, 51320–51326 | 51321
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Transmission electron microscopy (TEM) measurements were
obtained on a JEOL JEM-2100 microscope operating at 200 kV.
The specic surface area was measured using the Brunauer–
Emmett–Teller (BET) equation based on the nitrogen adsorp-
tion isotherm obtained with a Micromeritics Gemini VII appa-
ratus (surface area and porosity system).
3. Results and discussion
3.1 Structure and morphology

The detailed morphology and structural features of the product
samples were observed by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). Fig. 1a and
b display the SEM and TEM images of the rst step hydrothermal
growth of pure TiO2 products; this is our previous study on
urchin-like TiO2 spheres. The microspheres are composed by
serried thorns, and the dense thorns form a lot of plicated ribbon
on the surface of microspheres. As shown in Fig. 1c and d, the
urchin-like TiO2 spheres are uniformly coated by ZnO nano-
spindles aer the second hydrothermal growth process (products
are named ULTZ). It could be observed that the ULTZ were still
monodisperse and the diameter range was from 1.5 mm to 2.5
mm. More details can be observed in Fig. 1e and f, which
demonstrate the accurate detailed size of the ULTZ and the ZnO
nanospindles, respectively. It reveals obviously that the spindle-
like ZnO cover in the urchin-like TiO2 surface very loose and
uniform. ZnO nanospindles have a biggish draw ratio and the
length range was from 0.5 mm to 1 mm. Panel g in Fig. 1 is the
HRTEM images of the as-prepared samples, wherein the spindle
structure is further exhibited. A highly crystallized structure and
the inter-plane spacings of 0.28 nm, which imply that the ZnO
spindle is growing along the {100} facets, is indicated.
Fig. 1 (a and b) SEM and TEM images of the first step hydrothermal
products (urchin-like TiO2 spheres), (c–f) SEM and TEM images of the
second step hydrothermal products-ULTZ, (g) HRTEM images of the
as-prepared ULTZ.

51322 | RSC Adv., 2016, 6, 51320–51326
3.2 Growth process and mechanism

Time-dependent experiments were carried out to shed light on
the process of the second hydrothermal growth. The precipi-
tates collected at different time intervals were characterized by
SEM, which is shown in Fig. 2.

Fig. 2a shows the products of rst step hydrothermal, urchin-
like TiO2 spheres. Aer the complex precursor was introduced
into the hydrothermal system and maintained at 100 �C for 1 h,
it can be observed that the surface of the urchin-like TiO2

spheres appeared to be embossed with ZnO, which looked like
nano-tentacles (Fig. 2b). As the hydrothermal process was pro-
longed to 3 h, the ZnO nano-tentacles continued germinating
on the surface of the urchin-like TiO2 spheres and formed
nanospindles (Fig. 2c). With further prolongation of reaction
time (5 h), the urchin-like TiO2 spheres were covered by ZnO
compact nanorods through the assembly of the nanospindles
(Fig. 2d). On the basis of the abovementioned results, a growth
mechanism of the products was tentatively proposed (see
Fig. 2e) to indicate the morphology evolution in the hydro-
thermal synthesis.

The X-ray diffraction (XRD) pattern of the samples prepared
by the two step hydrothermal method is shown in Fig. 3a.

The well-dened and sharp Bragg peaks with high intensity
indicated good sample crystallinity. As can be observed from
the XRD pattern, all the diffraction peaks for the rst step
hydrothermal products match well with those of standard XRD
patterns of anatase TiO2 (JCPDS no. 21-1272, Fig. 3a-S1). The
XRD patterns of S2, S3, S4 revealed that the second step prod-
ucts include hexagonal wurtzite-type ZnO (JCPDS no. 79-206)
and the peaks of ZnO are higher and higher with the increase of
complex amount of ZnO. Moreover, no other impurity peaks
were detected.

The specic surface areas of the three calcined ULTZ
samples were characterized using the nitrogen gas sorption
technique and typical isotherms are shown in Fig. 3b. For the
sample S1, the adsorption–desorption isotherms are typical
type IV with a sharp capillary condensation step and the
specic surface area was 392 m2 g�1. This result was reported
in previous study.32 With the second hydrothermal reaction
step started and further hydrothermal reaction time
prolongations, type IV isotherms with a sharp capillary
condensation step still at high relative pressures, and the S2,
S3 and S4 specic surface area were calculated to be 348.8,
187.3 and 122.2 m2 g�1 by the Brunauer–Emmett–Teller
(BET) method. Fig. 3b inset shows the pore size distributions
of these three samples. These specic surface areas and pore
size distributions are still benecial for DSSC dye
absorption.
3.3 DSSCs photovoltaic performance

For comparison, four types of lms with similar 15 mm thick-
nesses were formed onto the FTO glass with the doctor blade
method. Film-1 was the single P25 layer photoanode lm.
Moreover, lm-2, lm-3 and lm-4 were double-layer photo-
anodes, the top layers are different for each of them, and
different TiO2/ZnO composite ratio hierarchical nanospheres
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a–d) SEM images of the products under different reaction time (named S1, S2, S3, S4, respectively), (e) schematic diagram of nano-
structure growth mechanism.
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were used for the top layers (S1, S2, and S3, 7.5 mm P25 + 7.5 mm
S1, S2, S3, respectively). These four photoanodes were named
P25, PTZ1, PTZ2 and PTZ3. The schematic of double layer pho-
toanode is shown in Fig. 4 (inset).
Fig. 3 (a) XRD patterns and (b) nitrogen sorption isotherms of the as-
prepared ULTZ samples. The inset illustrates the simulation diagram of
PTZ3.

This journal is © The Royal Society of Chemistry 2016
Aer dye loading, the photocurrent density voltage (J–V)
curves of DSSCs based on the four lms (P25: lm-1, PTZ1:
lm-2, PTZ2: lm-3 and PTZ3: lm-4) were measured and the
results are shown in Fig. 4. The corresponding photovoltaic
parameters are summarized in Table 1. As shown in Fig. 4 and
Table 1, the short-circuit current density (Jsc) of photoanode
P25 was around 14.63 mA cm�2, open-circuit voltage (Voc ¼
0.749 V) and ll factor (FF ¼ 0.62), the cell based on photo-
anode P25 showed a 6.79% efficiency (h). However, all the key
parameters of DSSCs based on TiO2/ZnO composite photo-
anodes sample PTZ1 improved (Jsc ¼ 15.32 cm�2; Voc ¼ 0.760 V;
FF ¼ 0.65), which resulted in a 7.57% enhanced overall
conversion efficiency (h). The PTZ2 performance was further
improved with an 8.78% h. The higher Voc of the TiO2/ZnO
composite photoanodes cells can be explained as a conse-
quence of reduced recombination due to the excellent electron
transport properties of the inner nanospindles network, which
results in an electron density increase in TiO2 and thus the
Fermi level shis.34 According to reports, the electron lifetime
Fig. 4 J–V curves of the DSSCs based on different photoanodes
measured under one sun illumination (AM 1.5G, 100 mW cm�2).
P25, PTZ1, PTZ2 and PTZ3.

RSC Adv., 2016, 6, 51320–51326 | 51323
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Table 1 Photovoltaic data of four different TiO2 films, measured under AM 1.5G one sun illumination (100 mW cm�2) and simulative resistance
value (Rs, R1 and R2) from EIS spectra calculated by equivalent circuit, as shown in Fig. 7. Jsc: short-circuit photocurrent density. Voc: open-circuit
photovoltage; h: total power conversion efficiency; FF: fill factora

Sample Jsc (mA cm�2) Voc (V) FF (%) h (%) Rs (U) R1 (U) R2 (U)
Dye adsorbed
(�10�7 mol cm�2)

P25 14.63 0.749 0.62 6.79 14.1 6.1 64.8 0.96
PTZ1 15.32 0.760 0.65 7.57 13.8 5.7 73.2 1.78
PTZ2 15.91 0.766 0.72 8.78 13.5 5.4 91.1 1.49
PTZ3 13.24 0.775 0.72 7.39 13.7 5.5 97.5 1.15

a From I–V measurements, EIS spectra and UV-Vis adsorption.
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in a TiO2 nanotube lm is three times longer than that in
a TiO2 nanoparticle lm. The electrical conductivity of ZnO
nanospindles/nanorods was more superior to conventional
photoanode semiconductor materials (TiO2 nanoparticles),
therefore, the electron lifetime improvement in the is attrib-
uted to a reduced recombination between photoanode semi-
conductor materials and the electrolyte.35

As discussed above, ZnO nanospindles in the double layer
lms could provide direct pathways for electrons transfer.
Moreover, the light scattering effect of the TiO2/ZnO composite
hierarchical nanospheres favor enhanced light-harvesting effi-
ciency by increasing the optical length serving as light-
scattering centers (Fig. S1, ESI†) and thereby enhances Jsc for
the cell with the double layer lms.12–15 The faster electron
diffusion rate36,37 in the TiO2/ZnO composite lm can be
considered as the reason for the higher FF, as compared with
the photoanode using bare TiO2 lm.

It is noteworthy that the DSSC made of PTZ3 composite lm
showed a higher Voc but decreased Jsc and h. This conceivable
could be caused by two reasons: one is the much lower dye
loading in this PTZ3 lm due to the decreased dye absorbable
surface area (Table 1). Another possible reason is the reduction
of the electron injection efficiency to the semiconductor elec-
trode, for the shi of the conduction band of the electrode in
the presence of more and more dense ZnO nanospindles/
nanorods.38 Thus, it is very important to adjust and control the
appropriate amount of ZnO nanospindles/nanorods in the
lms, which can facilitate electron transport and light
Scheme 1 Schematic of the electron transfer mechanism in (a) TiO2 an

51324 | RSC Adv., 2016, 6, 51320–51326
harvesting, and eventually to improve the overall DSSC
conversion efficiency.

The schematic of the electron transfer mechanism in the
present DSSC is given in Scheme 1. In bare TiO2 nanoparticles
based DSSCs (Scheme 1a), there may the possibility for either
recombination of the injected electron at the conduction band of
the TiO2 semiconductor and oxidized dye or recombination
between the injected electron and tri-iodide in the redox elec-
trolyte. However, the difference in ZnO and TiO2 energy levels
reduced the recombination process (Scheme 1b). The ZnO
nanospindles/nanorods facilitated rapid transport of photo
generated electrons to the TiO2 conduction band. The composite
lm helps for easy electron transfer towards the conducting
glass plate. Therefore, the overall DSSC conversion efficiency of
TiO2/ZnO composite lms was higher than a bare TiO2 lm.

Fig. 5 shows incident photon to current efficiency (IPCE)
spectra for the four types of DSSCs. It can be observed that for
all DSSCs the IPCE maximum appeared at 525 nm (the peak of
the N719 adsorption). Among them, cell P25 had the lowest
IPCE value of the DSSCs, which was explicably mainly TiO2

nanocrystals having the low specic surface area and poor light
scattering property. As a reference, cells PTZ1 and PTZ3 had
better IPCE values, on the basis of their diffuse reectance
spectra and specic surface area results. Similar to the IV curve
trend, the IPCE values of PTZ1 was a little higher than PTZ3. It
can be noted that the cell PTZ2 revealed the highest IPCE values
over the whole spectral region, which can be ascribed to the
appropriate TiO2/ZnO composite ratio that facilitated electron
d (b) TiO2/ZnO electrodes.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Incident photon to current conversion efficiency (IPCE) curves
of the TiO2 electrodes prepared from four TiO2 samples. P25,
PTZ1, PTZ2 and PTZ3.

Fig. 7 Nyquist plots from electrochemical impedance spectra of the
four films measured in the dark at �0.8 V bias. The inset illustrates the
equivalent circuit simulated to fit the impedance spectrum.
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transport in the lm. Moreover, rather strong light scattering
and light harvesting abilities also contributed to the high IPCE
values of PTZ2.

Intensity modulation photovoltage spectroscopy (IMVS) and
intensity modulation photocurrent spectroscopy (IMPS)
measurements were further conducted to examine the electron
lifetimes (sr) and transit times (sd) for the three DSSCs,
respectively, where sr represents the recombination time of
electrons in the electrolyte, while sd represents the transit time
of the photogenerated electron within the photoanode lms,
which can be calculated by IMPS and IMVS plots using the
expressions sd ¼ 1/2pfd and sr ¼ 1/2pfr, in which fd and fr stand
for the characteristic minimum frequency of the IMPS and
IMVS imaginary components, respectively.39 As shown in Fig. 6,
the DSSCs with TiO2/ZnO composite photoanodes have higher
sr and lower sd than the bare TiO2 based DSSCs (cell-1, P25),
indicating a faster transport rate and a slower recombination
Fig. 6 Light intensity dependence of the electron transit times and
lifetimes in photoanodes of the four DSSCs obtained from intensity
modulated measurements. P25, PTZ1, PTZ2 and PTZ3.

This journal is © The Royal Society of Chemistry 2016
rate for the TiO2/ZnO composite photoanodes. We know that in
DSSCs, the grain boundary effect plays a key role and the
introduction of ZnO nanospindles/nanorods would prolong the
charge-transport pathway. Therefore, we can conclude that the
ZnO nanospindles/nanorods in TiO2/ZnO composite photo-
anodes have a lower energy barrier for electron transfer through
the interface than a bare TiO2 photoanode.

The electrochemical impedance spectroscopy (EIS) analysis
of these four DSSCs were measured in the dark under a forward
�0.8 V bias.40,41 As shown in Fig. 7, two semicircles were
observed in the Nyquist plots. The smaller and larger semi-
circles in the Nyquist plots are attributed to the charge transfer
at the counter electrode/electrolyte interface and the TiO2–ZnO/
dye/electrolyte interface, respectively. The sheet resistance (Rs)
of substrate, charge transfer resistance of the counter electrode
(R1) and recombination resistance (R2) were analyzed by Z-view
soware using an equivalent circuit containing a constant
phase element (CPE) and resistances (R)42 (Fig. 7, inset). As
shown in Fig. 7 and depicted in Table 1, the cells based on these
four photoanode structure devices revealed similar Rs and R1 of
13.8 � 0.3 and 5.7 � 0.4 U, respectively, due to the use of the
same counter electrode (Pt/FTO glass) and electrolyte. However,
with the increase of the ZnO content, the recombination resis-
tance (R2) also gradually increased; the R2 values for the four
devices were 64.8, 73.2, 91.1 and 97.5 U. This is consistent with
the trend the four cells lifetimes, indicating that the TiO2/ZnO
composite photoanodes had a slower electron recombination
process.

4. Conclusions

In summary, different composite ratios TiO2/ZnO hybrid
nanospheres were synthesized by a two-step hydrothermal
method. The novel ULTZs were used in a conventional double
layer photoanode (top layer). Due to superior electronic trans-
mission characteristics of ULTZs, the DSSCs contained ULTZs
revealed great improvements of photoelectric properties and
RSC Adv., 2016, 6, 51320–51326 | 51325
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energy conversion efficiency. Among them, PTZ1 obtained the
highest power conversion efficiency (8.78%), which indicated
a 30% increase in the conversion efficiency compared to those
of single layer (pure P25 TiO2, 6.79%). This study indicated that
the TiO2/ZnO composite materials were benecial for enhanced
electron transport ability of the DSSCs.
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Belmonte and S. Giménez, J. Phys. Chem. C, 2009, 113, 17278.
This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c6ra04022e

	3D TiO2/ZnO composite nanospheres as an excellent electron transport anode for efficient dye-sensitized solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra04022e
	3D TiO2/ZnO composite nanospheres as an excellent electron transport anode for efficient dye-sensitized solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra04022e
	3D TiO2/ZnO composite nanospheres as an excellent electron transport anode for efficient dye-sensitized solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra04022e
	3D TiO2/ZnO composite nanospheres as an excellent electron transport anode for efficient dye-sensitized solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra04022e
	3D TiO2/ZnO composite nanospheres as an excellent electron transport anode for efficient dye-sensitized solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra04022e
	3D TiO2/ZnO composite nanospheres as an excellent electron transport anode for efficient dye-sensitized solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra04022e
	3D TiO2/ZnO composite nanospheres as an excellent electron transport anode for efficient dye-sensitized solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra04022e

	3D TiO2/ZnO composite nanospheres as an excellent electron transport anode for efficient dye-sensitized solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra04022e
	3D TiO2/ZnO composite nanospheres as an excellent electron transport anode for efficient dye-sensitized solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra04022e
	3D TiO2/ZnO composite nanospheres as an excellent electron transport anode for efficient dye-sensitized solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra04022e
	3D TiO2/ZnO composite nanospheres as an excellent electron transport anode for efficient dye-sensitized solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra04022e

	3D TiO2/ZnO composite nanospheres as an excellent electron transport anode for efficient dye-sensitized solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra04022e
	3D TiO2/ZnO composite nanospheres as an excellent electron transport anode for efficient dye-sensitized solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra04022e


